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LIVING AND ROBOTIC SYSTEMS ANALOGY
● Living organisms are a major source of inspiration for robotics
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Note: Many bio-inspired robots have a physical structure 
designed to mimic living organisms

https://i0.wp.com/robocademy.com/wp-content/uploads/2020/04/environmental_sensor.png?resize=1024%2C406&ssl=1
https://www.zygote.com/assets/img/products/cad-models/solid-3d-male-muscular-skeletal-collection-02.jpg
https://upload.wikimedia.org/wikipedia/commons/3/38/Arduino_Uno_-_R3.jpg
https://media.wired.com/photos/5ee79f9d6f93e879afd83412/191:100/w_2400,h_1256,c_limit/Science_Spot.jpg
https://img.i-scmp.com/cdn-cgi/image/fit=contain,width=1098,format=auto/sites/default/files/styles/1200x800/public/d8/images/methode/2020/07/10/ad89450a-c1d5-11ea-8c85-9f30eae6654e_image_hires_194031.JPG?itok=x_7am4rw&v=1594381242
https://www.takshilalearning.com/wp-content/uploads/2021/08/Sense-Organs-Introduction.jpg


HUMAN- ROBOT ANALOGY
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https://m.media-amazon.com/images/I/71BSi4q5zEL._SL1000_.jpg
https://media.istockphoto.com/photos/robot-and-human-hand-with-gears-picture-id1220591821?s=612x612
https://www.servomagazine.com/uploads/main/SV_0617_Calleja_Figure01.jpg
https://hackster.imgix.net/uploads/attachments/1269217/_s0OSff4vGv.blob?auto=compress%2Cformat&w=900&h=675&fit=min
https://upload.wikimedia.org/wikipedia/commons/1/1d/RunBot_biped_walking_robot_by_Tao_Geng.jpg
https://www.teachengineering.org/content/umo_/curricular_units/umo_sensorswork/umo_sensorswork_unit_image1new.png
https://www.scientistcindy.com/uploads/8/5/1/2/85124478/nervous-system2_orig.gif
https://m.media-amazon.com/images/I/61Q2sQtQ3DL._AC_SX466_.jpg
https://m.media-amazon.com/images/I/518fcnULNOL._SX342_.jpg
https://hackster.imgix.net/uploads/attachments/984788/uploads2ftmp2f3ff0cfb4-58c9-405e-a8b0-26abc26b53032f044487_TBpPAjnWww.jpg?auto=compress%2Cformat&w=900&h=675&fit=min
https://ae01.alicdn.com/kf/HTB1nmosNpXXXXcpXXXXq6xXFXXXC/10PCS-Touch-Sensor-Touch-Switch-Module-Capacitive-Touch-Button-TTP223B-Digital-Sensor-Board-Compatible-for-Arduino.jpg_Q90.jpg_.webp


SENSING THE ENVIRONMENT
Analogy: Human sensory organs à Sensors
● The human body has sensory organs that help us

perceive and respond to external environment

● Robots have sensors that capture the changes in the

environment (sound, force, light, etc.) and itself (velocity,

acceleration, etc.) by providing variations in electrical
signals (may be voltage or current changes)

● These variations can be processed by a microcontroller

to control the actuators of a robot as a response to the

changes in the environment
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Source

Source

http://www.tvfilmprops.co.uk/userdata/prodpics/PRODPIC-1681-2.jpg
https://miro.medium.com/max/1400/1*YOBYGWlsgSdBYK_VH0R3nQ.jpeg


SENSORS USED IN EVERYDAY LIFE
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Source

GPS Temperature
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Source

Source

Proximity 
(Infrared)

Fingerprint

Source

Accelerometer

Source

https://static.restaurantsupply.com/media/catalog/product/cache/acb79d03af3da2b97c59ded0fca57b36/s/a/san-jamar-thdg310_01.jpg
https://support.apple.com/library/content/dam/edam/applecare/images/en_US/applewatch/watchos7-series5-heart-rate.jpg
https://www.autodoorandhardware.com/v/vspfiles/assets/images/dual%20technology.jpg
https://www.trustedreviews.com/wp-content/uploads/sites/54/2019/08/Oppo-Reno-Z-fingerprint-closeup-920x613.jpg
http://blog.yaantra.com/types-of-sensors-in-a-smartphone-their-uses/


WHY DO ROBOTS NEED SENSORS?
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A robot requires sensors to locate itself 
in a maze

Source

Estimation of robot location in a simulation using 
sensor data and a localization algorithm

Source

Localization 
A mobile robot uses sensors data to 

estimate its location with respect to the 
surroundings 

Robots need sensors for perception of the surroundings to accomplish tasks
involving interaction with the surroundings such as detecting obstacles, following
a line, solving a maze, etc.

Example 1:

https://creightonchan.github.io/projects/micromouse
https://www.mathworks.com/help/examples/nav/win64/LocalizeTurtleBotUsingMonteCarloLocalizationExample_07.png


WHY DO ROBOTS NEED SENSORS?
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Obstacle detection

Mapping the surroundings 
(using LiDAR)

Source

Obstacle avoidance
Source

Self-driving cars use a combination of LiDAR, radar and ultrasonic sensors for
mapping the environment in real time to ensure robust functionality and safe operation

Example 2:

https://user-images.githubusercontent.com/30608533/65621434-65750100-dfcc-11e9-864f-b9a93de1b16e.gif
https://f001.backblazeb2.com/file/BIT-Magazine-Images/image-1270-news.jpg


● American National Standards Institute (ANSI) definition: A sensor (or “transducer”) 
is a device which provides a usable output in response to a specific measurand

● Sensors collect information about the world, they are electrical/mechanical/chemical 
devices that map an environmental attribute to a quantitative measurement 

WHAT ARE SENSORS?
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Automated Weather Station

Source

SensorInput Signal Output Signal

Source

Source

https://nap.nationalacademies.org/read/4782/chapter/4
https://www.alibaba.com/product-detail/Building-wireless-environment-monitoring-weather-station_1600132451348.html
https://www.renkeer.com/wp-content/uploads/2021/06/agricultural-weather-station.jpg


DETECTABLE PHENOMENON
Stimulus Quantity

Biological and chemical fluid concentrations (gas or liquid), flow rate,…
Electric charge, voltage, current, resistance, capacitance, 

electric field (amplitude, phase, polarization),…
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,…

Promoting Robotic Design and Entrepreneurship Experiences Among Students and Teachers
Innovative Technology Experiences for Students and Teachers (ITEST), Professional Development Program, NYU Tandon School of Engineering, July 2017-19 10



CHOOSING A SENSOR: TERMINOLOGIES
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● Accuracy: Ability of a sensor to yield a measurement
that matches the true value being measured

● Sensitivity: Ratio between the change in the output
signal to a small change in the input physical signal

● Repeatability/Precision: Ability of the sensor to
output the same value for the same input over
several trials

● Resolution: Smallest increment of a measurement
that a device can make

Source

https://blogs.keysight.com/content/usergenerated/asi/cloud/content/keysight-blog/en/blogs/tech/bench/jcr:content/root/responsivegrid/keysight_layout_cont_526586764/colcntrl-1/column-1/journal/what_are_digits_acc-lInJ.social.0.7.html


CHOOSING A SENSOR: ACCURACY VS RESOLUTION
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Source

TRUE VALUE = 17.5 °C 

LOW RESOLUTION (no decimals) 
MEASUREMENT = 17 °C
(error = 0.5 °C, Low Accuracy)

HIGH RESOLUTION (up to 2 decimal places) 
MEASUREMENT = 17.48 °C 
(error = 0.02 °C, High Accuracy)

LOW

HIGH

Resolution is commonly 
expressed as either 
decimal places or 
divisions/parts/counts

Source

Example 1

Example 2

https://blogs.keysight.com/content/usergenerated/asi/cloud/content/keysight-blog/en/blogs/tech/bench/jcr:content/root/responsivegrid/keysight_layout_cont_526586764/colcntrl-1/column-1/journal/what_are_digits_acc-lInJ.social.0.7.html
https://industry4prototyping.home.blog/2019/05/13/industry-4-0-prototyping-location/


CHOOSING A SENSOR: ACCURACY VS PRECISION
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Error



.

PARALLAX ERROR

Promoting Robotic Design and Entrepreneurship Experiences Among Students and Teachers
Innovative Technology Experiences for Students and Teachers (ITEST), Professional Development Program, NYU Tandon School of Engineering, July 2017-19 14

Source

Parallax error occurs when the
measurement is more or less than the true
value because of your eye position being
at an angle relative to the measurement
markings

For example, Parallax error in reading
thermometer’s output or when looking at
the meniscus of liquid in a measuring
container

Source

http://4.bp.blogspot.com/_CIBbQ-XURtU/TPKL9L4ZmYI/AAAAAAAAABs/Dhh3V6pQQW4/s1600/thermometer+parallax+error.jpg
https://www.exam-mate.com/uploads/blog/fe1ba6d8b3af017b2a9fb29ede270f3e.png


CHOOSING A SENSOR: IMPORTANT FACTORS

Environmental factors Economic 
factors

Sensor 
characteristics

Temperature range Cost Sensitivity
Humidity effects Availability Range
Corrosion Lifetime Stability
Size Repeatability
Overrange protection Linearity
Power consumption Error
Susceptibility to electro-
magnetic (EM) 
interference

Response time
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CHOOSING A SENSOR: DIFFERENT TYPES

Promoting Robotic Design and Entrepreneurship Experiences Among Students and Teachers
Innovative Technology Experiences for Students and Teachers (ITEST), Professional Development Program, NYU Tandon School of Engineering, July 2017-19 16

Source
Source

Source
Source

Hall effect sensor Encoder Potentiometer

Reflective sensorUltrasonic sensor

Linear Variable 
Differential Transducer 

Laser sensorEddy current sensor Source
Source

SourceSource

https://arduinogetstarted.com/images/tutorial/how-it-works-rotary-potentiometer.gif
https://i.makeagif.com/media/4-18-2021/bUkV5K.mp4
https://upload.wikimedia.org/wikipedia/commons/c/ca/VW_Incremental_directional_encoder.gif
https://media.melexis.com/-/media/images/products/hall-effect-principle.gif?la=en&extension=webp&hash=6BDB23F037BC67AEE5E808C55EB1E99C
https://cdn-aofpk.nitrocdn.com/YitYRMTCUBGcutxIgFHMyZTUGRrrLVMy/assets/static/optimized/rev-d093974/wp-content/uploads/2017/08/chart-cuttime.gif
https://www.keyence.com/Images/sensorbasics_photoelectric_classification_img_03_1547910.gif
https://www.cs2n.org/u/mp/badge_pages/465
https://thumbs.gfycat.com/DistinctFreshItaliangreyhound-mobile.mp4


CHOOSING A SENSOR: EXAMPLE
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● Active sensors: Send signal into environment and
measure interaction of signal with the environment
(e.g., radar, ultrasonic sensor)

● Passive sensors: Record signals already present in
environment (e.g., temperature sensor (LM35),
photoresistor)

● Analog sensors: Sensors that produce continuous
analog output signal, for digital processing, we usually
need to convert such sensor output into digital domain
(e.g., potentiometers, temperature sensor,
accelerometer)

● Digital sensors: Sensors that produce discrete
valued output signal (e.g., digital cameras, digital
temperature sensor, push button switch)

TYPE OF SENSORS

Active sensor: Ultrasonic sensor
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Source

Passive sensor: Photoresistor

Source

http://www.learningaboutelectronics.com/images/basicphotoresistorcircuitlight.png
https://www.allaboutcircuits.com/uploads/articles/Ultrasonic_Measurement_PING_description.jpg


ULTRASONIC DISTANCE SENSOR
● The ultrasonic sensor emits short bursts of sound and waits for the waves to be 

reflected by (echoed) nearby objects
● The frequency of the sound is too high for humans to hear (40KHz–ultrasonic 

frequency) 
● The ultrasonic sensor measures the time of flight of the sound burst
● The user then computes the distance to an object using this time of flight and the 

speed of sound in air (1,126 ft/s or 332 m/s)
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Source

https://learn.parallax.com/sites/default/files/content/propeller-c-tutorials/ActivityBot/NavbySound/Sound-measure-pulse.png


ULTRASONIC DISTANCE SENSOR
• The ultrasonic sensor sends out a high-frequency sound pulse and then times how 

long it takes for the echo of sound to reflect back
• The sensor has 2 openings on its front, one opening transmits ultrasonic waves, (like 

a tiny speaker), the other receives them (like a tiny microphone)
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s = !
"
×0.034 = 294 × 10#$ × 0.034 = 9.96 𝑐𝑚

Distance

Speed of sound in air
𝑣 = 340 𝑚/𝑠

𝑣 = 0.034 𝑐𝑚/𝜇𝑠

Total measured time:
𝑡 = 588 𝜇𝑠

Source Note: 1 µs = 10-6 s

https://www.researchgate.net/profile/Ahmed-Rakha/publication/354201132/figure/fig4/AS:1058864954871808@1629464486209/Ultrasonic-sensor-distance-calculation.png


OPERATION – ULTRASONIC SENSOR
● Under control of a host microcontroller (trigger pulse), the sensor emits a short 40 kHz 

(ultrasonic) burst
● This burst travels through the air at about 1,130 feet per second, hits an object, and 

then bounces back to the sensor
● The ultrasonic sensor provides a HIGH output pulse to the host that will terminate 

when the echo is detected, hence the width of this pulse corresponds to the distance 
to the target
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Source
Source

https://content.instructables.com/ORIG/FH0/J2SH/IW6PG07B/FH0J2SHIW6PG07B.jpg?auto=webp&frame=1&width=1024&fit=bounds&md=47ca438ea5309f9da048657d2e1ee15d
https://www.circuitstoday.com/wp-content/uploads/2014/05/HC-SR04-timing-diagram.png


ACTIVITY - 1
Interfacing Ultrasonic Sensor with Arduino
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ARDUINO SKETCH – ULTRASONIC SENSOR
● Ultrasonic sensor is given a 5µs pulse

by Arduino pin 12, configured as
OUTPUT

● When the sensor receives the 5µs
pulse, it emits a 40kHz burst of sound
out of its “speaker”

● Sensor waits for sound to reflect off of
something and return to “microphone”
where it is detected; the sensor then
sets Arduino pin 11 to LOW

● Arduino uses the pulseIn command to
measure the time of flight of the sound
wave in microseconds (the time for
which pin 11 is HIGH)

23Promoting Robotic Design and Entrepreneurship Experiences Among Students and Teachers
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Program

https://drive.google.com/drive/folders/1vK1jHI2zVRaK8yYB9okjZfH1Eey8FXf_?usp=sharing


ACTIVITY 1 - DEMONSTRATION
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PING))) ULTRASONIC DISTANCE SENSOR

25Promoting Robotic Design and Entrepreneurship Experiences Among Students and Teachers
Innovative Technology Experiences for Students and Teachers (ITEST), Professional Development Program, NYU Tandon School of Engineering, July 2017-19

4”

Source

Source: PARALLAX PING SENSOR DATASHEET

The PING))) sensor by Parallax Inc., has a range of 2cm to 3
meters, while the HC-SR04 has a range of 2cm to 4 meters

It requires only 3 pins (5V, SIG & GND) compared to HC-
SR04 that required 4 pins (5V, TRIG, ECH & GND)

Source: HC-SR04 SENSOR DATASHEET

Source

https://learn.parallax.com/sites/default/files/content/propeller-c-tutorials/ActivityBot/NavbySound/Sound-measure-pulse.png
https://www.digikey.com/htmldatasheets/production/1253021/0/0/1/28015.html
https://cdn.sparkfun.com/datasheets/Sensors/Proximity/HCSR04.pdf
https://content.instructables.com/ORIG/FH0/J2SH/IW6PG07B/FH0J2SHIW6PG07B.jpg?auto=webp&frame=1&width=1024&fit=bounds&md=47ca438ea5309f9da048657d2e1ee15d


• What is an Analog signal? 
It is continuous signal with a range of values (in case of Arduino, the 
voltage reading can be any value in the range of 0-5V, not just 0 or 5V)

• Why convert to digital? 
o A microcontroller only understands digital signals, such as whether a button 

is pressed or not
o It considers zero volts (0V) as a binary 0 and a five volts (5V) as a binary 1
o However, sensors can output 0.01V or 4.99V or anything in between, for 

example, 2.6V, 1.2V, etc.
o Here is where ADC is necessary to convert that analog input into a binary 

signal to make decisions

ANALOG TO DIGITAL CONVERSION (ADC)
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Source

Source

https://content.instructables.com/ORIG/FHV/USZA/GB5HCYT4/FHVUSZAGB5HCYT4.bmp?auto=webp&frame=1&fit=bounds&md=5134d170f5095ef94d2aa6acbb5649d4
https://www.kindpng.com/picc/m/102-1022964_match-the-analog-clock-cards-and-the-corresponding.png


• Lately, most microcontrollers have built-in ADC 
modules

• The Arduino Uno board contains 6 pins for ADC

• It has a 10-bit analog to digital converter:
maps input voltages between 0 and 5 volts into 
integer values between 0 and 1023 (1024 steps)

• Older microcontrollers such as the Intel 8051 do 
not have a built-in ADC device, but external ADC 
module can be used (beyond the scope of this 
course)

ANALOG TO DIGITAL CONVERSION (ADC)
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Source

https://a.pololu-files.com/picture/0J3879.1200.jpg?0f07c275147a8e48a3eec031b0add70a


ANALOG TO DIGITAL CONVERSION

● Resolution: number of different voltage levels

● Arduino’s resolution is 10 bits, i.e., 210 states = 1024 states

● Smallest measurable voltage change is (5/1023)V = 4.8mV

● The ADC turns the analog voltage into a digital value

● The function that you use to obtain the value of an analog
signal is analogRead(pin)
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Source

Source

https://upload.wikimedia.org/wikipedia/commons/b/b1/2-bit_resolution_analog_comparison.png
https://upload.wikimedia.org/wikipedia/commons/b/b7/3-bit_resolution_analog_comparison.png


• analogRead(A0):
o This command is used to read the analog 

value from the specified analog pin (here, pin 
A0)

o Reads an integer between 0 and 1023 from 
pin

o The usable pins on the Arduino UNO for this 
function are A0 to A5

o It takes about 100 µs for an Arduino to read an 
analog input

READING ANALOG VALUES
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Note: 1 µs = 10-6 s

Source

https://a.pololu-files.com/picture/0J3879.1200.jpg?0f07c275147a8e48a3eec031b0add70a


WRITING ANALOG VALUES

PWM pins - 3,5,6,9,10,11
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• analogWrite(3,128):
o Writes an analog value (PWM wave) to a pin

(here, pin 3)
o Writes an integer between 0 and 255 to a pin

(here, the value is 128)
o The Arduino does not have a built-in digital-

to-analog converter (DAC), but it can pulse-
width modulate (PWM) a digital signal to
achieve some of the functions of an analog
output

o It can be used to control LED brightness or
drive a motor at various speeds

Source

https://a.pololu-files.com/picture/0J3879.1200.jpg?0f07c275147a8e48a3eec031b0add70a


CONVERTING ANALOG VALUE TO DIGITAL
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float voltage = sensorValue * (5.0 / 1023.0);

This is the value returned by
analogRead(), it in the range 0 - 1023

This is the variable will hold 
the actual voltage value

A float is a data type that has
a decimal point. Floats can be
huge numbers but require
double the memory (4 bytes)
compared to integers (2 bytes)

This is a conversion factor 
used to change the scale from 
0 - 1023 range to 0 - 5 range

Source

https://arduinotogo.com/wp-content/uploads/2017/02/ch6-analog-ruler-01.png


ADC EXAMPLE - POTENTIOMETER 
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Program

https://drive.google.com/drive/folders/1eMamPXVPIqIk0W_3CulJ1R-LRa3WIG5X?usp=sharing


ADC EXAMPLE - POTENTIOMETER 
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ADC EXAMPLE – LED BRIGHTNESS CONTROL 
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Potentiometer to Control LED’s Brightness

34

Program

https://drive.google.com/drive/folders/1IYhMFS5kkgPpqoGUYkGwb7OOdupOcLyS?usp=sharing


LED BRIGHTNESS CONTROL 
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Potentiometer to 
Control LED’s 
Brightness

35



● Photoresistors (LDR) are used when we need a 
resistive analog response to a light level

● Photoresistors are analog devices that produce an 
analog change in the resistance value based on 
received light

● Photoresistors can be setup in an electric circuit to 
function as a digital sensor that turns on/off based on 
the light being above/below certain threshold 

LIGHT SENSOR - PHOTORESISTOR
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Source

Circuit symbol:

OR

Source

https://theiotprojects.com/interface-ldr-photo-resistor-to-arduino-and-control-leds/
https://startingelectronics.org/beginners/components/LDR-photoresistor/LDR-photoresistor-symbol.png


INTERFACING LDR WITH ARDUINO  
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Use LDR to turn a LED ON (if the light increases, LED switches off and if there is less 

light then LED switches on)
o Make relevant circuit diagram for LDR connection

o Use ADC of Arduino to accomplish the task (switch LED on and LED off)

o Same task- Rather than switching the LED on/ off – change the brightness of the LED 

depending upon the light intensity level at LDR

ACTIVITY - 2 
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ACTIVITY 2 - CIRCUIT  
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DEMO – LED ON/OFF USING LDR 
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Program

LED On/Off control using LDR (Video demo)

https://drive.google.com/drive/folders/1BtdG860_Knr-FEreu6dcR1nYcvkkaLze?usp=sharing
https://drive.google.com/file/d/1WfVwsKKTq9aEcUjeeoocK3fr0-gD-Q4D/view?usp=sharing


DEMO – LED BRIGHTNESS CONTROL USING LDR 
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LED brightness control using LDR (Video Demo)

Program

https://drive.google.com/file/d/1oOjBGqWeXAMBRBq66ZFnzcCQlU3MhV9U/view?usp=sharing
https://drive.google.com/drive/folders/1gb8LVTnOmeN4suax95ge9A0HQMveGwyb?usp=sharing
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Autonomous navigation 

Crop-line detection for 
autonomous harvesting

Source Source

Plant monitoring & 
sample collection

SENSOR APPLICATIONS

Automated guide vehicle 
(line or tag following)

Source

https://www.expo21xx.com/cipmedia/14891/3_p47.jpg
https://cdn.mos.cms.futurecdn.net/DAqS7c97BsWrL65YZ3frmh-970-80.jpeg.webp
https://bluebotics.com/wp-content/uploads/2021/01/6-LineFollowing-Technology-withTitle-1024x635.png
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Manufacturing

Estimation of pallet orientation (slots)

Source

Source
Source

SENSOR APPLICATIONS

Quality inspection and 
predictive maintenance

Warehouse (Material-handling)

Source

Pallet
Slot

https://www.digitaltrends.com/wp-content/uploads/2020/06/forklift-scene-third-wave-feature.jpg?fit=720%2C479&p=1
https://interlakemecalux.cdnwm.com/documents/20197/2178972/Las+paletas-ilustraci%C3%B3n-es_ES.jpg/4160abe5-8e65-4b25-82ef-0c25d1eeeaf4%3Ft=1562938578000&e=jpg
https://interlakemecalux.cdnwm.com/documents/20197/2178972/Las+paletas-Paleta+bien+formada-es_ES.jpg/9dfff617-670e-407d-a8f0-016198d4541d?t=1562937941000&e=jpg
https://www.growthaccelerationpartners.com/wp-content/uploads/2018/07/image2.jpg
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Face detection & tracking

Detection a face in an 
image or tracking 
face in a video

Source

SENSOR APPLICATIONS

Face recognition Fingerprint scanner

Source

Biometric data

Source

https://www.mathworks.com/help/examples/vision/win64/FaceTrackingUsingKLTExample_01.png
https://im.indiatimes.in/media/content/2017/Sep/facial-recog_1505726689.jpg
https://s24193.pcdn.co/wp-content/uploads/2016/12/Biometric-Data-Do-Our-Fingers-Hold-the-Key-to-Safer-Security-1320x720.jpg


Task / Activity:
(Reading sensors with Arduino)
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TASK / ACTIVITY

New Lesson - Photos• Objectives, goals, mission of task / to do activity: Learn how different types of 

Sensors work, and read sensor output using Arduino microcontroller

• Subtask 1: Use LDR to blink a LED (more light à led switch off, less light à led 

switch on)
o Make relevant circuit diagram for LDR connection

o Use ADC of Arduino to accomplish the task (switch LED on and LED off)

o Same task- Rather than switching the LED on/ off – change the brightness of the LED depending upon the light 

intensity level at LDR

• Subtask 2: Interfacing ultrasonic sensor using Arduino to read object’s distance
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Thank You!
Questions and Feedback?
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