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Biological sensors
All living organisms contain biological sensors. Most of these are 
specialized cells that are sensitive to:

light, motion, temperature, magnetic fields, gravity, humidity, vibration, 
pressure, electrical fields, sound, and other physical aspects of the external 
environment (Exteroception);
physical aspects of the internal environment, such as stretch, motion of the 
organism, and position of appendages (Proprioception);
an enormous array of environmental molecules, including toxins, nutrients, 
and pheromones;
many aspects of the internal metabolic milieu, such as glucose level, 
oxygen level, or osmolality;
an equally varied range of internal signal molecules, such as hormones, 
neurotransmitters, and cytokines;
and even the differences between proteins of the organism itself and of the 
environment or alien creatures.

Artificial sensors that mimic biological sensors by using a biological 
sensitive component, are called biosensors.

http://en.wikipedia.org/wiki/Sensor



Light Sensing Animals

Eye: 
Organ that detect light

Purpose:
to navigate
to find purchases for locomotion
to avoid predators
to sense prey
to recognize members of a social 
group
to find mates



Most primitive level:
Detect whether the surroundings are light or dark, 
This is sufficient for the entrainment of circadian rhythms 

More complex eyes can distinguish shapes and colors
Some complex eyes largely overlap

to allow better depth perception (binocular vision), as in humans 
and monkeys; 

Some others are placed so as to minimize the overlap, 
and allow wider perception such as in rabbits and 
chameleons.

Light Sensing Animals

We will talk about artificial eyes in a special session

http://en.wikipedia.org/wiki/Eye



Infrared Sensing 
Animals

Useful to some animals for 
hunting prey and egg 
laying

Pitvipers and some beetles
can detect infrared energy 
from the body heat of 
animals or forest fires

The biological mechanism 
is still unknown



Infrared Sensors

Artificial Infrared sensors:
Photodiodes, convert light to current
Phototransistors, amplify the signal to be 
measureable 

Pyro-electric devices
focus infrared energy on a temperature sensor
the temperature sensor is very sensitive to minute 
changes in temperature

CCD cameras
are sensitive to short wavelength IR



Proprioceptive Sensors
Natural:

Muscle stress
Muscle strain
Rate of strain
Joint position
Joint velocity

Artificial:
Position:

Digital encoders
Analog potentiometers
Magnetic hall-effect sensors
Magneto-resistive encoders
Analog linear variable displacement 
transformers (LVDT)
Piezo-resistive sensors

Velocity:
Electr-magnetic tachometer
Differentiation of position signals

Force:
Piezo-resistive sensors
Piezo-electric sensors
Piezo-magnetic sensors



Hall-effect sensors
The Hall effect refers to 

the potential difference (Hall voltage) on the 
opposite sides of an electrical conductor 
through which an electric current is flowing, 
created by a magnetic field 
applied perpendicular to the current.

A: the Hall element takes on a negative 
charge at the top edge (symbolised by the 
blue color) and positive at the lower edge (red 
color). 
B and C: either the electric current or the 
magnetic field is reversed, causing the 
polarization to reverse. 
Reversing both current and magnetic field (D) 
causes the Hall element to again assume a 
negative charge at the upper edge 

http://en.wikipedia.org/wiki/Hall_effect
Note: this is not a bio-inspired sensor



Linear Variable Displacement 
Transformers (LVDT)

Current is driven through the primary coil at 
A, 
causing an induction current to be generated 
through the secondary coils at B.
The coils are connected in reverse series, so 
that the output voltage is the difference 
(hence "differential") between the two 
secondary voltages. 
When the core is in its central position, 
equidistant between the two secondaries, 
equal but opposite voltages are induced in 
these two coils, so the output voltage is zero
When the core is displaced in one direction, 
the voltage in one coil increases as the other 
decreases, causing the output voltage to 
increase from zero to a maximum

http://en.wikipedia.org/wiki/Linear_variable_differential_transformer
Note: this is not a bio-inspired sensor



Magneto-resistive Sensor

detects the magnetic 
poles on an 
encoder's magnetic 
rotor and 
transforms them into 
pulses

Note: this is not a bio-inspired sensor
http://www.avtron.com/encoder_glossary.htm#Magnetoresistive_Sensor



Piezo-resistive Sensors 

Piezo-resistive effect describes 
the changing electrical resistance of a material 
due to applied mechanical stress. 

The piezoresistive effect differs from the 
piezoelectric effect. 

In contrast to the piezoelectric effect, the piezo-
resistive effect only causes a change in resistance, 
it does not produces an electric potential.

http://en.wikipedia.org/wiki/Piezoresistive_effect Note: this is not a bio-inspired sensor



Elastic Wave Sensors

Natural:
Elephant can rock its foot and emit 
vibrations that travel through the 
ground and are felt and recognized 
by other elephants at a distance of 
several kilometers.
Mole rat, totally blind, can hardly 
smell, has very poor hearing. 
Individuals 40 or 50 yards apart can 
communicate with one another 
through the solid earth.

Artificial: 
Accelerometers used to detect 
earthquakes

http://www.sfgate.com/cgi-bin/article.cgi?f=/c/a/2007/05/19/BAGPNPTMPG56.DTL

Mole rat



Distance Measurement

Different methods
Sound

Echolocation
Vision:

Binocular Vision
Monocular Vision

Moving the head from side to side
Depth from focus, etc (will be discussed in future)



Echolocation
Echolocation, also called 
Biosonar, is the biological sonar 
used by several animals for 

navigation and 
foraging (or hunting) in various 
environments

Echolocating animals:
emit calls out to the environment, 
and 
listen to the echoes of those calls 
that return from various objects in 
the environment. 
They use these echoes to locate, 
range, and identify the objects.

http://en.wikipedia.org/wiki/Animal_echolocation



Echolocation Principles
Echolocation works like active sonar, using sounds made by an 
animal. Ranging is done by measuring the time delay between the 
animal's own sound emission and any echoes that return from the 
environment. 
Unlike some sonar that relies on an extremely narrow beam to localize 
a target, animal echolocation relies on multiple receivers.
Echolocating animals have two ears positioned slightly apart. The 
echoes returning to the two ears arrive at different times and at 
different loudness levels, depending on the position of the object 
generating the echoes. The time and loudness differences are used by 
the animals to perceive direction. 
With echolocation the bat or other animal can see: 

where it's going,
how big another animal is, 
what kind of animal it is, and 
other features as well.

http://en.wikipedia.org/wiki/Animal_echolocation



Echolocating Animals

Two bird groups also 
employ this system for 
navigating through caves: 

The Cave Swiftlets and 
The Oilbird Steatornis
caripensis

http://en.wikipedia.org/wiki/Animal_echolocation



Echolocating Animals

Several mammals use 
echolocation such as

dolphins, 
shrews, 
moles

some bats, 
most whales
And ? 

(guess what?)
http://en.wikipedia.org/wiki/Animal_echolocation
http://www.youtube.com/watch?v=gkDI_spL0HQ

shrewGolden mole



Artificial Ear
The middle ear

Its main job is to take sound waves and 
turn them into vibrations that are delivered to the inner ear. 

The cochlea
located in the inner ear of all mammals,
is a spiral-shaped, tubular, fluid-filled organ that 
receives sound waves from the bones of the middle ear and 
generates electrical signals for the brain to interpret.

In its simplest form, the artificial cochlea consists of 
a rigid, micro-machined Pyrex glass channel 
filled with silicone oil and 
topped by a thin, tapered-width membrane of silicon nitride. 

The membrane is sensitive to:
higher frequency vibrations at its skinniest end, and 
gradually lower-frequency vibrations further along the widening structure 

If one generates a sound, 
the device resonates in specific locations in response to the vibrations produced. 
Each part of the membrane resonates with a specific frequency, 
so when a sound wave strikes the device, the membrane vibrates most excitedly at 
the location that corresponds to the incoming wave. 

http://www.theallineed.com/engineering/06012003.htm



Olfaction (sense of smell)

The importance and sensitivity of 
smell varies among different 
organisms:
most mammals have a good 
sense of smell, whereas 

It is well-developed in the carnivores 
and ungulates, who must always be 
aware of each other, and 
in those, such as the moles, that 
smell for their food.

most birds do not, 
except the tubenoses (e.g., petrels
and albatrosses), and the kiwis. 

http://en.wikipedia.org/wiki/Olfaction

petrel

albatrosskiwi

star-nosed mole



Olfaction in Animals
Dogs

In general have a nose approximately a 
100K to 1M times more sensitive than a 
human's. 
Scenthounds as a group can smell 1-10 M 
times more acutely than a human.
Bloodhounds, which have the keenest 
sense of smell of any dogs, have noses ten 
to a hundred million times more sensitive 
than a human's. They were bred for the 
specific purpose of tracking humans, and 
can detect a scent trail a few days old. 
The second-most-sensitive nose is 
possessed by the Basset Hound, which 
was bred to track and hunt rabbits and 
other small animals.

Scenthounds

Bloodhound

Basset Hound



Olfaction in Animals
The sense of smell is less-developed in the catarrhine
primates (Catarrhini), and nonexistent in cetaceans, which 
compensate with a well-developed sense of taste. 
In many species, olfaction is highly tuned to pheromones; 

a male silkworm moth, for example, can sense a single 
molecule of bombykol.

Fish too have a well-developed sense of smell, even 
though they inhabit an aquatic environment. 

Salmon utilize their sense of smell to identify and return to 
their home stream waters. 
Catfish use their sense of smell to identify other individual 
catfish and to maintain a social hierarchy. 
Many fishes use the sense of smell to indentify mating 
partners or to alert to the presence of food.

Insects primarily use their antennae for olfaction. 

Catarrhini

silkworm moth

SalmonCatfishInsect antennae 



Gustatory System
Taste is a form of chemoreception which occurs in 
specialized receptors in the mouth. 
These receptors are known as taste cells, and they are 
contained in bundles called taste buds, which are 
contained in raised areas known as papillae that are found 
across the tongue. 
To date, there are five different types of taste receptors 
known: salt, sweet, sour, bitter, and umami. 
Each receptor has a different manner of sensory 
transduction: that is, detecting the presence of a certain 
compound and starting an action potential which ultimately 
alerts the brain. 
It is a matter of debate whether each taste cell is tuned to 
one specific tastant or to several; Smith and Margolskee
claim that “gustatory neurons typically respond to more 
than one kind of stimulus, although each neuron responds 
most strongly to one tastant”. 
Researchers believe that the brain interprets complex 
tastes by examining patterns from a large set of neuron 
responses.

http://en.wikipedia.org/wiki/Gustatory_system



Olfactory System

The olfactory system is often spoken of along with the gustatory system as the chemosensory 
senses because both transduce chemical signals into perception.
The mechanism of the olfactory system can be divided into a peripheral one, sensing an external 
stimulus and encoding it as an electric signal in neurons, and a central one, where all signals are 
integrated and processed in the central nervous system.
In mammals, the main olfactory system detects odorants that are inhaled through the nose, where 
they contact the main olfactory epithelium, which contains various olfactory receptors. There are a 
wide range of different odor receptors. They can distinguish a new odor from the background 
environmental odors and determine the concentration of the odor.
These olfactory receptors are connected to olfactory receptor neurons in the olfactory epithelium, 
which transduce receptor activation into electrical signals in neurons. The signals travel along the 
olfactory nerve, which belongs to the peripheral nervous system. This nerve terminates in the 
olfactory bulb, which belongs to the central nervous system.
In the central nervous system, odors are represented as patterns of neural activity. These 
representations may be encoded by space (a pattern of activated neurons across a given olfactory 
region corresponds to the odor), time (a pattern of action potentials by multiple neurons 
corresponds to the odor) or a combination of the two. Scientists debate whether the odor code is 
primarilly temporal or spatial.

http://en.wikipedia.org/wiki/Olfactory_system

http://www.leffingwell.com/olfaction.htm



Artificial Tongue and Nose
Applications of an Artificial Nose or Tongue:

Environmental pollution monitoring
Noninvasive diagnostics:

patient’s breath
analysis of urine
sweat and skin odor

Food and drink production
Detection of 

chemical and biological warfare agents
illegal drugs
explosives

Electronic Tongue vs. Nose:
Their principle are the same in essence. 
The main difference is that the Electronic Tongue 
analyses a liquid matrix. So the sensors are 
dipped directly into the liquid. While the Electronic 
Nose uses gas.

http://www2.warwick.ac.uk/fac/sci/eng/eed/research/srl/contents/current_research/electronic_nose/
http://www.aaai.org/AITopics/html/nose.html



Odor recognition steps

An array of micro-machined storage wells are 
filled with different types of chemical beads that 
react in different ways (by changing color) to 
chemicals washed over /passed through the 
array
A CCD camera is then used to sense the 
changes in the bead color
A unique fingerprint is generated by the colors 
of sensor array 
The difference in sensor reactions is revealed 
using pattern-recognition techniques to classify 
the odors. 
Human vision may be used instead of pattern-
recognition software
The electronic nose/tongue gives either 
qualitative answers such as “recognized”, 
“good”, or “bad” or quantitative responses (odor 
intensity, molecule concentration).

http://www.nature.com/nature/journal/v406/n6797/full/406682a0.html

Artificial Tongue and Nose



Detects Ammonia in space stations
All of the polymer films on a set of electrodes 
(sensors) start out at a measured resistance, their 
baseline resistance.  
If there has been no change in the composition of the 
air, the films stay at the baseline resistance and  the 
percent change is zero

e- e- e- e- e- e-

ENose at NASA

http://science.nasa.gov/headlines/y2004/06oct_enose.htm

Artificial Tongue and Nose



If a different compound had caused the air to change, the pattern of the 
polymer films' change would have been different:

Each polymer changes its size, and therefore its resistance, by a different 
amount, making a pattern of the change

THE ELECTRONIC NOSE SMELLS SOMETHING

e- e- e-

e- e-e-

e-
e-

e-

e-
e- e-

ENose at NASA

http://science.nasa.gov/headlines/y2004/06oct_enose.htm



Electric Field Detection
Electroreception, sometimes written as 
electroception, is

the biological ability to receive and make use of 
electrical impulses. 
Electroreception is primarily used for electrolocation: 

the ability to use electric fields to locate objects (compare 
with animal echolocation).

Electroreceptive animals:
It is much more common among aquatic creatures, 

as water is a far superior conductor than air. 
Many primitive fishes such as: 

sharks, rays, lampreys, bichirs, lungfish, coelacanths, and 
sturgeons have electroreceptors sense 
which is believed to be derived from the lateral line sense.
Electric eel is electrogenic i.e. use electricity to kill prey

http://en.wikipedia.org/wiki/Electroreception



Electroreceptive animals (continued)

Some mammals such as:
Echidna and platypus
The platypus may use electroreception in conjunction with 
tactile (pressure) sensors 
in order to determine the distance to prey, 
by using the delay between the arrival of electrical signals and
pressure changes in the water



Tactile Sensors

Whiskers
Whiskers of rats are extremely sensing 

helping it avoid collision with obstacles 
and finding food.

Antennae
Antennae of cockroaches is very 
sensitive to air movement and smell

Skin
Skin can sense: temperature, touch, 
pressure, vibration, surface pattern
Will be covered in a separate session



Artificial Tactile Sensors
Touch switches:

Capacitance
A capacitance switch needs only one electrode to 
function. The electrode can be placed behind a non-
conductive panel made of for example wood, glass or 
plastic.

Resistance touch switch
A resistance switch needs two electrodes to be 
physically in contact with something electrically 
conductive (for example a finger) to operate. 

Haptic devices
Will be covered in a separate session

BIOBug toys
use whiskers to do collision avoidance

http://en.wikipedia.org/wiki/Touch_switch
http://www.solarbotics.net/BIOBugs/



Artificial Hair
(Flow Detector)

Hair cells are used:
in the inner ear of birds, fish, and mammals for hearing, 
in insect joints for angle detection as well as 
insect hearing structures, and for 
hydrodynamic flow and 
vibration sensing in fish as well as insects 

Most fishes have a lateral line of hair cell sensors used for 
detecting water flow past their bodies to 

avoid collisions,
locate the angle of incidence of sound waves coming from 
predators or prey, and
orient themselves in relation to water currents

Artificial hair cell
Chang Liu, University of Illinois, Urbana-Champaign, USA
polymer flow-sensing structure 
constructed using flexible conductive polyurethane force 
sensitive resistors (FSRs) 
for sensing deflection of polyurethane cilia. 

Electro-magnetic flow detector
Using the Faraday effect generated by an alternating magnetic 
field

http://en.wikipedia.org/wiki/Lateral_line http://ewh.ieee.org/tc/sensors/Newsletters/Number1/AHC.pdf



Faraday Effect

The Faraday effect or 
Faraday rotation is 

a magneto-optical 
phenomenon, or 
an interaction between light and 
a magnetic field in a dielectric 
material. 
The rotation of the plane of 
polarization is proportional to 
the intensity of the component 
of the magnetic field in the 
direction of the beam of light.

β is the angle of rotation (in radians)

B is the magnetic flux density in the 
direction of propagation (in teslas)

d is the length of the path (in metres) 
where the light and magnetic field 
interact

http://en.wikipedia.org/wiki/Faraday_effect



Magnetic field sensor
Electro-receptive fishes 

when water flows across their body, the electric 
sensor can detect earth’s magnetic field, allowing the 
sensor to be used for navigation

Magnetotactic bacteria
They orient themselves along the magnetic field lines 
of Earth's magnetic field

Birds
New studies suggests that birds use the Earth's 
magnetic field to plan dining locations along their 
migration route
These culinary stopovers are critical to the success of 
the migration because, according to a second study, 
the fatter the bird, the more efficiently it is able to fly.

Artificial Sensors (non bio-inspired)
Hall-effect sensors
Magnetic Compass 
Fluxgate compass

http://www.ks.uiuc.edu/Research/magsense/ Fluxgate compassMagnetic compass

http://www.earthsci.unimelb.edu.au/ES304/MODULES/MAG/NOTES/fluxgate.html



Biological Clock
The body processes are 
controlled by our biological 
clock.It is critical in assuring the 
timely execution of the genetic 
code to form the same 
characteristics for the given 
creatures at the same sequence 
of occurrence at about the same 
age.
The cicada matures for 17 
years, after which it lives for 
another 1-week period. During 
this week all cicadas mate, the 
females lay egg, and then they 
all die. The hatched cicada then 
develop for another 17 years 
and these synchronized 
processes are repeated again


