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REDISCOVERING SCHOOL SCIENCE

Editorial

In a letter to his daughter on her 10th birthday, the biologist Richard Dawkins 
introduces science not only as a body of knowledge, but a way of knowing —  
one that values evidence rather than tradition, authority, or revelation. Dawkins 
writes: “Sometimes, evidence means actually seeing (or hearing, feeling, smelling….) 
that something is true…”. But, he continues: “The way scientists use evidence to 
learn about the world is much cleverer and more complicated...” The entities (like 
‘atoms’), organising principles (like ‘evolution’), models (like the ‘Standard Model’), 
and methods that characterise modern science are rarely obvious enough to be 
discovered by individuals through their own observations of the world. Scientists 
construct (and re-construct) this knowledge in order to interpret, explain, and make 
predictions about natural phenomena. If validated and agreed on within the 
scientific community, it becomes part of the way scientists ‘see’ the natural world.

What does this mean for the teaching and learning of school science? We begin  
to construct knowledge of our world long before we step into a classroom. As  
the psychologist Jean Piaget observed, children do this through sensorimotor 
interactions with an expanding environment. Our ideas evolve through experience 
and socialisation. With language use, we become familiar with ‘common-sense’ 
constructions of everyday phenomena. Presented with new ideas, we choose  
what to accept and how to fit them into our established view of the world.  
When an authority figure (usually a teacher) ‘narrates’ a scientific explanation 
that is in ‘tension’ with this ‘lived’ view, a student may simply memorise the 
explanation mechanically, and reproduce it when called upon. This might extend 
her knowledge of natural phenomena, but to learn science the student needs  
to learn to engage with a different way of ‘knowing’ the natural world. To ask  
and experience: how do we know in science, and why do we believe scientific 
evidence? Doing this requires an initiation into the ideas and practices (cultural 
tools) of the scientific community; and finding these meaningful at an individual 
level. Teachers familiar with the scientific way of knowing the world recognise 
this. They use reflective inquiry and meaningful dialogue to introduce students to 
the cultural tools of science while encouraging novelty, negotiation with authority 
(starting from themselves), and reconstruction of testable explanations through 
real-world possibilities.

This issue features articles from many such teachers. For example, Dhanashree P 
argues that encouraging students to tinker with the big ideas from different fields  
to address real-world problems helps develop their ability to think critically and 
creatively. On the other hand, Paul R, Rohit M & Punya M show how even abstract 
scientific concepts can become more meaningful when teachers combine language 
with gestures and movements to create immersive thinking and knowing experiences. 
Rohini K and Kavita K show how scaffolding inquiry into the familiar — whether of 
setting curd or exercising our vision — can offer students a hands-on introduction to 
‘thinking like a scientist’. In contrast, Nitish S shares an example of how tenaciously 
students can hold on to a common-sense construction of a natural phenomenon 
even when evidence from their own investigations challenge it. Swati S’s activities 
and Deborah D’s example argue that an introduction to ecological 
concepts, challenges (like climate change), and practices 
becomes more meaningful to students when grounded 
in concrete opportunities to engage with their local 
environment.

What do think of these examples? Do share your 
feedback with us at iwonder@apu.edu.in
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Step outdoors under a dark night-
sky and a serene sight presents 
itself. About 3000 stars, a couple of 

planets, maybe a moon too, enchant us. 
Once in a while, at the right latitudes, 
so does a galaxy such as the Andromeda 
or the Magellanic Clouds. The most 
breathtaking of all, though, is our very 
own Milky Way.

The serenity of the night sky is deceptive. 
Each of these thousands of pin-points of 
light (or stars) is a cauldron of burning 
nuclear fuel, just like our sun. The bluer 
pin-points are even hotter and more 
massive than our relatively ‘mid-range’ 
sun. Our understanding tells us that the 
lives of stars, especially massive ones, 
end in an enormous explosion (called a 
supernova). The supernova leaves behind 
a ‘remnant’ object, which for stars many 
times the mass of our sun, will eventually 
become a black hole.

What are black holes?
Black holes can be thought of as chunks 
of space in which the force of gravity is 
so strong that even light cannot escape 
from them.

They were first referred to in the late 
18th century by the English clergyman 
John Michell. Michell conjectured the 
existence of objects so massive that their 
escape velocity (see Box 1) would equal 
the velocity of light. Einstein’s theory of 
General Relativity, published in 1915, put 
these ideas on a firm and rigorous footing. 
In a paper published a few months later, 
Karl Schwarzschild took Einstein’s theory 
forward to predict objects that would 
behave in this way. In 1967, the physicist 
John Wheeler coined the term ‘black hole’ 
to describe them. In 1970, the Indian 
physicist C. V. Vishveshwara showed that 
black holes were stable — a property 
critical to our ability to observe them.

How do we know they 
exist? 
No light can come from a black hole — 
this is, in fact, why they are called ‘black’! 
This means that we cannot ‘see’ them; 
at least not directly. Nor are black holes 
being formed or created in any human-
built laboratory of any kind on earth. 
However, with our sky being a universal 
laboratory, there are other fascinating 
possibilities to explore the properties of 
black holes. These include: 

(a) Circumstantial evidence: This has 
led us to suspect the existence of giant 
black holes in the heart of a small 
fraction of galaxies in the universe. 

The gravitational field in the close 
vicinity of a black hole is extraordinarily 
strong (see Box 2). Therefore, any 
object (gas, or even stars) coming into 
its immediate neighbourhood will swirl 
right into it at enormous speed, causing 
the black hole to grow. The speed of the 
object swirling in generates a friction 
that causes the black hole to heat up to 
exceedingly high temperatures. Since 

the gravitational 
energy harnessed in 
this event is enormous, 
the resulting power 
that is radiated out 
could be a few trillion 
times the power 
radiated from our sun! 
Thus, these ‘munching’ 
black holes also ‘shine’ 
brightly. In reality, it is, 
of course, their close 
environs (and not the 
black holes themselves) 
that shine. 

Such black holes 
are like powerful 
beacons that can be 
spotted at enormous 
distances. Even very 
early telescopes (from 
the 1960’s) saw these 
powerful beacons 
of light. Indeed, 
the ‘Gargantua’ 
that dazzled us in 
‘Interstellar’ (see  
Fig. 1) is exactly 
such a growing, 
shining, fictional 
black hole. The mass 
of these ‘giant’ black 
holes, referred to 
by astrophysicists 
as ‘supermassive’, is 
measured in M⊙ (i.e., 
the mass of our sun, which is 2 x 1030 
kg) — a unit that astrophysicists tend 
to use for all objects larger than the 
sun (see Glossary).1, 2 The only way 

such power can be explained is if the 
strong gravity around giant black 
holes is being harnessed. As a result 
of this circumstantial evidence, the 
idea of giant black holes became quite 

BIG QUESTIONS

PRAJVAL SHASTRI

BLACK HOLES?
WHAT ARE

In the very hearts of 
galaxies, like our Milky 
Way, lurk giant black 
holes that sometimes 
evolve into monstrous 
powerhouses of light. 
How do we know that 
they exist? How are 
they born? How do 
they grow? Are they 
important in the ‘big 
picture’?

Box 1. What is escape velocity?
It is the speed that an object needs to 
have in order to escape the gravitational 
field that it is in. For e.g., we know that 
the escape velocity on the surface of 
the earth is 11.2 km/s. This means that 
the velocity of any object (like a satellite 
or a cricket ball) hurled upwards needs 
to exceed 11.2 km/s for it to leave the 
earth, and not have the earth’s gravity 
pull it back.

Box 2. A black hole's gravitational field:
The super-strong gravity of black holes (that makes them different from regular objects of comparable masses) can be felt only in their 
close neighborhood. Since black holes are very small-sized for their mass, it is physically possible for objects to closely approach them. For 
e.g., if our sun were to turn into a black hole tomorrow, its entire mass would have to collapse into a radius of ~ 3 km. Hypothetically, if 
this were to happen, it would make no difference to the gravitational force that is felt due to the sun on earth. Contrast the radius of 3 
km, however, with the current radius of the sun, which is 695,700 km. The closest that an object can approach the sun (without actually 
entering it) is, therefore, 695,700 km, which is where the gravitational force due to the sun will be maximal. On the other hand, if the 
sun were to turn into a black hole, an object could approach as close as a few kilometres from its centre. At this distance, the object 
would experience a gravitational force (from the same mass) that is ~50 billion times higher (since gravitational force increases inversely 
with the square of the distance). Clearly, even in the proximity of a hypothetical ‘solar’ black hole, at say a distance of a few thousand 
kilometres, the gravitational force would be enormous. Any matter reaching the close neighborhood of a black hole, therefore, would be 
inexorably sucked in, eventually plunging into the black hole.

Fig. 1. A computer-generated image of the fictional growing 
giant black hole ‘Gargantua’ that featured in the science-
fiction movie ‘Interstellar’. This image shows how such an object 
would appear to an observer in visible light. The computer code, 
called Double Negative Gravitational Renderer, incorporates 
what physicists know about the growing black hole and the 
effects of strong gravity around it.
Credits: James et al 2014. URL: http://iopscience.iop.org/article/10.1088/ 
0264-9381/32/6/065001/meta;jsessionid=6234B192EDE9A0CD2BD9C637 
0D4643E1.c4.iopscience.cld.iop.org. License: CC-BY.
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Step outdoors under a dark night-
sky and a serene sight presents 
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planets, maybe a moon too, enchant us. 
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own Milky Way.
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times the mass of our sun, will eventually 
become a black hole.
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exist? 
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at least not directly. Nor are black holes 
being formed or created in any human-
built laboratory of any kind on earth. 
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the 1960’s) saw these 
powerful beacons 
of light. Indeed, 
the ‘Gargantua’ 
that dazzled us in 
‘Interstellar’ (see  
Fig. 1) is exactly 
such a growing, 
shining, fictional 
black hole. The mass 
of these ‘giant’ black 
holes, referred to 
by astrophysicists 
as ‘supermassive’, is 
measured in M⊙ (i.e., 
the mass of our sun, which is 2 x 1030 
kg) — a unit that astrophysicists tend 
to use for all objects larger than the 
sun (see Glossary).1, 2 The only way 

such power can be explained is if the 
strong gravity around giant black 
holes is being harnessed. As a result 
of this circumstantial evidence, the 
idea of giant black holes became quite 

BIG QUESTIONS

PRAJVAL SHASTRI

BLACK HOLES?
WHAT ARE

In the very hearts of 
galaxies, like our Milky 
Way, lurk giant black 
holes that sometimes 
evolve into monstrous 
powerhouses of light. 
How do we know that 
they exist? How are 
they born? How do 
they grow? Are they 
important in the ‘big 
picture’?

Box 1. What is escape velocity?
It is the speed that an object needs to 
have in order to escape the gravitational 
field that it is in. For e.g., we know that 
the escape velocity on the surface of 
the earth is 11.2 km/s. This means that 
the velocity of any object (like a satellite 
or a cricket ball) hurled upwards needs 
to exceed 11.2 km/s for it to leave the 
earth, and not have the earth’s gravity 
pull it back.

Box 2. A black hole's gravitational field:
The super-strong gravity of black holes (that makes them different from regular objects of comparable masses) can be felt only in their 
close neighborhood. Since black holes are very small-sized for their mass, it is physically possible for objects to closely approach them. For 
e.g., if our sun were to turn into a black hole tomorrow, its entire mass would have to collapse into a radius of ~ 3 km. Hypothetically, if 
this were to happen, it would make no difference to the gravitational force that is felt due to the sun on earth. Contrast the radius of 3 
km, however, with the current radius of the sun, which is 695,700 km. The closest that an object can approach the sun (without actually 
entering it) is, therefore, 695,700 km, which is where the gravitational force due to the sun will be maximal. On the other hand, if the 
sun were to turn into a black hole, an object could approach as close as a few kilometres from its centre. At this distance, the object 
would experience a gravitational force (from the same mass) that is ~50 billion times higher (since gravitational force increases inversely 
with the square of the distance). Clearly, even in the proximity of a hypothetical ‘solar’ black hole, at say a distance of a few thousand 
kilometres, the gravitational force would be enormous. Any matter reaching the close neighborhood of a black hole, therefore, would be 
inexorably sucked in, eventually plunging into the black hole.

Fig. 1. A computer-generated image of the fictional growing 
giant black hole ‘Gargantua’ that featured in the science-
fiction movie ‘Interstellar’. This image shows how such an object 
would appear to an observer in visible light. The computer code, 
called Double Negative Gravitational Renderer, incorporates 
what physicists know about the growing black hole and the 
effects of strong gravity around it.
Credits: James et al 2014. URL: http://iopscience.iop.org/article/10.1088/ 
0264-9381/32/6/065001/meta;jsessionid=6234B192EDE9A0CD2BD9C637 
0D4643E1.c4.iopscience.cld.iop.org. License: CC-BY.



76 — Rediscovering School Science  Aug 2019 — Rediscovering School Science  Aug 2019

Assuming that a heavy (but, obviously 
dark) object is driving these stars in 
their orbits, the mass of this driver is 
computed to be four million times the 
mass of the sun! The position of the 
dark object can be fixed based on the 
fact that it is the common focus of all 
the observed elliptical star orbits. The 
distance of the star (labelled SO-16) 
that is seen to approach the closest 
to this position (see Fig. 4) gives us 
an upper limit to the size of the dark 
object. If the dark object were bigger 
than this distance of closest approach, 
we would have seen evidence of a 
collision between star SO-16 and the 
dark object. That such a collision does 
not occur suggests that the inferred 
large mass of the dark object occupies 
quite a tiny space. This proves that the 
object is, in fact, a black hole.

This method cannot be used to look for 
black holes in other galaxies because 
even our ‘nearest’ neighbors are a few 
hundred million light-years away from 
us. At such large distances, even with 
our best telescopes, individual stars in 
these galaxies remain indistinguishable. 
One way of working around this is to 
look at atomic lines from individual 
stars in other galaxies. These lines are 

Doppler-shifted (see Box 4) towards 
blue or red, depending on whether the 
stars are moving towards or away from 
us. Although the instruments we have 
at present cannot separate these lines in 
a spectrogram, their spread in the blend 
they appear as gives us a quantitative 
measure of the spread in the speeds 
of the stars that form them. When the 
speed of stars is directly dependent on 
the mass of a central giant black hole, 
its approximate mass can be estimated  
through Kepler's Law. 

(c) Ripples in spacetime: In a 
spectacular discovery in 2015, scientists 
detected the presence of black holes 
(with masses ranging from 8-60 times 
the mass of our sun) by the ripples they 
create in spacetime.6 Measurements 
of gravitational waves from this 
experiment (by the Laser Interferometer 
Gravitational-Wave Observatory or 
LIGO) were perfectly consistent with 
predictions made by Einstein’s theory 
and its later developments (including 
those by C. V. Vishveshwara). 

How are giant black holes 
formed?
We have previously alluded to massive 
stars leaving behind black holes at 

the end of their lives. That ripples in 
spacetime from merging black holes 
have been detected for the third time 
hint at the merging of black holes being 
a fairly common phenomenon in the 
cosmos. Are the giant black holes of 
over a million M⊙ found in the centres 
of galaxies the result of these repeated 
mergers over the lifetime of the 
universe? Let us examine this argument.

Calculations show that the most massive 
black holes that can be formed from 
stellar death cannot exceed about 100 

entrenched in astrophysics lore, even 
though direct evidence for black holes 
came much later. 

(b) Elliptical star orbits at the centre 
of our Milky Way and other galaxies 
beyond: Another method to hunt for 
black holes is based on Kepler’s Law. It 
involves the search for dark objects that 
can be demonstrated to have such a 
high mass that they must be black holes 
(see Box 3). This search, lasting several 
decades, has yielded about 20 black 
holes within our Milky Way, and many, 
many more beyond it.3

Our Milky Way contains over a billion 
stars. The stars in this part of the 
galaxy are about 26,000 light-years 
(see Glossary) away from us. Between 
these stars are vast spaces that are 
empty but for a tenuous distribution 
of dust particles. These particles are, 
nevertheless, numerous enough to dim 
the light from the stars behind them, 
like a fog. Consequently, the parts of the 
Milky Way with the densest distribution 
of dust particles appear as dark patches 
in photographs (see Fig. 2). These dust 

particles also enshroud the centre 
of the Milky Way. Therefore, to peer 
into the centre of our cosmic village, 
we need light other than that in the 
visible range — infra-red light, for 
instance. If the same piece of sky 
is repeatedly imaged over several 
years, one can begin to discern the 
movements of some of these stars 
by shifts in their positions in the 
sky. These shifts can also be used to 
compute the speed at which these 
stars move. 

Two teams of scientists have studied 
the stars at the centre of the Milky Way 
in this manner for many years now.4,5 
One of these teams is led by Andrea 
Ghez from the University of California, 
Los Angeles (USA), and the other is led 
by Rheinhardt Genzel from the Max-
Planck Institute for Extraterrestrial 
Physics, Germany. Their painstaking 
investigations show that some of these 
stars are moving at speeds that exceed 
1500 km/s and have orbital periods of 
the order of 20 years (see Fig. 3).

Box 3. Identifying black holes 
by their mass:
This method can be understood by 
using the analogy of the solar system. 
We know that planets of our solar 
system move around our sun, driven 
by the sun’s gravity, in roughly circular 
orbits. Our understanding of circular 
orbits and gravitational force is 
encapsulated in Kepler’s law. This law 
tells us that the square of the speed 
(v) of a test particle of negligible mass 
(in this analogy, a planet) is directly 
proportional to the heavy mass (M) 
around which it orbits (in this case, the 
sun), and inversely proportional to its 
distance (r) from the heavy mass: 

=  
r

G M
v2

Therefore, the mass of the heavy object 
can be computed if the speed of the 
test particle and its distance from the 
heavy mass can be measured.

Fig. 2. Our Milky Way as photographed from Hatu Peak, Narkanda, Himachal Pradesh, India.
Credits: Ajay Talwar and Pankaj Sharma. License: © Ajay Talwar, reproduced with permission. 

Box 4. What is Doppler shift? 
When the source of a wave moves 
towards (or away from) an observer, 
the frequency of the wave seems to 
increase (or reduce). This is known as 
the Doppler shift, after the physicist 
Christian Doppler who first proposed 
it. An oft-quoted everyday example is 
the increase (or decrease) in the pitch 
of the sound of a horn from a moving 
vehicle as it approaches (or recedes) 
from an observer. A similar effect 
occurs when a light source approaches 
or recedes from an observer, 
although this is noticeable only at 
very large speeds and/or very precise 
measurements of its wavelength.

Fig. 4. Stars at the centre of the Milky Way are pushed outwards. The three panels, from left to right, contain measurements of these stars 
during the periods (a) 1995-2004, (b) 1995-2008, and (c) 1995-2012 respectively. In each case, the latest positions of the stars are visible in the 
image as coloured splotches, which represent the actual infra-red images of the stars. The changing positions of these stars with time are shown 
as coloured circles for clarity. Their progression with time is indicated by increasing saturation of the colour of these circles. Some of the stars 
can be clearly seen to make elliptical orbits around a common point marked by a yellow star symbol in the centre of panel (a). The orbit and 
positions of star SO-4 (circles coloured yellow) have not been shown in panel (c), but it is clearly moving far away from the centre.
Credits: These images /animations were created by Prof. Andrea Ghez and her research team at UCLA from data sets obtained with the W. M. Keck Telescopes. 
URL: http://www.galacticcenter.astro.ucla.edu. License: CC-BY.

(a) (b) (c)

Fig. 3. The black hole at the centre of the 
Milky Way. The coloured patches represent 
images of stars in the year 1999. The circles 
represent the positions of some of these stars in 
1995, 1996….1998, colour-coded by the year 
(see legend). The ellipses represent the orbits of 
two of these stars, labeled S0-1 and S0-2, 
extrapolated from the measured change in 
their positions. The white star-shaped symbol 
represents the position of a ‘dark object’ that 
must exist in order to gravitationally drive the 
moving stars. The white bar labeled 0.1 arcsec 
gives the angular scale of the image (for 
comparison, the size of the moon is 30 
arcminutes). At the centre of the Milky Way 
(which is about 26,000 light-years), 0.1 
arcsecond (see Glossary) = 4.6 light-days.
Credits: These images/animations were created by 
Prof. Andrea Ghez and her research team at UCLA 
from data sets obtained with the W. M. Keck 
Telescopes. URL: http://www.galacticcenter.astro.ucla.
edu. License: CC-BY.
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Assuming that a heavy (but, obviously 
dark) object is driving these stars in 
their orbits, the mass of this driver is 
computed to be four million times the 
mass of the sun! The position of the 
dark object can be fixed based on the 
fact that it is the common focus of all 
the observed elliptical star orbits. The 
distance of the star (labelled SO-16) 
that is seen to approach the closest 
to this position (see Fig. 4) gives us 
an upper limit to the size of the dark 
object. If the dark object were bigger 
than this distance of closest approach, 
we would have seen evidence of a 
collision between star SO-16 and the 
dark object. That such a collision does 
not occur suggests that the inferred 
large mass of the dark object occupies 
quite a tiny space. This proves that the 
object is, in fact, a black hole.

This method cannot be used to look for 
black holes in other galaxies because 
even our ‘nearest’ neighbors are a few 
hundred million light-years away from 
us. At such large distances, even with 
our best telescopes, individual stars in 
these galaxies remain indistinguishable. 
One way of working around this is to 
look at atomic lines from individual 
stars in other galaxies. These lines are 

Doppler-shifted (see Box 4) towards 
blue or red, depending on whether the 
stars are moving towards or away from 
us. Although the instruments we have 
at present cannot separate these lines in 
a spectrogram, their spread in the blend 
they appear as gives us a quantitative 
measure of the spread in the speeds 
of the stars that form them. When the 
speed of stars is directly dependent on 
the mass of a central giant black hole, 
its approximate mass can be estimated  
through Kepler's Law. 

(c) Ripples in spacetime: In a 
spectacular discovery in 2015, scientists 
detected the presence of black holes 
(with masses ranging from 8-60 times 
the mass of our sun) by the ripples they 
create in spacetime.6 Measurements 
of gravitational waves from this 
experiment (by the Laser Interferometer 
Gravitational-Wave Observatory or 
LIGO) were perfectly consistent with 
predictions made by Einstein’s theory 
and its later developments (including 
those by C. V. Vishveshwara). 

How are giant black holes 
formed?
We have previously alluded to massive 
stars leaving behind black holes at 

the end of their lives. That ripples in 
spacetime from merging black holes 
have been detected for the third time 
hint at the merging of black holes being 
a fairly common phenomenon in the 
cosmos. Are the giant black holes of 
over a million M⊙ found in the centres 
of galaxies the result of these repeated 
mergers over the lifetime of the 
universe? Let us examine this argument.

Calculations show that the most massive 
black holes that can be formed from 
stellar death cannot exceed about 100 

entrenched in astrophysics lore, even 
though direct evidence for black holes 
came much later. 

(b) Elliptical star orbits at the centre 
of our Milky Way and other galaxies 
beyond: Another method to hunt for 
black holes is based on Kepler’s Law. It 
involves the search for dark objects that 
can be demonstrated to have such a 
high mass that they must be black holes 
(see Box 3). This search, lasting several 
decades, has yielded about 20 black 
holes within our Milky Way, and many, 
many more beyond it.3

Our Milky Way contains over a billion 
stars. The stars in this part of the 
galaxy are about 26,000 light-years 
(see Glossary) away from us. Between 
these stars are vast spaces that are 
empty but for a tenuous distribution 
of dust particles. These particles are, 
nevertheless, numerous enough to dim 
the light from the stars behind them, 
like a fog. Consequently, the parts of the 
Milky Way with the densest distribution 
of dust particles appear as dark patches 
in photographs (see Fig. 2). These dust 

particles also enshroud the centre 
of the Milky Way. Therefore, to peer 
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we need light other than that in the 
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years, one can begin to discern the 
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by shifts in their positions in the 
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One of these teams is led by Andrea 
Ghez from the University of California, 
Los Angeles (USA), and the other is led 
by Rheinhardt Genzel from the Max-
Planck Institute for Extraterrestrial 
Physics, Germany. Their painstaking 
investigations show that some of these 
stars are moving at speeds that exceed 
1500 km/s and have orbital periods of 
the order of 20 years (see Fig. 3).

Box 3. Identifying black holes 
by their mass:
This method can be understood by 
using the analogy of the solar system. 
We know that planets of our solar 
system move around our sun, driven 
by the sun’s gravity, in roughly circular 
orbits. Our understanding of circular 
orbits and gravitational force is 
encapsulated in Kepler’s law. This law 
tells us that the square of the speed 
(v) of a test particle of negligible mass 
(in this analogy, a planet) is directly 
proportional to the heavy mass (M) 
around which it orbits (in this case, the 
sun), and inversely proportional to its 
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Therefore, the mass of the heavy object 
can be computed if the speed of the 
test particle and its distance from the 
heavy mass can be measured.

Fig. 2. Our Milky Way as photographed from Hatu Peak, Narkanda, Himachal Pradesh, India.
Credits: Ajay Talwar and Pankaj Sharma. License: © Ajay Talwar, reproduced with permission. 

Box 4. What is Doppler shift? 
When the source of a wave moves 
towards (or away from) an observer, 
the frequency of the wave seems to 
increase (or reduce). This is known as 
the Doppler shift, after the physicist 
Christian Doppler who first proposed 
it. An oft-quoted everyday example is 
the increase (or decrease) in the pitch 
of the sound of a horn from a moving 
vehicle as it approaches (or recedes) 
from an observer. A similar effect 
occurs when a light source approaches 
or recedes from an observer, 
although this is noticeable only at 
very large speeds and/or very precise 
measurements of its wavelength.

Fig. 4. Stars at the centre of the Milky Way are pushed outwards. The three panels, from left to right, contain measurements of these stars 
during the periods (a) 1995-2004, (b) 1995-2008, and (c) 1995-2012 respectively. In each case, the latest positions of the stars are visible in the 
image as coloured splotches, which represent the actual infra-red images of the stars. The changing positions of these stars with time are shown 
as coloured circles for clarity. Their progression with time is indicated by increasing saturation of the colour of these circles. Some of the stars 
can be clearly seen to make elliptical orbits around a common point marked by a yellow star symbol in the centre of panel (a). The orbit and 
positions of star SO-4 (circles coloured yellow) have not been shown in panel (c), but it is clearly moving far away from the centre.
Credits: These images /animations were created by Prof. Andrea Ghez and her research team at UCLA from data sets obtained with the W. M. Keck Telescopes. 
URL: http://www.galacticcenter.astro.ucla.edu. License: CC-BY.
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Fig. 3. The black hole at the centre of the 
Milky Way. The coloured patches represent 
images of stars in the year 1999. The circles 
represent the positions of some of these stars in 
1995, 1996….1998, colour-coded by the year 
(see legend). The ellipses represent the orbits of 
two of these stars, labeled S0-1 and S0-2, 
extrapolated from the measured change in 
their positions. The white star-shaped symbol 
represents the position of a ‘dark object’ that 
must exist in order to gravitationally drive the 
moving stars. The white bar labeled 0.1 arcsec 
gives the angular scale of the image (for 
comparison, the size of the moon is 30 
arcminutes). At the centre of the Milky Way 
(which is about 26,000 light-years), 0.1 
arcsecond (see Glossary) = 4.6 light-days.
Credits: These images/animations were created by 
Prof. Andrea Ghez and her research team at UCLA 
from data sets obtained with the W. M. Keck 
Telescopes. URL: http://www.galacticcenter.astro.ucla.
edu. License: CC-BY.
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M⊙. The largest one to be observed 
(by LIGO) to date is of about 60 M⊙. 
Clearly, then, building giant black holes 
by merging remnant black holes from 
stellar death will need mind-bogglingly 
large amounts of time. 

However, astoundingly, more than a 
handful of growing giant black holes, 

also known as quasars, have been 
discovered to exist from when the 
universe was less than a billion years old 
(the current age of the universe is 13.8 
billion years). These black holes appear 
to have masses of not just a million 
M⊙, but a billion M⊙! Clearly, even with 
repeated coalescence with the largest 

possible black holes left behind from the 
death of stars, a billion years would not 
give enough time to build a giant black 
hole of a billion M⊙. Therefore, the idea 
that extremely large clouds of gas in the 
very early universe may have directly 
collapsed into large black hole seeds of 
about 10000 M⊙ is beginning to gain 
ground.7 These black hole seeds may 
have coalesced with each other to build 
giant black holes. 

Giant black holes may have 
continued to grow by accumulating 
any swirling matter that crept into 
their neighbourhood. Many of these 
growing black holes are known to 
squirt out twin-jets of plasma that 
shine in radio light. In about 15% 
of these cases, these twin-jets are 
launched at speeds very close to the 
speed of light, and reach distances 
of many million light-years into 
extragalactic space (see Fig. 5).

Giant black holes can also grow by 
coalescence, like with the tinier cousins 
discovered by LIGO, if the galaxies that 
they inhabit come together. In fact, 
there is strong evidence that galaxies 
often merge to form bigger galaxies 
(see Fig. 6). Computer simulations of 
the physics of such interactions predict 
that the central black holes of merging 
galaxies will also eventually coalesce. 
This coalescence is predicted to create 

ripples in our spacetime, which are 
expected to be detected by gravitational 
wave detectors of the future. 

Do black holes die?
Intuitively, it seems as if there is a 
sense of permanence about a black 
hole because nothing that it takes 
in can come out. This intuitive idea 
corresponded with the prevailing 
scientific understanding until the 
mid-70’s. In 1974, however, Stephen 
Hawking worked out a baffling 
prediction. By combining Einstein’s 
theory of General Relativity and 
Quantum Theory, he found that a black 
hole could not be completely black 
after all. Due to quantum effects, it 
would radiate and, therefore, lose 
mass. The lower the mass of the black 
hole, the more luminous this radiation 
was predicted to be. This implies that 
a gradually radiating and diminishing 
black hole would eventually disappear 
in a very luminous flash. For the kind 
of astrophysical black holes that we are 
familiar with (both the ‘small’ and the 
giant ones), this radiation (known as 
Hawking radiation) is so small that it 
cannot be detected even with state-
of-the-art devices. While a recent 
claim suggests that it may be possible 
to measure radiations from ‘analogue’ 
black holes created in the laboratory, 
astrophysical Hawking radiation 
remains an unobserved theoretical 
prediction as of now.8 

To conclude
The only giant black holes we know 
of are found in the hearts of galaxies. 
These have always been full of 
surprises. The most spectacular one 
to come to light in the last decade is 
that the growth of giant black holes 
appears to go hand-in-hand with 
the growth of the galaxies that they 
inhabit.9 This may even be true of 
the giant black hole in the heart of 
our own galaxy, which is much, much 
tinier than the MIlky Way. However, in 
the process of growing and glowing, 
this black hole may have played an 
important role in the evolution of 

Fig. 6. Examples of merging galaxies. (a) A pair of galaxies, NGC2207 and IC163, on a collision course. (b) A merging galaxy — NGC2623. The 
system to the right is clearly further along in the merging process than the pair on the left. Therefore, what were formerly spiral arms of one of 
the original galaxies can be seen to have been ‘pulled’ apart, and the merging complex in the middle has begun to look like one galaxy, though 
rather ‘disturbed’. The central giant black holes of these erstwhile separate galaxies are eventually expected to merge.
Credits: Hubble Space Telescope, NASA. URL: (a) http://hubblesite.org/image/1627/news_release/2004-45 & (b) https://apod.nasa.gov/apod/ap121019.html. 
License: with permission for free use.

Fig. 5. The growing giant black hole Hercules A. Located at a distance of about 2 billion 
light-years, its radio image shows the twin-jets of plasma (false-colour image in pink) 
reaching out to nearly a million light-years. This is overlaid on the image of the field in visible 
light, showing the galaxy harbouring the giant black hole that squirted out the twin jets.
Credits: NASA, ESA, S. Baum & C. O'Dea (RIT), R. Perley & W. Cotton (NRAO/AUI/NSF), and the Hubble 
Heritage Team (STScI/AURA). URL: http://www.nrao.edu/pr/2012/herca/. License: CC-BY.

(a) (b)

Glossary:
Light-year: a unit of distance in astrophysics used to refer to the distance that light 
can travel in a year (~ 9.5 trillion kilometers). 

Arcsecond: It is common in astronomy to measure sizes of objects in the sky (or the 
separation between objects) in angles (vs. using physical units of distance or size, such 
as kilometre). This is because making such measurements in physical units is a complex 
process that requires a lot of other kinds of information. In contrast, the ‘angular sizes’ 
and ‘angular separations’ of objects in the sky are directly measurable from an image, 
or, if large enough, even by visual observation.

Calculating arcminutes.
Credits: Prajval Shastri. License: CC-BY. 

An object is said to have a size of 1 degree if it subtends an angle of 1 degree at the 
eye, and an angular size of 1 arcsecond if it subtends an angle of one second at the eye. 
For instance, the angular size of the moon is about 31 arcminutes.

M⊙: standing for the mass of our sun, which is 2 x 1030 kg, is a unit that astrophysicists 
tend to use for all objects larger than the sun.
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M⊙. The largest one to be observed 
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• Black holes are chunks of space that exert such a strong force of gravity that even light cannot 
escape from them.

• It seems likely that black holes may have originated from seeds formed by the collapse of 
extremely large clouds of gas in the very early universe. 

• We have long suspected the existence of black holes because of powerful beacons of light 
emitted from their immediate vicinity. 

• Today, black holes are detected through elliptical star orbits in the heart of galaxies, or through 
the ripples they create in spacetime. 

• It seems plausible that black holes may eventually disappear because of the gradual loss of 
mass through radiation.

Key takeaways

our galaxy — including, among a 
myriad other processes, the birth of 
our sun and its planetary system. 

Understanding how and why this 
happens, and if it does indeed happen, 
is essential to build a more coherent 

story of giant black holes. Thus, 
these questions continue to intrigue 
astrophysicists today.
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Do you know someone who has 
never been injured? No? Here’s 
a simpler question — do you 

remember how many times you’ve 
had a cut or a wound? Doesn’t it seem 
unlikely that anyone would answer these 
questions with a yes?! 

In medical terms, a wound is defined as 
an injury to the body that involves the 
breaking of a protective membrane (such 
as the skin) and damage to underlying 
tissues. Cuts and wounds are an everyday 
occurrence, which left unchecked can 
reduce tissue integrity, resulting in loss of 
function and compromised survival. 

Millions of years of evolution have 
equipped our bodies with self-healing 
mechanisms. This is why we rarely 
worry about minor injuries. Even the 
medical care of major wounds (like 
those from burns or accidents) has 

historically focused on the development 
of techniques that supplement the 
body’s built-in healing mechanisms (see 
Box 1). To do this, we are constantly 
attempting to uncover the specific cells 
and molecular factors involved in these 
mechanisms. One organ that has been 
studied most extensively in this regard is 
the skin. 

The human skin
As the largest organ of the body in 
terms of its surface area and weight, the 
skin acts as a protective barrier against 
pathogens, dehydration, chemical toxins, 
and harmful UV rays. With its immense 
regenerative potential, the wound repair 
capacity of the skin is among the highest 
of all the organs in the body, exceeding 
even that of the heart (after a heart 
attack) and the brain (after a stroke). 

TANAY BHATT, GAURAV KANSAGARA, NEHA PINCHA & COLIN JAMORA

 HOW DOES THE SKIN 
HEAL WOUNDS?

Wounds are an 
unavoidable part of 
our life. Some heal 
fast, some take time, 
some leave scars 
behind. An organ 
in the human body 
with the inherent 
ability to heal itself 
is the skin. How does 
the skin do this?

BIG QUESTIONS
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etc.) that invade the body through an 
open wound. On recognizing these 
DAMPs and/or PAMPs, a cascade of 
chemical events is activated in healthy 
neighbouring cells. This cascade results 
in the secretion of chemicals that attract 
immune cells (like macrophages) to the 

wound site. Recent studies suggest that a 
release in cellular tension (because of the 
loss of cell-cell bonding in the damaged 
tissues) can also act as a trigger for the 
initiation of wound healing. 

The platelets that form the clot at 
the wound site also trigger healing 

by releasing chemical signals, such as 
platelet derived growth factor (PDGF). 
Cells of the immune system (like 
macrophages, monocytes, neutrophils) 
and connective tissue (like fibroblasts) 
recognize these chemical signals and 
migrate towards the wound site. These 

Box 2. A brief introduction to immune cells:
Immune cells are like the soldiers of our body since they protect us from harmful invaders. They originate from a particular kind of 
pluripotent stem cell, called hematopoietic stem cell, in the bone marrow. This cell, in turn, gives rise to two kinds of cells — called 
myeloid progenitor and lymphoid progenitor. 

Note: Please add side bars (as shown here) in the main figure 2.

Credits: OpenStax College, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:2204_The_Hematopoietic_System_of_the_Bone_
Marrow_new.jpg. License: CC-BY. 

The myeloid progenitor gives rise to four categories of more specialized cells. Megakaryocytes form platelets for blood clot formation. 
Erythrocytes or red blood cells make up the oxygen transport system of the body. Granulocytes (with their numerous granules) and 
mature monocytes (called macrophages) form the innate immune system, acting as the first responders to any infectious pathogen.

The lymphoid progenitors mature into T- and B-cell precursors (called so because they mature in the thymus and bone marrow 
respectively). Lymphocytes form the adaptive immune system, which comes into play in the later stages of an injury or infection. T cells, 
along with dendritic cells and Natural Killer (NK) cells, kill infected cells of the body. B cells are specialized to produce antibodies, which 
coat the infected cells and enable their recognition by T cells and NK cells. Some of these specialized antibodies also remain in the body 
and act like natural vaccines, helping us launch a faster immune response against the same invaders in future. 

Mammalian skin is composed of three 
layers (see Fig. 1):

• The epidermis: is the visible portion 
of the skin. It consists of cells called 
keratinocytes, which are organized 
into different sub-layers. Epidermal 
stem cells in the innermost sub-layer 
divide to populate other layers. As 
the dividing cells mature, they get 
pushed upwards to replace worn 

out/damaged cells on the surface. 
The epidermis also consists of hair 
follicles, sweat glands, and sebaceous 
glands.

• The dermis: forms the support 
structure below the epidermis. 
It mostly contains cells called 
fibroblasts, which produce the 
extracellular matrix (ECM). Most 
blood vessels and nerves lie in this 
layer and have extensions connecting 
them to cells in the epidermis. 

• The hypodermis: is made up of 
adipose or fat tissue. Its presence 
is vital in providing insulation to 
the body. 

Cells populating all three skin layers 
drive the healing process. In addition, 
the skin has some immune cells, like 
macrophages and mast cells, which are 
capable of an immediate response to 
injury or infection (see Box 2).

Wound healing in the skin
The healing process occurs in four 
phases over a period ranging from 
seconds to months (see Fig. 2). 

(a) Hemostasis
The first step in wound healing involves 
the formation of a clot to limit the loss 
of blood.

A clot is formed by the coordinated 
activity of many cells and tissues — 

each of which receives information on 
when and how to act through multiple 
signaling events. In intact blood vessels, 
endothelial cells (which form the inner 
lining of blood vessels) release chemicals 
(like prostacyclin) to prevent the 
accumulation of platelets and ensure 
smooth blood flow. When wounding 
results in damage to blood vessels, this 
inhibition is no longer effective and 
platelets quickly accumulate at the site 
of injury. These platelets secrete copious 
amounts of a fiber-like protein, called 
fibrin, that interconnect to form an 
insoluble mesh (clot) at the wound site, 
thereby sealing it. Hemostasis typically 
occurs within a few seconds to a few 
minutes. 

Simultaneously, wound healing is 
initiated by the release of chemical 
triggers from a variety of sources. 
Healthy neighboring cells are informed 
of the injury through two kinds of 
molecular signals. One signal consists 
of molecular motifs, called Damage 
Associated Molecular Patterns (DAMPs), 
which are characteristic of the cellular 
debris (like, DNA, RNA, proteins) of dead 
and damaged body cells at the wound 
site. The other consists of molecular 
motifs, called Pathogen Associated 
Molecular Patterns (PAMPs), that are 
typical of metabolites of resident and 
pathogenic bacteria (like membrane 
lipopolysaccharides, peptidoglycans 

Fig. 1. The three 
layers of human 
skin.
Credits: CNX OpenStax, 
Wikimedia Commons. 
URL: https://commons.
wikimedia.org/wiki/
File:OSC_
Microbio_17_02_Skin.
jpg. License: CC-BY. 

Box 1. A brief history of wound 
care:
Two methods of supplementing 
healing that have been popular 
through the ages are the covering of 
wounds and the use of disinfectants. 
The oldest known record of wound 
care is that on a Mesopotamian clay 
tablet from ~2200 BC. This tablet 
describes ‘three healing gestures’ — 
cleaning a wound with beer; preparing 
a dressing out of oil and plant 
extracts with mud or clay; and, finally, 
wrapping the wound with a bandage 
soaked in wine and turpentine (an 
oil commonly used to remove paint 
nowadays). Papyruses dating back to 
1400 BC suggest that the Egyptians 
used honey and adhesive bandages to 
cover their wounds. In the 5th century 
BC, Hippocrates recommended that 
injuries should be cleansed with 
vinegar or wine, and bandaged with 
wool soaked in wine.

Over the centuries, other aids to 
supplement healing were developed. 
Records of Heron of Alexandria 
mention the extensive use of a syringe 
called Pyulkos (meaning “pus-
puller” in Greek) in 280 BC to inject 
medicinal extracts and suck pus out 
of deep wounds. Yet, its usefulness 
was forgotten in the Western world 
until its rediscovery nearly 2000 years 
later! Two military surgeons, Pare and 
Larrey, suggested maggot infestation 
as a method for disinfecting wounds. 
Medicinal leeches (Hirudo medicinalis) 
were also an indispensable part of 
medical practice in the 19th century. 
Interestingly, surgery became a reliable 
method for wound care only in the 
latter half of the 19th century, with the 
use of carbolic acid as an antiseptic by 
Joseph Lister in 1865.
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The epidermis also consists of hair 
follicles, sweat glands, and sebaceous 
glands.

• The dermis: forms the support 
structure below the epidermis. 
It mostly contains cells called 
fibroblasts, which produce the 
extracellular matrix (ECM). Most 
blood vessels and nerves lie in this 
layer and have extensions connecting 
them to cells in the epidermis. 

• The hypodermis: is made up of 
adipose or fat tissue. Its presence 
is vital in providing insulation to 
the body. 

Cells populating all three skin layers 
drive the healing process. In addition, 
the skin has some immune cells, like 
macrophages and mast cells, which are 
capable of an immediate response to 
injury or infection (see Box 2).

Wound healing in the skin
The healing process occurs in four 
phases over a period ranging from 
seconds to months (see Fig. 2). 

(a) Hemostasis
The first step in wound healing involves 
the formation of a clot to limit the loss 
of blood.

A clot is formed by the coordinated 
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each of which receives information on 
when and how to act through multiple 
signaling events. In intact blood vessels, 
endothelial cells (which form the inner 
lining of blood vessels) release chemicals 
(like prostacyclin) to prevent the 
accumulation of platelets and ensure 
smooth blood flow. When wounding 
results in damage to blood vessels, this 
inhibition is no longer effective and 
platelets quickly accumulate at the site 
of injury. These platelets secrete copious 
amounts of a fiber-like protein, called 
fibrin, that interconnect to form an 
insoluble mesh (clot) at the wound site, 
thereby sealing it. Hemostasis typically 
occurs within a few seconds to a few 
minutes. 

Simultaneously, wound healing is 
initiated by the release of chemical 
triggers from a variety of sources. 
Healthy neighboring cells are informed 
of the injury through two kinds of 
molecular signals. One signal consists 
of molecular motifs, called Damage 
Associated Molecular Patterns (DAMPs), 
which are characteristic of the cellular 
debris (like, DNA, RNA, proteins) of dead 
and damaged body cells at the wound 
site. The other consists of molecular 
motifs, called Pathogen Associated 
Molecular Patterns (PAMPs), that are 
typical of metabolites of resident and 
pathogenic bacteria (like membrane 
lipopolysaccharides, peptidoglycans 

Fig. 1. The three 
layers of human 
skin.
Credits: CNX OpenStax, 
Wikimedia Commons. 
URL: https://commons.
wikimedia.org/wiki/
File:OSC_
Microbio_17_02_Skin.
jpg. License: CC-BY. 

Box 1. A brief history of wound 
care:
Two methods of supplementing 
healing that have been popular 
through the ages are the covering of 
wounds and the use of disinfectants. 
The oldest known record of wound 
care is that on a Mesopotamian clay 
tablet from ~2200 BC. This tablet 
describes ‘three healing gestures’ — 
cleaning a wound with beer; preparing 
a dressing out of oil and plant 
extracts with mud or clay; and, finally, 
wrapping the wound with a bandage 
soaked in wine and turpentine (an 
oil commonly used to remove paint 
nowadays). Papyruses dating back to 
1400 BC suggest that the Egyptians 
used honey and adhesive bandages to 
cover their wounds. In the 5th century 
BC, Hippocrates recommended that 
injuries should be cleansed with 
vinegar or wine, and bandaged with 
wool soaked in wine.

Over the centuries, other aids to 
supplement healing were developed. 
Records of Heron of Alexandria 
mention the extensive use of a syringe 
called Pyulkos (meaning “pus-
puller” in Greek) in 280 BC to inject 
medicinal extracts and suck pus out 
of deep wounds. Yet, its usefulness 
was forgotten in the Western world 
until its rediscovery nearly 2000 years 
later! Two military surgeons, Pare and 
Larrey, suggested maggot infestation 
as a method for disinfecting wounds. 
Medicinal leeches (Hirudo medicinalis) 
were also an indispensable part of 
medical practice in the 19th century. 
Interestingly, surgery became a reliable 
method for wound care only in the 
latter half of the 19th century, with the 
use of carbolic acid as an antiseptic by 
Joseph Lister in 1865.
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keratinocytes, fibroblasts, and stem 
cells) at the wound site leads to the 
next phase of the healing program.

(c) Proliferation
Once activated, fibroblasts proliferate 
and migrate towards the wound site, 
where they secrete components of 
the ECM. The ECM includes proteins 
like collagen, fibronectin and other 
compounds that are necessary to form 
a supporting structure for the closure 
of the wound. Because of their ability 
to extend and retract, myofibroblasts 
(also known as activated fibroblasts) 
mediate contraction of the wound 
area through a process involving 
communication with the ECM.

The immune cells and fibroblasts secrete 
cytokines that activate epidermal stem 
cells. These factors include transforming 
growth factor (TGF-β), keratinocyte 
growth factor (KGF), and epidermal 
growth factor (EGF). Once activated, 
epidermal and hair follicle stem cells 
proliferate and migrate towards and 
over the newly formed ECM scaffold 
to seal the wound. This process, known 
as reepithelialization, culminates in 
wound-closure. 

The lack of oxygen at the injury 
site triggers resident cells to release 
chemical signals to initiate angiogenesis. 
Macrophages and fibroblasts are known 

to promote this process by releasing 
chemicals like lactic acid, biogenic 
amines, fibroblast growth factor (FGF), 
and vascular endothelial growth factor 
(VEGF). This process is a prerequisite for 
renewed oxygen supply to the newly 
formed tissue. 

(d) Remodeling
The activation of fibroblasts during 
the proliferative phase results in the 
deposition of excessive amounts of 
ECM proteins (e.g., collagen) in the skin. 
This is responsible for the formation 
of scars. Severe wounding leads to 
the activation of a greater number of 
fibroblasts, resulting in scars that are 
much deeper and stay for much longer.

One hallmark of this phase is the 
activation of protein degrading enzymes, 
like the Matrix Metalloproteinases 
(MMPs). MMPs chew up excessive ECM 
proteins, making space for growing 
blood vessels and newly formed cells. 
The action of this enzyme is apparent 
in the fading of scar tissue, a process 
that can take anywhere between a few 
months to many years to accomplish, 
depending on the severity of the wound. 
For e.g., you may have observed the scar 
from a paper cut disappearing in a few 
days, while that from a deeper wound 
(e.g., from a fall on the road) taking 
months or years to completely vanish.

To conclude
Today, we have more than 5000 
products to aid wound healing, and the 
future holds immense promise. Wound-
dressing material with the capacity for 
sustained release of various growth 
factors (chemicals that stimulate cell 
division and migration) and disinfectants 
(antiseptic chemicals to avoid infection) 
are currently under development to 
enhance the wound healing process. 

Wound healing is, however, not an 
error-free process (see Fig. 3). In some 
cases, healing is not initiated because 
some cellular actors are unresponsive 
to wound signals. One example of this 
is seen in non-healing diabetic ulcers — 
high blood sugar interferes with both 
the immune response and the potential 
of skin cells to proliferate and migrate. 
Wound healing can also be delayed with 
age because of the reduced production 
of growth factors at the wound site. 
Both cases are treated by providing 
growth factors that mimic the natural 
wound-response of cells. This kick-starts 
the healing program and helps in re-
epithelialization. 

In a healthy body, as a wound heals, 
the cells that collect at the site of 
injury return to their normal functions 
(homeostasis). However, in some cases, 
the wound-healing response continues 
even when not needed. Research reveals 
that severe scar formation can hinder 
the ability of the wounded tissue to 
function normally (see Box 4). In such 
cases, excessive secretion of collagen 
from hyperactive fibroblasts results 
in the development of a pathological 
condition called fibrosis. Fibrosis can 
occur in connective tissues of various 
organs in our body, such as the heart, 
liver, kidneys, lungs etc. This condition 
leads to loss of structure and function 
of the organ involved. In severe cases, 
it can even lead to death. Skin fibrosis 
is manifested in several forms such as 
keloids, scleroderma, and various types 
of skin cancers. 

Interestingly, the proteins and 
processes (like increased inflammation, 
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Fig. 3. Wound healing is not an error-free process.
Credits: Tanay Bhatt, Gaurav Kansagara, Neha Pincha & Colin Jamora. License: CC-BY.Tissue_Repair.jpg. 
License: CC-BY.

infiltrating immune cells perform two 
roles — they fight infectious pathogens 
that enter the body through this 
breach in its barrier, and remove debris 
accumulated in the form of dead cells. 

(b) Inflammation
Inflammation can be described as a local 
response of the immune system to injury. 
In the 1st century AD, Aulus Celsus (a 
Roman encyclopaedist, known for his 
extensive work in the field of medicine) 
described the four fundamental signs of 
inflammation — calor (heat), dolor (pain), 
rubor (redness) and tumor (swelling). 
Even today, early phases of healing are 
characterized by these signs.

Inflammation of the skin usually 
appears within a few hours of the 
injury and may persist for a period 
ranging from a few (2-4) days to a 
couple of weeks. Damaged skin cells 
secrete cellular chemicals, which 
induce healthy cells in the vicinity to 
proliferate and migrate to the site of 
injury. Some of these chemicals diffuse 
into surrounding tissue, attracting and 
activating immune cells in the skin and 

blood vessels. For e.g., mast cells and 
basophils release histamine (a cellular 
signaling molecule, often the cause 
of itching during an allergic response) 
that causes blood vessels to dilate and 
become more permeable. This promotes 
the leakage of various immune cells 
and plasma proteins (like albumin 
and antibodies) from blood into the 
damaged tissue. 

Immune cells enter the wound site in 
phases, forming an army to fight off 
any microbial invaders along its borders. 
The first cells to do this are components 
of the innate immune system. For e.g., 
macrophages and neutrophils help 
clean-up debris from pathogens and 
body cells. Macrophages also secrete 
cytokines to attract dermal fibroblasts 
to the wound site (see Box 3). These 
cytokines help form new blood vessels 
in a process called angiogenesis to 
replace damaged ones. The innate 
immune response is followed by an 
adaptive one involving the T and 
B lymphocytes. In addition, all the 
immune cells at the wound site secrete 
chemical signals (factors) that activate 

epidermal keratinocytes, dermal 
fibroblasts, and skin stem cells (which 
lie in hair follicles as well as other parts 
of the epidermis). Cross talk, through 
chemical signaling, between resident 
and infiltrating cells (immune cells, 

Box 3. Cytokines and growth 
factors:
Cells release chemicals called cytokines. 
The term ‘cytokine’ is derived from 
a combination of two Greek words 
— ‘cyto’ meaning cell, and ‘kinos’ 
meaning movement. These chemicals 
aid cell-to-cell communication in 
immune responses and stimulate 
the movement of cells towards sites 
of inflammation. Some of these, 
categorized as interferons, are released 
against viral infections (e.g., INFγ). 
Others, called interleukins, promote 
inflammation (e.g., IL1).

Growth factors are a class of cytokines 
that, as their name suggests, signal 
growth and proliferation (e.g., TGFβ1, 
PDGF, and FGF). These are produced 
in response to developmental and 
regenerative signals.

Fig. 2. Stages of wound healing.
Credits: OpenStax College, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:417_Tissue_Repair.jpg. License: CC-BY.
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keratinocytes, fibroblasts, and stem 
cells) at the wound site leads to the 
next phase of the healing program.
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and migrate towards the wound site, 
where they secrete components of 
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like collagen, fibronectin and other 
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of the wound. Because of their ability 
to extend and retract, myofibroblasts 
(also known as activated fibroblasts) 
mediate contraction of the wound 
area through a process involving 
communication with the ECM.

The immune cells and fibroblasts secrete 
cytokines that activate epidermal stem 
cells. These factors include transforming 
growth factor (TGF-β), keratinocyte 
growth factor (KGF), and epidermal 
growth factor (EGF). Once activated, 
epidermal and hair follicle stem cells 
proliferate and migrate towards and 
over the newly formed ECM scaffold 
to seal the wound. This process, known 
as reepithelialization, culminates in 
wound-closure. 

The lack of oxygen at the injury 
site triggers resident cells to release 
chemical signals to initiate angiogenesis. 
Macrophages and fibroblasts are known 

to promote this process by releasing 
chemicals like lactic acid, biogenic 
amines, fibroblast growth factor (FGF), 
and vascular endothelial growth factor 
(VEGF). This process is a prerequisite for 
renewed oxygen supply to the newly 
formed tissue. 

(d) Remodeling
The activation of fibroblasts during 
the proliferative phase results in the 
deposition of excessive amounts of 
ECM proteins (e.g., collagen) in the skin. 
This is responsible for the formation 
of scars. Severe wounding leads to 
the activation of a greater number of 
fibroblasts, resulting in scars that are 
much deeper and stay for much longer.

One hallmark of this phase is the 
activation of protein degrading enzymes, 
like the Matrix Metalloproteinases 
(MMPs). MMPs chew up excessive ECM 
proteins, making space for growing 
blood vessels and newly formed cells. 
The action of this enzyme is apparent 
in the fading of scar tissue, a process 
that can take anywhere between a few 
months to many years to accomplish, 
depending on the severity of the wound. 
For e.g., you may have observed the scar 
from a paper cut disappearing in a few 
days, while that from a deeper wound 
(e.g., from a fall on the road) taking 
months or years to completely vanish.

To conclude
Today, we have more than 5000 
products to aid wound healing, and the 
future holds immense promise. Wound-
dressing material with the capacity for 
sustained release of various growth 
factors (chemicals that stimulate cell 
division and migration) and disinfectants 
(antiseptic chemicals to avoid infection) 
are currently under development to 
enhance the wound healing process. 

Wound healing is, however, not an 
error-free process (see Fig. 3). In some 
cases, healing is not initiated because 
some cellular actors are unresponsive 
to wound signals. One example of this 
is seen in non-healing diabetic ulcers — 
high blood sugar interferes with both 
the immune response and the potential 
of skin cells to proliferate and migrate. 
Wound healing can also be delayed with 
age because of the reduced production 
of growth factors at the wound site. 
Both cases are treated by providing 
growth factors that mimic the natural 
wound-response of cells. This kick-starts 
the healing program and helps in re-
epithelialization. 

In a healthy body, as a wound heals, 
the cells that collect at the site of 
injury return to their normal functions 
(homeostasis). However, in some cases, 
the wound-healing response continues 
even when not needed. Research reveals 
that severe scar formation can hinder 
the ability of the wounded tissue to 
function normally (see Box 4). In such 
cases, excessive secretion of collagen 
from hyperactive fibroblasts results 
in the development of a pathological 
condition called fibrosis. Fibrosis can 
occur in connective tissues of various 
organs in our body, such as the heart, 
liver, kidneys, lungs etc. This condition 
leads to loss of structure and function 
of the organ involved. In severe cases, 
it can even lead to death. Skin fibrosis 
is manifested in several forms such as 
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Fig. 3. Wound healing is not an error-free process.
Credits: Tanay Bhatt, Gaurav Kansagara, Neha Pincha & Colin Jamora. License: CC-BY.Tissue_Repair.jpg. 
License: CC-BY.
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Roman encyclopaedist, known for his 
extensive work in the field of medicine) 
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Even today, early phases of healing are 
characterized by these signs.
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induce healthy cells in the vicinity to 
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into surrounding tissue, attracting and 
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signaling molecule, often the cause 
of itching during an allergic response) 
that causes blood vessels to dilate and 
become more permeable. This promotes 
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and plasma proteins (like albumin 
and antibodies) from blood into the 
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phases, forming an army to fight off 
any microbial invaders along its borders. 
The first cells to do this are components 
of the innate immune system. For e.g., 
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clean-up debris from pathogens and 
body cells. Macrophages also secrete 
cytokines to attract dermal fibroblasts 
to the wound site (see Box 3). These 
cytokines help form new blood vessels 
in a process called angiogenesis to 
replace damaged ones. The innate 
immune response is followed by an 
adaptive one involving the T and 
B lymphocytes. In addition, all the 
immune cells at the wound site secrete 
chemical signals (factors) that activate 
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lie in hair follicles as well as other parts 
of the epidermis). Cross talk, through 
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Box 3. Cytokines and growth 
factors:
Cells release chemicals called cytokines. 
The term ‘cytokine’ is derived from 
a combination of two Greek words 
— ‘cyto’ meaning cell, and ‘kinos’ 
meaning movement. These chemicals 
aid cell-to-cell communication in 
immune responses and stimulate 
the movement of cells towards sites 
of inflammation. Some of these, 
categorized as interferons, are released 
against viral infections (e.g., INFγ). 
Others, called interleukins, promote 
inflammation (e.g., IL1).

Growth factors are a class of cytokines 
that, as their name suggests, signal 
growth and proliferation (e.g., TGFβ1, 
PDGF, and FGF). These are produced 
in response to developmental and 
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SUBHASH KUMAR

WHAT IS THE 

HIGGS 
BOSON

& WHY IS ITS 
DISCOVERY 

SUCH A RAGE?

What is the Higgs 
boson? Why is the 
world of science 
so excited by its 
discovery? What 
are its properties? 
What impact has 
this discovery had on 
theoretical physics?

BIG QUESTIONS

On 4th July, 2012, scientists at the 
European Organization for Nuclear 
Research (CERN) had an important 

announcement to make — they’d 
discovered a particle with properties 
similar to those predicted for the elusive 
Higgs boson. On 8th October, 2013, Peter 
Higgs and Francois Englert were awarded 
the Nobel Prize in Physics for their work 
on this particle (see Fig. 1). These two 

events commemorated the culmination 
of a long quest involving generations 
of experiments and the construction of 
the world’s largest and most powerful 
particle accelerator — the Large Hadron 
Collider (LHC).

Imagining the Higgs boson
The search for the Higgs boson was 
part of a quest to find answers to a 

Fig. 1. The Nobel Prize in 
Physics (2013) was awarded 
to two scientists for their 
work on the Higgs boson: 
(a) Peter Higgs. (b) Francois 
Englert.
Credits: Bengt Nyman, Wikimedia 
Commons. URL for (a): https://
commons.wikimedia.org/wiki/
File:Nobel_Prize_24_2013.jpg, and 
(b): https://commons.wikimedia.
org/wiki/File:Nobel_Prize_31_2013.
jpg. License: CC-BY.

(b)(a)

• Being the outermost protective covering of our body, the skin has evolved to develop an 
immense self-repair/healing capacity.

• Wound healing in skin involves four stages — hemostasis, inflammation, proliferation and 
remodeling. 

• Hemostasis is marked by the formation of blood clots — a quick response to stop blood loss.

• During inflammation, immune cells enter the wound site to fight against infection

• The proliferation phase involves the division of activated cells and their migration to the 
wound site to cover the injury. 

• During remodeling, the excessive deposition of the extracellular matrix, which is visible as a 
scar, gets resolved. 

• Diabetes can cause delayed initiation of the wound response, whereas over-healing of wounds 
can give rise to fibrosis/cancer.

Key takeaways

Note: Image used in the background of the article title — Human skin. Credits: Kowshik Kuri. URL: https://www.flickr.com/photos/kowshikkuri/26739953088/in/
photostream/. License: CC-BY.

angiogenesis, and fibroblast activation) 
that are central to the wound healing 
process are found to be exaggerated in 
certain classes of cancer. This discovery 
has led to the popular hypothesis that 
describes cancer as an over-healing 
wound. Parallel research on wound-
healing and cancer may hold the 
potential to open up new therapeutic 
targets for both.

Box 4. Skin scarring:
In order to perform its functions efficiently, the skin has a supply of stem-cells, blood 
vessels, nerves, hair, and sweat glands. These components of the skin get activated 
upon injury and help the skin heal efficiently. However, it is difficult for the specialized 
structure of the skin to completely regain its native state (regeneration). The evolutionary 
advantage of rapid healing minimizes the chances of infection and fluid loss, but it is 
achieved at the cost of complete regeneration! Thus, wound-healing often results in the 
formation of scar tissue that lacks the strength and flexibility of healthy skin.

Tanay Bhatt is pursuing a PhD at the Institute for Stem Cell Science and Regenerative Medicine (inStem), Bengaluru 
under the guidance of Prof. Colin Jamora. He studies triggers that initiate the skin healing process. He can be contacted 
at tanaybhatt123@gmail.com.

Gaurav Kansagara is a graduate student at the Jamora lab at inStem. He is investigating the regulation of fibroblast 
activation in wound-healing and skin fibrosis. He can be reached at gauravk.ncbs@gmail.com.

Neha Pincha is currently pursuing post-doctoral research at UCSF, USA. She completed her PhD under the supervision 
of Colin Jamora at inStem, where she discovered novel mechanisms by which mast cells contribute to the development 
of skin fibrosis. She can be contacted at npincha@gmail.com.

Colin Jamora is a professor at inStem, Bengaluru. He is the coordinator of the Centre for Inflammation and Tissue 
Homeostasis. His lab works on elucidating the mechanisms that underlie the wound-healing response, and the diseases 
that arise when this healing program malfunctions. He can be contacted at colinj@instem.res.in.
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By the early 1960’s, physicists like 
Yoichiro Nambu and Philip Anderson had 
suggested that it may be possible for 
‘some’ elementary particles to ‘acquire’ 
mass under certain conditions. The 
fledgling Standard Model was, however, 
saved by the work of three independent 
groups of researchers — Robert Brout and 
Francois Englert; Peter Higgs; and, Gerald 
Guralnik, Carl Hagen, and Tom Kibble. In 
papers published (almost simultaneously) 
in 1964, these groups postulated that 
fundamental particles were created 

massless. These particles could, however, 
acquire their ‘observed’ masses if they 
happened to interact with a hypothetical, 
ubiquitous ‘field’, called the Higgs field,  
that was believed to permeate the 
universe (see Box 6). These researchers 
also suggested a mechanism, called Higgs 
mechanism after Peter Higgs, that could 
give fundamental particles their observed 
masses (see Box 7).

According to the concept of wave-
particle duality (see Box 8), all fields must 
have a fundamental particle associated 
with them. Thus, the scheme offered 
by the Standard Model necessitates the 

existence of a special boson — the Higgs 
boson (see Box 9). In other words, the 
Higgs boson can be described as the 
manifestation of the quantum excitation 
of the Higgs field. The existence of this 
field can, therefore, be proved only by 
detecting the Higgs boson.

Finding the Higgs boson
In 2008, the Large Hadron Collider (LHC) 
was constructed at CERN France. One 
of its important goals was to find out if 
the Higgs boson existed, and to detect 

foundational question in physics — what is matter? 
Science textbooks define it, quite simply, as being any 
substance with mass and volume. For e.g., you know 
an object has mass by the resistance you feel when 
you try to apply force on it. But what is matter made 
up of, and where does it come from? These are some 
questions that scientists have been grappling with 
for centuries. 

By the 1970’s, physicists had begun to assemble 
mathematical equations in an elegant theoretical 
model, the so-called Standard Model (see Fig. 2), to 
describe the fundamental units of matter (see Box 1) 
and three of the four fundamental forces (see Box 2) 
that influence their interactions.1 Gravity is not yet a 
part of the Standard Model. In fact, the unification of 
gravitation with the other three fundamental forces 
remains an outstanding and open problem in Physics 
(see Box 3). 

Today, the Standard Model has been found to be 
largely self-consistent, and many of its experimental 
predictions have been verified. However, during the 
early stages of its development, physicists discovered 
a problem — when applied to nuclear interactions, the 
equations of the model were found to be inconsistent 
if its fundamental particles had intrinsic mass (see 
Box 4). This ‘contradiction’ could be resolved in one of 
two ways. If it were true that all elementary particles 
(including photons) possessed intrinsic mass, the 
Standard model would no longer be valid (in mathematical 
terms, some of its central predictions would show infinite 
divergence). On the other hand, if the Standard Model were 

valid, it would mean that all elementary particles, including 
the bosons that mediate weak interactions, were inherently 
massless. The Model would then have to provide for some 
mechanism to account for their ‘observed’ masses (see Box 5). 

Box 1. Elementary particles are ‘indivisible’ building blocks of matter:
Originally believed to be indivisible, atoms 
are known to consist of electrons, neutrons 
and protons. By the late 1940’s, many 
other such particles had been discovered. 
In 1964, the physicists Murray Gell-Mann 
and George Zweig independently suggested 
that this zoo of subatomic particles, called 
hadrons, were not ‘elementary’ particles. 
Instead, they were often composed of 
combinations of smaller subatomic 
particles, called quarks.

Since all matter consists of atoms, three 
subatomic particles may be sufficient to 
build the physical universe — electrons, 
along with up and down quarks (two of 
the six flavors of quarks, which together 
make protons and neutrons). But, by this 
time, physicists knew of 12 subatomic 
particles and were uncertain of how many 
other such particles awaited discovery. The 
obvious question to ask was — what did 

these other particles do? 

You can think of the Standard Model as 
the periodic table for elementary particles. 
It offers a framework to order and classify 
them based on their spin — an intrinsic form 
of angular momentum that all elementary 
particles are believed to possess. The spin 
of an elementary particle is a dimensionless 
number calculated as the ratio of its angular 
momentum to the reduced Plank’s constant 
ħ (or, h divided by 2π).

According to the current version of the 
Standard Model, all elementary particles 
are of two kinds — fermions (with half-
integral spin) and bosons (with zero, or 
integral spins). While fermions are described 
as ‘matter particles’, bosons are described 
as ‘force particles’. In other words, while 
all matter is made up of fermions, bosons 
mediate the forces between matter 

particles. Fermions are believed to be 
of 12 kinds — six leptons (that do not 
participate in strong nuclear interactions) 
and six quarks (that participate in nuclear 
interactions). In addition, each fermion has 
an anti-particle with the same mass, but 
an equal and opposite charge. On the other 
hand, bosons are believed to be of five 
kinds — one boson (the photon) mediates 
electromagnetic fermion interactions, three 
bosons (known as W-plus, W-minus and 
Z-naught) mediate weak interactions, and 
eight bosons (called gluons) mediate strong 
nuclear interactions. 

Much like the periodic table, the Standard 
model also allows the prediction of some 
yet undiscovered elementary particles. For 
e.g., it predicts the existence of a graviton, 
a boson that is believed to mediate 
gravitational interactions. 

Fig. 2. The Standard Model offers a framework to order and classify 
elementary particles.
Credits: MissMJ, PBS NOVA, Fermilab, Office of Science, United States Department of 
Energy, Particle Data Group, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/
File:Standard_Model_of_Elementary_Particles.svg. License: CC-BY.

Box 2. Fundamental forces shape interactions between elementary 
particles:
All matter, whether at the sub-nuclear or at the astronomical scale, arises from 
interactions of building blocks like quarks and leptons. These interactions are mediated 
by four fundamental forces:
• Strong nuclear force: acts only on quarks, binding them together to form protons 

and neutrons. It also binds protons and neutrons within atomic nuclei. 
• Electromagnetic force: is the best understood of all forces. It binds the negatively 

charged electrons to the positively charged nuclei within atoms. It also mediates 
bonding among atoms to form matter in bulk.

• Weak force: acts on quarks and leptons. It is responsible for the beta decay of 
neutrons into protons as well as the many nuclear reactions that fuel the sun and 
other stars.

• Gravity: is the most dominant force at the largest scales of matter. It governs the 
aggregation of matter into stars and galaxies, and has influenced the way the 
universe has evolved since its origins. 

While electromagnetic force and gravity are well known for their effects at the 
macroscopic level, strong and weak forces operate only at subnuclear scales.

Box 4. What does it mean when 
we say that something as small as 
an elementary particle has mass?
The intrinsic mass of a fundamental 
particle is known as its rest mass. 
Particles having zero rest mass 
are called massless. The mass of a 
compound particle, like that of a 
proton (which is composed of quarks), 
can be calculated using the rest mass 
of each of its constituents, their kinetic 
energy of motion, and their potential 
energy of interaction. However, how 
a truly elementary particle, like an 
electron, acquires its rest mass is the 
main problem of the origin of mass.2 
It is this mass that is ascribed to the 
interaction of elementary particles with 
the all-pervading Higgs field.

Box 3. Gravity is explained by 
the General Theory of Relativity: 
First published by Albert Einstein in 
1915, this theory describes gravity 
as a manifestation of spacetime 
curvature that is directly determined 
by the distribution of matter and 
energy contained within it. Many 
different observations have shown 
this theory to be remarkably 
accurate. For e.g., in September 2015, 
gravitational waves were directly 
observed for the first time — exactly 
100 years after the General Theory of 
Relativity predicted their existence. 
Similarly, the image capture of a 
black hole in 2019 by a planet-scale 
array of eight ground-based radio 
telescopes supports this theory’s 
prediction of their existence as end-
states of massive stars.
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it if it does. In the LHC, two beams of 
hadrons (like protons) are forced to 
collide with each other while traveling 
at speeds close to that of light, releasing 
enormous amounts of energy. This 
energy is quickly used up to form an 
array of fundamental particles, the exact 
nature of which may vary with each  
collision (see Fig. 3). 

Since the Higgs boson is fairly heavy 
(~130 times heavier than a proton), 
only the latest generation of colliders, 

such as the LHC, would be energetic 
enough to produce it. Scientists hoped 
that the higher the speed of the 
colliding protons, the greater would 
be the amount of energy released on 
collision and, therefore, the higher the 
probability of it throwing out a Higgs 
boson. They were aware, however, that 
even if a Higgs boson were produced, 
detecting it would be very difficult. 
Firstly, the probability of a Higgs boson 
being produced by the collision of two 

hadrons is extremely small — roughly 
1 out of every 1012 (trillion) events. 
This means that a very large number of 
collisions would be needed before the 
Higgs boson could be expected to be 
produced with any reliability. Secondly, 
given its high energy, a Higgs boson 
was predicted to be extremely unstable 
in nature. If produced, it would decay 
almost immediately into other types of 
elementary particles, including photons 
(electromagnetic force), W bosons 

Box 7. The ‘Higgs’ mechanism is 
known by many names:
The three groups of researchers who 
suggested the existence of the Higgs 
field and Higgs mechanism built 
upon previous work by Anderson, but 
used three different approaches to 
arriving at it. While Brout and Englert 
published their paper first, Peter 
Higgs’s model offered the simplest 
and most direct argument. Thus, the 
Higgs mechanism is also called the 
Brout-Englert-Higgs mechanism, or 
the Englert-Brout-Higgs-Guralnik-
Hagen-Kibble mechanism. Peter 
Higgs, however, refers to it as the 
ABEGHHK'tH mechanism to reflect 
the work of the many physicists — 
Anderson, Brout, Englert, Guralnik, 
Hagen, Higgs, Kibble, and 't Hooft — 
who have contributed to it. Gerardus 
't Hooft was a Dutch theoretical 
physicist who was awarded the 
Nobel prize in Physics in 1999 for his 
contribution to our understanding of 
electroweak interactions.

Box 9. Why is the Higgs boson called the God particle?
In mainstream media, the Higgs boson is often called the ‘God particle’. This epithet 
originated in 1993, from a book titled ‘The God Particle: If the Universe Is the Answer, 
What Is the Question?’.3 Frustrated with the continuing difficulties of detecting this 
particle, its author Leon Lederman (Nobel laureate and former director of Fermi Lab) 
referred to the Higgs boson as ‘The Goddamn Particle’. The publishers of the book 
suggested replacing this with the epithet ‘God particle’ to emphasize the particle’s 
elusiveness as well as its significance in our understanding of the structure of matter. The 
epithet stuck. It remains hugely popular in spite of the many physicists, including Higgs, 
who reject it as being sensationalistic. The name is, of course, pure invention — there’s 
nothing in the mathematical equations or in any religious texts/traditions that connects 
the Higgs particle or the Higgs field with any notion of religion or divinity. 

Box 8. Wave-particle duality is a 
fundamental concept in quantum 
mechanics: 
Max Planck, Louis de Broglie, Albert 
Einstein, Arthur Compton, Niels Bohr, 
and many others have shown that 
all matter (or, each particle) exhibits 
wave nature and vice versa. For e.g., 
the motion of an electron in a cathode 
ray tube could be best described by 
considering its particle-nature. In 
contrast, its motion inside an atom is 
best described in terms of its wave-
nature. Thus, a complete description of 
an electron’s behavior (or that of any 
quantum-scale object) is possible only 
by bringing together both (‘particle’ and 
‘wave’) classical concepts. Fig. 3. The Large Hadron Collider at CERN.

Credits: CERN. URL: https://www.flickr.com/photos/11304375@N07/2046228644. License: CC-BY.

Fig. 4. More than 200 Fermilab researchers and staffers (of the 1,700 scientists, engineers, 
technicians and graduate students from the United States that helped design, build and 
operate the LHC accelerator and particle detectors, and analyze the data from the 
collisions) assembled in an auditorium at 2 a.m. EDT on 4th July, 2012 to await the 
announcement that a Higgs boson-like particle had been detected.
Credits: US Department of Energy. URL: http://www.publicdomainfiles.com/show_file.
php?id=14018719214160. License: Public Domain. 

Box 5. Not all elementary particles 
are ‘observed’ to act as if they 
possess intrinsic mass:
All fermions (mass particles) as well as 
bosons that mediate weak interactions 
act as if they possess intrinsic mass. 
However, bosons like photons, gluons, 
and (the still hypothetical) gravitons 
behave as if they are massless. 

Box 6. What is the Higgs field?
The Higgs field is an all-pervading field, present throughout the Universe. In physics, a 
‘field’ is defined as a region in spacetime where each point is affected by an interaction 
of a certain kind. Thus, every particle in a Higgs field is affected by interactions with it. 

Particles that interact with this field acquire mass; those that don’t, remain massless. 
The stronger the interaction, the heavier the mass acquired by the particle. However, 
the strength of this interaction does not seem to depend on the size or shape of the 
elementary particle. For e.g., the top quark interacts very strongly with the Higgs field, 
thus acquiring a massive intrinsic mass. 

(weak force), and leptons (strong force). 
This means that we’d only be able to 
deduce the presence of a Higgs boson 
indirectly through measurements of its 
decay products. Thirdly, even detecting 
the presence of the Higgs boson from 
its decay products would be a challenge 
unless it showed a distinctive decay 

pattern. If the decay products of the 
Higgs boson were similar to those 
arising from the decay of other known 
unstable particles, it would be very hard 
to ascertain the actual source of these 
products (see Box 10). 

In 2012, ATLAS and CMS — the two 
teams looking for the Higgs boson at 
CERN's LHC, announced the discovery 
of a particle ‘compatible’ with it, with 
an error margin of less than one in 
a million (see Fig. 3).4, 5 For the next 
several months, scientists continued to 

examine this particle and its attributes. 
Their measurements have shown that 
the particle behaves, interacts, and 
decays in many of the ways that the 
Standard Model predicts for Higgs 
particles.

To conclude
With the detection of the Higgs boson, 
we've found all the fundamental 
particles predicted by the Standard 
Model. While this strengthens the 
case for this model as the theoretical 
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(weak force), and leptons (strong force). 
This means that we’d only be able to 
deduce the presence of a Higgs boson 
indirectly through measurements of its 
decay products. Thirdly, even detecting 
the presence of the Higgs boson from 
its decay products would be a challenge 
unless it showed a distinctive decay 

pattern. If the decay products of the 
Higgs boson were similar to those 
arising from the decay of other known 
unstable particles, it would be very hard 
to ascertain the actual source of these 
products (see Box 10). 

In 2012, ATLAS and CMS — the two 
teams looking for the Higgs boson at 
CERN's LHC, announced the discovery 
of a particle ‘compatible’ with it, with 
an error margin of less than one in 
a million (see Fig. 3).4, 5 For the next 
several months, scientists continued to 

examine this particle and its attributes. 
Their measurements have shown that 
the particle behaves, interacts, and 
decays in many of the ways that the 
Standard Model predicts for Higgs 
particles.

To conclude
With the detection of the Higgs boson, 
we've found all the fundamental 
particles predicted by the Standard 
Model. While this strengthens the 
case for this model as the theoretical 
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• The Standard Model of particle physics predicts the existence of a hypothetical, ubiquitous 
‘field’ called the ‘Higgs field’. 

• This field is believed to impart mass to fundamental particles through a mechanism called the 
‘Higgs mechanism’. 

• The Higgs boson is a hypothetical particle associated with the Higgs field. 

• This particle gets its popular name ‘God particle’ from a book by the Nobel laureate Leon 
Lederman.

• Experiments to find the Higgs boson are conducted at the Large Hadron Collider, CERN, France. 

• On 4th July, 2012, scientists at CERN announced the discovery of a particle with properties 
similar to those predicted for the elusive Higgs boson.

Key takeaways

edifice of particle physics, it has 
had remarkably little impact on the 
discipline per se. This is because 
the Higgs field has been part of the 
Standard Model for many years before 
its detection.

The current focus of particle physics 
is on determining the existence of 
elementary particles that are not in 
the Standard Model, and measuring 
effects of known fundamental particles 
that this model gets wrong. For e.g., 
meticulous experiments and analyses of 
measurements are being carried out at 
the LHC and elsewhere to determine if 

different types of Higgs bosons exist.6 
If they do, their discovery may lead us 
into realms of physics that go beyond 
our current understanding of the 
Standard Model. 

While the quest for the Higgs boson 
has furthered technological progress of 
widespread importance (see Box 11), 
its discovery does not seem to have 
had any direct technological benefits. 
Given that all fundamental discoveries 
tend to yield practical applications on 
exploration, this may just be a matter of 
time. No wonder, then, that the whole 
world is excited — we now believe 

we know how elementary particles 
and everything they build (including 
ourselves) possess the property that we 
call mass!

Box 10. Detecting a novel particle by its decay products is a question of signal vs. background:
The signal, in this case, would be 
the potential decay signatures 
of the Higgs boson — each 
consisting of a characteristic 
set of particles that can be 
used to identify its presence 
conclusively. The background 
would consist of every ordinary 
type of event that can mimic 
the same signatures. For e.g., a 
Higgs boson formed in the LHC 
is predicted to decay into a pair 

of bottom quarks 60% of the 
time. Since a pair of quarks can 
result from many other events, 
the background for this decay 
signature of a Higgs boson is 
enormous — about 10,000 times 
the signal.

One way of differentiating 
between the signal and 
background is by calculating 
the amount of energy released 
in every collision. At higher 

energies, the probability of 
formation of Higgs bosons 
increases dramatically, and the 
ratio of Higgs signal to the 
background (due to already 
known particles) improves. 
Given that the probability of 
a Higgs boson being formed is 
itself very small, its existence 
can only be detected by 
acquiring data for a very huge 
number of collisions. To obtain 

such large data sets, collisions 
in the LHC are conducted 40 
million times per second, all 
day, every day of the year! In 
order to improve the probability 
of detecting signs of this 
elusive particle, the LHC has 
been upgraded with improved 
detectors, and its voluminous 
decay signals are analyzed by 
computer resources drawn from 
all over the world.

Box 11. Did you know?
The World Wide Web (www) began 
as a project to improve CERN's 
communication system. Similarly, CERN's 
requirement to process the massive 
amounts of data produced by the LHC 
has led to significant developments 
in the fields of distributed and cloud 
computing!

Note: Image used in the background of the article title — A Higgs-event. Credits: Lucas Taylor/CERN, Wikimedia Commons. URL: https://commons.wikimedia.org/
wiki/File:CMS_Higgs-event.jpg. License: CC-BY-SA.
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WHAT IS THE 
 MATRIX OF LIFE?

Almost all living organisms are made up of cells. For e.g., the human body 
is composed of trillions of cells that live and work together. These cells are    
very similar in how they are put together, but differ significantly in their 

size and shape. This, in turn, could affect how they function (see Fig. 1).1

Fig. 1. In all shapes and sizes. Multicellular organisms, like humans, have cells of many 
different shapes and sizes. Cells like (a) neurons can grow up to 100 microns in length  
(0.1 mm). They are very different to (b) red blood cells (RBC) which are shaped like vadas 
and are about 8 microns in size.

Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

(a) (b)

Life develops and 
evolves through 
several complex 
cellular interactions. 
These interactions 
are supported by a 
matrix in the cellular 
microenvironment. 
How is this matrix put 
together? How do cells 
bind and respond to it? 
Does it influence cell 
function in disease?

Cells in multicellular organisms tend to self-assemble into tissues, organs and organ systems (see Fig. 2). The size, 
shape and ability of cells to self-assemble into more complex structures may depend not just on the kind of cells in 
a tissue, but also on how their tissue microenvironment is organised. 

The architecture of a cell is shaped by both biochemical and biophysical (mechanical) cues from the 
microenvironment, and their downstream effects inside cells.1 For e.g., animal cells derive their structure and shape 
from forces exerted by: 

a. the cytoskeleton inside the cell that pulls at and pushes on its membrane,2,3 

b. the binding of the cell to components of an extracellular matrix (ECM) that surrounds the cell and pushes 
against the cell boundary,4,5 and 

c. cell-cell interactions. 

Communication between the cytoskeleton and the ECM are mediated by receptors, like integrins, on the cell 
membrane that bind to components of both these structures (see Fig. 3). Similarly, cell-cell interactions are 
mediated by cell adhesion molecules (CAM) like cadherins on the cell membrane that bind cadherin molecules  
in neighbouring cells.6,7 

Fig. 2. Cells to tissue to organ. Individual cells come together to form the beating tissue that 
makes the organ that is our heart. The beating heart now works as part of the complex 
circulatory system that carries blood (nutrition and oxygen) throughout our body.

Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

Fig. 3. The plasma membrane 
boundary of the cell. It is 
lined on the inside by the 
cytoskeleton (in blue) and on 
the outside by a mesh of ECM 
proteins (such as collagen and 
proteoglycans). Receptors are 
proteins inserted in the cell 
membrane that talk to both 
the ECM and cytoskeleton.
Credits: Nagaraj Balasubramanian 
& Philip Mathew. License: 
CC-BY-NC.

BIG QUESTIONS
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Fig. 4. The cytoskeleton. The microtubule network in green (a) is made up of individual tubulin pieces (alpha: yellow, & beta: 
red subunits) assembled into a tube (b). The actin network is seen in red around a blue nucleus (c). Each actin thread is 
composed of identical pieces assembled into two strands (d) that wind around each other (like a twine).

Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

Fig. 5. The matrix is like a 
bowl of noodles. 
Mammalian cells (in green) 
are surrounded and held in 
the ECM (blue fibers) that 
they secrete. This is very 
much like veggies trapped  
in a bowl of yummy noodles.
Credits: Nagaraj 
Balasubramanian & Philip 
Mathew. License: CC-BY-NC.

The cytoskeleton is a network made up of protein subunits that attach themselves to the cell membrane, cellular 
organelles, and the nucleus. It has two major components: 

a. The microtubule cytoskeleton (see Fig. 4a-b) is a hollow tube that arises from the centre of the cell and 
spreads to cover it, acting as railroad to move things around the cell.3,8 

b. The actin cytoskeletal network (see Fig 4c-d) supports the cell structure while helping generate forces that 
can change cell shape and drive cell movement. Actin also plays a vital role in responding to mechanical cues 
and converting them to biochemical responses in the cell.2,3,9

What is the ECM?
Simply put, the ECM is a macromolecular mesh that wraps around and binds cells, like noodles seem to wrap 
themselves around veggies (see Fig. 5). This mesh allows cells to be held together as well as regulate multiple 
functions individually, and with other cells as part of a tissue. 

Studies have shown that fibrils of the ECM are physically connected to the cytoskeleton. This association of the 
inner and outer worlds of cells helps tissues and organs keep the distinct shape and architecture that is vital to 
their function (see Fig. 6).

Fig. 6. The white ghost. The white ghost of a heart on the right is a 
pig heart that is devoid of all cells and now consists of just the 
matrix. Surprisingly, because of the matrix, the heart without cells 
can still retain its shape!

Credits: Nagaraj Balasubramanian & Philip Mathew. URL for heart image: 
http://legacymedsearch.com/implantable-organ-developer-miromatrix-
raises-additional-15-7m-in-series-b-funding/heart4/. License: CC-BY-NC.

The composition of the ECM
The ECM is composed of proteins that cells make and secrete.10 Each protein in the matrix microenvironment binds 
with other proteins and proteoglycans (where a sugar residue is attached to a core protein) to form multimers and 
more complex structures. Examples include:

• Collagen: Greek for ‘glue producing’, is the most abundant protein in the basic ECM framework and is ~300 nm 
in length and 1.6 nm in diameter (see Fig. 7)11, 

• Elastin: As the name suggests, it is the most ‘elastic’ matrix protein (see Fig. 8)12,13, 

• Fibronectin: It is a high-molecular weight matrix protein that is ~133 nm in length (see Fig. 9)14, and 

• Fibrinogen: A matrix glycoprotein (~47 nm) involved in clotting of blood (see Fig. 10)15,16. 

Fig. 7. Collagen. Collagen fibres self-assemble into structures of increasing complexity — 
from protomers to dimers and tetramers, and finally into super-structures in the ECM (a). 
These are detectable in the matrix secreted by cells (b).
Credits: Nagaraj Balasubramanian & Philip Mathew. URL for collagen image: www.debye.physgeo.uni-leipzig.de/bip/research/cellular-motility/. 
License: CC-BY-NC.

Fig. 8. Elastin. This protein is 
made up of individual 
soluble tropoelastin (~20 nm 
in length) molecules that are 
assembled into a insoluble 
complex (a). Present in 
tissues such as blood vessels 
(b), it can relax and stretch 
in a reversible manner (c).
Credits: Nagaraj 
Balasubramanian & Philip 
Mathew. URL for heart image: 
www.kumc.edu/instruction/
medicine/anatomy/histoweb/
vascular/large/Vasc02.JPG. 
License: CC-BY-NC.(c)

(a) (b)

(b)

(a)
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Fig. 9. Fibronectin. Fibronectin monomers are brought together by covalent linkages between thiol groups (R-S-S-R) on amino 
acids (R) in their C-terminus tails to make dimers and multimers (a). As a result, fibronectin cross-links the matrix by binding 
collagen at one end and integrin receptors on the cellular membrane at the other (b). Integrin tails inside the cell can bind to 
other proteins and actin microfilaments, connecting the structural elements shaping cells from within and without. This helps 
make a better ECM mess…sorry, mesh (c)!!!
Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

(a) (b) (c)

(b)

Fig. 10. Fibrinogen. This protein is cleaved by thrombin permitting polymerization of fibrin monomers into an insoluble fibrin 
network (a). The fibrin network serves as a scaffold for the binding of RBCs, platelets, and plasma proteins to form a clot (b).
Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

(a)

The ECM has the capacity to store and sequester growth factors and cytokines (a family of small proteins or 
glycoproteins that act on immune cells) establishing concentration gradients and regulating their availability to 
cells spatially (where) and temporally (when). The ECM also acts as a reservoir of bioactive fragments released upon 
the limited breakdown of proteins (proteolysis). These bioactive fragments allow the ECM to regulate physiological 
processes such as angiogenesis (the process of formation of blood vessels).16,17

The relative amounts of individual matrix proteins in the ECM (its composition) can vary depending on the cell 
type and, therefore, across tissues.18 This affects how the matrix is assembled and crosslinked, and how cells 
respond when they stick to this matrix. This also means that cells derived from a particular tissue would prefer a 
matrix that is also from the same tissue. 

Regulating cellular 
functions 
The ECM is known to regulate 
cellular function through both 
biochemical and biophysical cues. 

a. Biochemical cues
The biochemical properties of 
the ECM allow cells to sense and 
interact with their extracellular 
environment. These interactions not 
only regulate cell function but are 
also vital for cells to work together 
as part of a multicellular tissue. 

As discussed, these interactions 
are mediated through receptors on 
the cell surface called integrins.19 
Integrins poke through the cell 
membrane to bind the matrix 
outside as well as many different 
proteins inside the cell (including 
the cytoskeleton). In this way, they 
are able to connect the matrix 
to inner cell components. This 
triggers the activation of many vital 
downstream signalling pathways in 
cells. Integrins can, therefore, detect 
what happens outside in the matrix 
microenvironment and convey this 
information to the inside of the cell, 
controlling its many functions.20

Integrins are made up of two pieces 
(an alpha and beta subunit) that work together (see Fig. 11) to bind the matrix. This results in a conformational 
change in the integrin molecule that allows for the binding of signalling molecules and the cytoskeleton to its 
cytoplasmic tail.20 The ECM is also able to regulate the clustering of integrins on the cell membrane, controlling 
their activation.20,21 Cells have many flavours of integrins that bind different ECM proteins with varying affinities. 
This means that cell signalling and functionality can differ based on the flavour of integrins a cell has, and the 
matrix it is bound to.21 

b. Biophysical cues
Cells regulate the organisation, porosity (size of pores in the matrix), and stiffness of the ECM. For e.g., the 
composition of the ECM (or the specific proteins that cells secrete) regulates its organisation and crosslinking 
in a way that determines its porosity and stiffness.4 Similarly, the matrix is constantly being remodelled by a 
special class of enzymes, called metalloproteinases (MMPs), secreted by cells. MMPs (proteases with a catalytic 
mechanism involving a metal) change matrix organisation and stiffness.18

This, in turn, controls what forces the cell membrane and receptors on the membrane experience, and their 
response to the matrix. For e.g., cells change in stiffness on being organised into tissues. This change in their shape 
and function is partly mediated by how cells respond to the ECM through their cytoskeletal network (see Fig. 12). 

Fig. 11. Matrix binding integrins. Integrins are hook-like receptors on the cell 
surface (a) that anchor cells to the fibres of the matrix (b). Like with the VELCRO 
on your shoes, these hooks are reusable and can stick—detach—stick again (c, d).
Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.
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Fig. 9. Fibronectin. Fibronectin monomers are brought together by covalent linkages between thiol groups (R-S-S-R) on amino 
acids (R) in their C-terminus tails to make dimers and multimers (a). As a result, fibronectin cross-links the matrix by binding 
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other proteins and actin microfilaments, connecting the structural elements shaping cells from within and without. This helps 
make a better ECM mess…sorry, mesh (c)!!!
Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

(a) (b) (c)

(b)

Fig. 10. Fibrinogen. This protein is cleaved by thrombin permitting polymerization of fibrin monomers into an insoluble fibrin 
network (a). The fibrin network serves as a scaffold for the binding of RBCs, platelets, and plasma proteins to form a clot (b).
Credits: Nagaraj Balasubramanian & Philip Mathew. License: CC-BY-NC.

(a)
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The ECM in disease 
Changes in matrix composition, organisation and remodelling can alter cell function during aging and disease 
conditions. For e.g., a change in composition of the matrix can alter the stiffness of blood vessels. This impacts 
the way endothelial cells lining the inner sides of blood vessels respond to changing blood flow rates and patterns 
(see Fig. 13).22,23 Together, these changes damage endothelial cells, causing them to detach from the inner layer. 
This, in turn, causes smooth muscle cells from below the damaged lining to multiply and move up. It also triggers 
the endothelium to secrete chemical factors that recruit monocytes (a kind of white blood cell) to the damaged 
lesions. The monocytes enter the lesion (site of damage) and differentiate (change their look and function) to 
become macrophages. The macrophages eat things along the way, including Low-density Lipoprotein (LDL)-
cholesterol (more popularly known as bad cholesterol, this is the kind that is found in high amounts in junk food), 
to swell into foam cells.24

Fig. 12. Changing stiffness and cells. Our brain is much softer than our bones, which is much softer than glass. The ECM in the 
brain and bone tissue are assembled differently and contribute to their varying stiffness and, hence, cell behaviour. Stiffness is 
measured in pascals, with changes in stiffness varying from 10 pascals [Pa] (left end) to 1 GigaPascals (1000000000 pascals) [GPa] 
(right end).

Credits: Nagaraj Balasubramanian & Philip Mathew. Adapted from: jcs.biologists.org/content/130/1/71. License: CC-BY-NC. 

Fig. 13. Cells and the matrix in blood vessels. Blood vessels are a little like a sandwich with layers of different cells held 
together by the matrix. These cellular layers include the endothelium (innermost), medial smooth muscle cells and adventitial 
fibroblasts (outermost). Like a layer of tangy chutney that adds much needed flavour to a sandwich, the matrix (in the form of 
the basement membrane, internal elastic lamina, and external elastic lamina) holds the cellular layers together. This helps make 
blood vessels strong but flexible, allowing them to contract and relax (using elastin).

Credits: Nagaraj Balasubramanian & Philip Mathew. Adapted from: http://www.courses.lumenlearning.com/boundless-ap/chapter/blood-vessel-
structure-and-function. License: CC-BY-NC.

Fig. 14. Blocking of 
blood vessels. 
Damaged endothelial 
cells in the lining of 
blood vessels cause 
monocytes to enter the 
wall of these vessels 
and become 
macrophages. Then, 
they take up low 
density lipoprotein 
(LDL) — cholesterol and 
become foam cells (a). 
These, along with 
rapidly dividing and 
migrating smooth 
muscle cells, form an 
atherosclerotic plaque 
that can block the 
blood vessel (b).
Credits: Nagaraj 
Balasubramanian & Philip 
Mathew. License: 
CC-BY-NC.

(a)

(b)

Foam cells are usually very tiny, and do not cause any disease when present in small numbers. On accumulation in 
large numbers, however, foam cells form plaques that eventually cause atherosclerosis (see Fig. 14a). Much like a 
blocked tunnel disrupts the movement of traffic, plaques can block the flow of blood through vessels. They rupture 
eventually, but damage the blood vessel (and, therefore, the tissues it is associated with) in the process. If the blood 
vessel happens to be in the heart, it can lead to a heart attack (see Fig. 14b).24 

Their ability to bind to the ECM also influences the way the cells respond to growth factors and, hence, affects 
the way cells grow. Most normal cells need to be adherent to respond optimally to growth factors — a property 
that ensures that their growth is regulated. Cancer cells, true to their rebellious nature, overcome this regulation 
and become anchorage independent. This change supports their ability to form tumours and undergo metastasis. 
Thus, cancer causing oncogenes, like the oncogenic Ras protein, are seen to drive anchorage independence.25 
More recently, it has also become apparent that changing tissue stiffness can precede normal physiological 
processes like ageing and disease development. Mechanical cues can, therefore, drive the progression of diseases 
like cancer and hypertension.26 

Current and future trends
Since the binding of matrix proteins can affect cellular function, many studies focus on how the matrix can be 
used to fight disease. 

One application of ECM is in detecting and treating damage to blood vessels. The composition of the ECM (or its 
specific type) underlying endothelial cells in blood vessels can help determine the responsiveness of these cells to 
blood flow patterns and the activation of downstream signalling.27 The presence of certain matrix proteins, called 
athero-protective matrix proteins, have been found to protect endothelial cells in a way that others, called athero-
genic matrix proteins, do not.28 This discovery is being studied to improve the effectiveness of metallic stents in 
atherosclerosis (see Fig. 15). For e.g., stents coated with polydopamine (pDA), fibronectin (FN), and ECM enhance cell 
adhesion.29 An FN-pDA coating can also help immobilize other ECM molecules, such as collagen and fibrinogen on 
the surface.30 Similarly, a stent coating with athero-protective matrix proteins is better at keeping a blocked blood 
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vessel open longer. Athero-protective proteins can also be combined with growth factors and/or drugs to promote 
their effectiveness.31 

Another application of the ECM is in dental implants. Collagen membranes are used to wrap dental implants to 
allow better binding of cells to the implant, and help support its integration into the bone. This allows for the 
implant to hold and function better.32 

Some emerging clinical strategies (mechano-therapies) focus on regulating the mechanical properties of cells 
and tissues. These are based on studies showing disease progression as a result of ECM mediated changes in the 
mechanical properties of a tissue, as well as the unique sensitivity of individual cell types to mechanical stimuli. 
Thus, attempts to restore favourable matrix stiffness and/or disrupt cellular responses to changing ECM stiffness 
could hold the key to how we target diseases such as cancer.26

Note: Image used in the background of the article title — An artist's conception of the extracellular matrix, lipid bilayer and cellular components. Credits: NIH 
Medical Arts, NIH Image Gallery. URL: https://www.flickr.com/photos/nihgov/24191645473/in/photostream/. License: CC-BY-NC.
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vessel open longer. Athero-protective proteins can also be combined with growth factors and/or drugs to promote 
their effectiveness.31 

Another application of the ECM is in dental implants. Collagen membranes are used to wrap dental implants to 
allow better binding of cells to the implant, and help support its integration into the bone. This allows for the 
implant to hold and function better.32 

Some emerging clinical strategies (mechano-therapies) focus on regulating the mechanical properties of cells 
and tissues. These are based on studies showing disease progression as a result of ECM mediated changes in the 
mechanical properties of a tissue, as well as the unique sensitivity of individual cell types to mechanical stimuli. 
Thus, attempts to restore favourable matrix stiffness and/or disrupt cellular responses to changing ECM stiffness 
could hold the key to how we target diseases such as cancer.26
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vessel open longer. Athero-protective proteins can also be combined with growth factors and/or drugs to promote 
their effectiveness.31 

Another application of the ECM is in dental implants. Collagen membranes are used to wrap dental implants to 
allow better binding of cells to the implant, and help support its integration into the bone. This allows for the 
implant to hold and function better.32 

Some emerging clinical strategies (mechano-therapies) focus on regulating the mechanical properties of cells 
and tissues. These are based on studies showing disease progression as a result of ECM mediated changes in the 
mechanical properties of a tissue, as well as the unique sensitivity of individual cell types to mechanical stimuli. 
Thus, attempts to restore favourable matrix stiffness and/or disrupt cellular responses to changing ECM stiffness 
could hold the key to how we target diseases such as cancer.26

Note: Image used in the background of the article title — An artist's conception of the extracellular matrix, lipid bilayer and cellular components. Credits: NIH 
Medical Arts, NIH Image Gallery. URL: https://www.flickr.com/photos/nihgov/24191645473/in/photostream/. License: CC-BY-NC.
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Sometime last year, I happened to 
visit the Pimpri Chinchwad Science 
Park with my family. It had exhibits 

on a range of scientific concepts — such 
as, energy, laws of physics, motion, 
ecosystems, and food webs — on display, 
along with some simple tricks of illusion. 
I’d never seen so many people, of varying 
age groups, with an interest in science 
gathered in one place. While most 
adult visitors expressed surprise that 
science could be so enjoyable, the many 
children entertaining themselves with 
the fascinating ‘toys’ on display were 
oblivious that they were learning science 
while having fun. The experience left me 
with an appreciation for the effort and 
ingenuity of the many people — scientists, 
artists, engineers, designers, architects and 
scientific illustrators; not to mention good 
organisers and administrators — who had 
made the science park possible. What I 
found most striking was that the exhibits 
were arranged under ‘themes’ (such as, 
sound, illusion, natural wonders, etc.) 
rather than ‘subjects’ (such as, physics, 

chemistry, and biology). When you’re 
having fun engaging with science, who 
would want to remember which school 
subject a theme falls under?!

Our brain is bombarded with enormous 
amounts of information every day. It’s 
ability to find patterns is one way the brain 
categorises and stores relevant information 
for quick recall. This categorization starts 
fairly early in our life. For e.g., we learn 
science at the school or college level as 
separate subjects that are not to be mixed 
together. Often, even those pursuing 
science as a profession are expected to 
develop specialised areas of expertise over 
years. For e.g., a cancer biologist may not 
have the expertise to diagnose and treat 
malaria, while a chemist is not expected to 
know how to operate an X-ray machine. 
In general, the deeper you dive into a 
scientific field, the narrower your focus is 
expected to become. As a result, we often 
tend to forget that the seemingly exclusive 
boundaries in disciplinary knowledge 
and expertise are artificial — we classify 
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Examples from the 
history of science 
suggest that bridging 
the gap between 
seemingly unrelated 
fields may have rich 
rewards. Why? What 
are its implications for 
science education?

NATURE OF SCIENCE

science under ‘subjects’ or ‘topics’ 
only for convenience and simplicity of 
understanding. What if people went 
beyond the boundaries of their subject? 

What is an 
interdisciplinary 
approach?
An interdisciplinary approach to 
research or education involves the 
integration of knowledge from two 
or more academic disciplines into one 
activity. Seemingly unrelated fields 
(introduced in school as subjects) can 
have much to offer to each other 
in terms of new information, data, 
techniques, tools, perspectives, concepts, 
and/or theories. Thus, addressing a 
problem by bringing knowledge of 
different fields together may: 

• Allow us to study the same 
problem or concept from different 
disciplinary perspectives and help 
us understand it better or in a more 
holistic way.

• Lead us to novel solutions.

• Advance science and give rise to 
useful technologies that did not 
exist before.

This approach is not new to science. 
Some of the most spectacular, path-

breaking scientific discoveries have 
been made by scientists going beyond 
the boundaries of their specialised area 
of expertise (see Fig. 1). Consider one 
of the greatest scientific discoveries of 
the 20th century — the elucidation of 
DNA structure. This discovery was only 
made possible through the contributions 
of many physicists, chemists, and 
biologists. Phoebus Levene, a biochemist, 
was the first to discover nucleotides 
(composed of phosphate, nitrogenous 
bases and carbohydrates) — that form 
the backbone of a DNA molecule. Erwin 
Chargaff, another biochemist, discovered 
that the four nucleotides — Adenine (A), 
Thymine (T), Guanine (G), and Cytosine 
(C) — were arranged in a specific linear 
sequence in each strand of DNA (like 
‘beads’ in a necklace). Rosalind Franklin, 
a chemist, and Maurice Wilkins, a 
physicist and molecular biologist, 
were the first to obtain a clear X-ray 
crystallographic (a technique used to 
study crystal structure) image of DNA. 
It took the combined efforts of James 
Watson, a biologist, and Francis Crick, a 
physicist, to put together this evidence 
and discover the three-dimensional, 
double-helical structure of DNA. 

Many educational researchers have 
described the advantages of including 

an interdisciplinary approach to science 
education at the school or college 
level. For e.g., Repko (2009) asserts that 
interdisciplinary instruction fosters 
advances in the cognitive ability of 
students.1 Other educational researchers 
describe its many distinct educational 
benefits — including gains in critical 
thinking, tolerance to ambiguity, 
recognition of bias, and an appreciation 
for ethical concerns.2, 3

In spite of its many rewards, using 
an interdisciplinary approach to the 
learning and practice of science may 
often seem like a tedious task, best 
suited to established scientists working 
in large labs with advanced instruments 
and facilities. Let’s consider a few 
examples that challenge this notion. 

One problem, many 
perspectives
There is a famous parable about 
six blind men who come across an 
elephant and try to describe it as they 
perceive it to be! One of them touches 
the tail and says that an elephant is 
like a rope, while the second touches 
the ears and describes it like a fan. 
The third blind person touches the 
elephant’s belly and declares that it is 
like a wall, while the fourth touches 
its trunk and describes the elephant 
as a thick snake. The fifth blind man 
touches one of the elephant's legs 
and describes it as tree-trunk, while 
the sixth one touches its tusk and 
describes the animal as being like a 
spear. Their argument about which 
of these descriptions is accurate is 
resolved when they realise that they 
can only approach an understanding 
of the ‘true nature’ of an elephant by 
bringing together their partly correct 
observations or experiences of it (see 
Fig. 2). 

This parable aptly captures the power of 
interdisciplinary research. Scientists or 
students of science trying to understand 
a complex system, phenomenon, or 
concept from the perspective offered by 
a single discipline or subject are like the 
blind men trying to know the elephant 

Fig. 1. Sharing ideas and building collaborations leads to interdisciplinary research.
Credits: Kartiki Kane. License: CC-BY-NC.
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Thymine (T), Guanine (G), and Cytosine 
(C) — were arranged in a specific linear 
sequence in each strand of DNA (like 
‘beads’ in a necklace). Rosalind Franklin, 
a chemist, and Maurice Wilkins, a 
physicist and molecular biologist, 
were the first to obtain a clear X-ray 
crystallographic (a technique used to 
study crystal structure) image of DNA. 
It took the combined efforts of James 
Watson, a biologist, and Francis Crick, a 
physicist, to put together this evidence 
and discover the three-dimensional, 
double-helical structure of DNA. 

Many educational researchers have 
described the advantages of including 

an interdisciplinary approach to science 
education at the school or college 
level. For e.g., Repko (2009) asserts that 
interdisciplinary instruction fosters 
advances in the cognitive ability of 
students.1 Other educational researchers 
describe its many distinct educational 
benefits — including gains in critical 
thinking, tolerance to ambiguity, 
recognition of bias, and an appreciation 
for ethical concerns.2, 3

In spite of its many rewards, using 
an interdisciplinary approach to the 
learning and practice of science may 
often seem like a tedious task, best 
suited to established scientists working 
in large labs with advanced instruments 
and facilities. Let’s consider a few 
examples that challenge this notion. 

One problem, many 
perspectives
There is a famous parable about 
six blind men who come across an 
elephant and try to describe it as they 
perceive it to be! One of them touches 
the tail and says that an elephant is 
like a rope, while the second touches 
the ears and describes it like a fan. 
The third blind person touches the 
elephant’s belly and declares that it is 
like a wall, while the fourth touches 
its trunk and describes the elephant 
as a thick snake. The fifth blind man 
touches one of the elephant's legs 
and describes it as tree-trunk, while 
the sixth one touches its tusk and 
describes the animal as being like a 
spear. Their argument about which 
of these descriptions is accurate is 
resolved when they realise that they 
can only approach an understanding 
of the ‘true nature’ of an elephant by 
bringing together their partly correct 
observations or experiences of it (see 
Fig. 2). 

This parable aptly captures the power of 
interdisciplinary research. Scientists or 
students of science trying to understand 
a complex system, phenomenon, or 
concept from the perspective offered by 
a single discipline or subject are like the 
blind men trying to know the elephant 

Fig. 1. Sharing ideas and building collaborations leads to interdisciplinary research.
Credits: Kartiki Kane. License: CC-BY-NC.
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by “feeling” one of its parts. Integrating 
knowledge about the different aspects 
of a complex system allows us to develop 
a more accurate and comprehensive 
understanding of the system.

Consider the example of a 
fairly complex phenomenon — 
photosynthesis. This process is first 

introduced in the school curricula in  
Grade III or IV. A student of science 
continues to engage with it, in 
increasing detail, in each subsequent 
grade till the bachelors or master’s 
level (depending on the student’s 
specialization). In fact, some people 
have studied this phenomenon for their 
entire lives! Even at school-level, we can 

study this process from many different 
viewpoints, such as: 

• how it ensures flow of energy across 
biological systems (chemistry; 
thermodynamics),

• the cellular organelles, genes and 
proteins involved in the process 
(biology), 

• the biochemical reactions involved in 
the process (chemistry), 

• the economy of photosynthesis — 
how much the plant invests in the 
process of photosynthesis, how 
much light energy is ‘fixed’ per plant 
per unit time, and 

• the ecology of plants — how 
availability of light influences types 
of plants and where they grow (e.g., 
C3 and C4 plants) and so on. 

Thus, a deeper and more holistic 
understanding of the concept can be 
gained by combining our knowledge 
from various sub-fields (see Box 1).

Fig. 2. The six blind men and the elephant.
Credits: Charles Maurice Stebbins & Mary H. Coolidge, ''Golden Treasury Readers: Primer'', American Book Co. 
(New York). URL: https://commons.wikimedia.org/wiki/File:Blind_men_and_elephant3.jpg. License: CC-BY. 

Box 1. Interdisciplinary lesson plans for the classroom:
Here are some examples that attempt to 
incorporate knowledge from different 
disciplines, along with useful life skills:

1. Food on my plate: To help students 
delve into nutrition, agriculture, local 
food habits and economy, encourage 
them to design a school lunch plan for a 
week, keeping in mind that each meal:

• Includes all essential food groups 
(proteins, carbohydrates, fats, 
vitamins) in appropriate proportions. 

• Includes locally available, seasonal 
vegetables. 

• Meets appropriate calorific values. 

• Including all the raw material and 
other necessary ingredients does not 
cost more than Rs. 100 per day per 
student.

2. Fresh air: To develop an understanding 
of air by engaging with: 

• Geography: the composition of the 
earth’s atmosphere; air currents and 
their importance. 

• Chemistry: the composition of air; 
typical air pollutants and their 

physical or chemical nature; and 
experiments around air pressure.

• Biology and environmental science: 
the human respiratory system, and 
how it is affected by air pollutants.

• Innovation: designing a simple air 
purifier, filter, wearable mask, a simple 
homemade vacuum cleaner, or a road 
cleaner.

3. Sound: To develop a deeper 
understanding about sound waves and 
how it can affect us in our day-to-day 
lives through:

• The physics of sound waves: how 
sound waves travel through air; echo 
and overtones; and, factors affecting 
the transmission of sound, etc.

• The biology of sound: how sound is 
‘heard’; the structure of the human 

ear, auditory nerves, and the brain 
areas which recognise sound; defects 
in speaking and hearing, and the 
hearing range of different animals 
including humans.

• The environmental science of sound: 
the typical decibel range of sounds 
in places like roads, schools, office 
spaces, libraries, factories, airports 
etc.; sound pollution, its impacts on 
humans and other animals and how 
can it be reduced or avoided.

• Music: harmony and cacophony; how 
music (sounds) affects mood and the 
brain; understanding sound patterns 
or waves with the help of musical 
instruments.

• Innovation: making models (of the 
structure of ear, or a ‘voice box’), and 
playing with or making simple musical 
instruments. 

What variations would you bring to 
these plans? How would you use an 
interdisciplinary approach to develop a 
lesson plan?

Finding solutions to 
complex problems
An interdisciplinary approach is not 
only useful in arriving at simple, 
everyday decisions, but also in making 
more complex and once-in-a-lifetime 
decisions.

Often, simple everyday decisions require 
a knowledge of various fields. For e.g., 
our decision to purchase a new bike or 
car is made after we gather information 
about its many dimensions:

• engine power (physics); 

• fuel type, mileage of the vehicle, 
safety features and design 
(engineering), and 

• cost compared to other available 
options, affordability etc. 
(economics).

More complex decisions also benefit 
from an interdisciplinary approach. 
Consider a large-scale project like 
the construction of a dam. Decisions 
about its design will require a 
knowledge of geography, geology, 
hydrology, engineering, architecture, 
and economics. Predictions of the 
dam’s impact on people and ecology 
will require a study of the local 
biodiversity, as well as the socio-
economic conditions, agricultural and 
water needs of human populations at 
the dam site (environmental science). In 
another example, fighting a large-scale 
disease outbreak, like malaria, requires 
a team of scientists, doctors, chemists, 
administrators, public health workers, 
and state officials to work together. 
Entomologists study the behaviour of 

mosquitoes (vectors 
of the malarial 
parasite) to come 
up with measures to 
control them. Based 
on this information, 
public health workers 
and state officials 
help raise awareness 
about the disease 
and measures to 
mitigate its spread. 
Parasitologists 
study the parasite 

to determine the species causing the 
outbreak and its effects on infected 
people. These studies help physicians 
diagnose the infection and arrive at 
an appropriate treatment plan (e.g., 
combinations of drugs), with the help 
of chemists and pharmacologists, 
that is targeted at the species causing 
the local outbreak. Other large-scale 
complex projects, like planning an 
industrial development or demarcating 
sanctuaries or protected areas for 
wildlife etc., are impossible without an 
interdisciplinary approach. 

Innovative solutions and 
technologies
Humans have always looked at nature 
for inspiration to solve problems 
such as manoeuvring in air, staying 
underwater, surviving in low oxygen 
environments for extended duration, 
and so on. Today, such studies are 
classified as ‘biomimetics’ — an applied 
field that focusses on the development 
of new technologies and products 
inspired by nature. 

One of the most famous examples of 
such innovations is Velcro. Used in 
shoes, clothing, and household items, 
Velcro was inspired by the tiny hooks or 
teeth found on the dried fruits of some 
plants (see Fig. 3). The fruit use these 

Fig. 3. The hooks on the dried fruit of burdock (a) inspired the invention of Velcro (b).
Credits: (a) Zephyris, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/File:Bur_Macro_BlackBg.jpg. License: CC-BY. (b) Credits: Alexander Klink, Wikimedia 
Commons. URL: https://en.wikipedia.org/wiki/File:Velcro_Hooks.jpg. License: CC-BY. 

(a) (b)
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by “feeling” one of its parts. Integrating 
knowledge about the different aspects 
of a complex system allows us to develop 
a more accurate and comprehensive 
understanding of the system.

Consider the example of a 
fairly complex phenomenon — 
photosynthesis. This process is first 

introduced in the school curricula in  
Grade III or IV. A student of science 
continues to engage with it, in 
increasing detail, in each subsequent 
grade till the bachelors or master’s 
level (depending on the student’s 
specialization). In fact, some people 
have studied this phenomenon for their 
entire lives! Even at school-level, we can 

study this process from many different 
viewpoints, such as: 

• how it ensures flow of energy across 
biological systems (chemistry; 
thermodynamics),

• the cellular organelles, genes and 
proteins involved in the process 
(biology), 

• the biochemical reactions involved in 
the process (chemistry), 

• the economy of photosynthesis — 
how much the plant invests in the 
process of photosynthesis, how 
much light energy is ‘fixed’ per plant 
per unit time, and 

• the ecology of plants — how 
availability of light influences types 
of plants and where they grow (e.g., 
C3 and C4 plants) and so on. 

Thus, a deeper and more holistic 
understanding of the concept can be 
gained by combining our knowledge 
from various sub-fields (see Box 1).

Fig. 2. The six blind men and the elephant.
Credits: Charles Maurice Stebbins & Mary H. Coolidge, ''Golden Treasury Readers: Primer'', American Book Co. 
(New York). URL: https://commons.wikimedia.org/wiki/File:Blind_men_and_elephant3.jpg. License: CC-BY. 

Box 1. Interdisciplinary lesson plans for the classroom:
Here are some examples that attempt to 
incorporate knowledge from different 
disciplines, along with useful life skills:

1. Food on my plate: To help students 
delve into nutrition, agriculture, local 
food habits and economy, encourage 
them to design a school lunch plan for a 
week, keeping in mind that each meal:

• Includes all essential food groups 
(proteins, carbohydrates, fats, 
vitamins) in appropriate proportions. 

• Includes locally available, seasonal 
vegetables. 

• Meets appropriate calorific values. 

• Including all the raw material and 
other necessary ingredients does not 
cost more than Rs. 100 per day per 
student.

2. Fresh air: To develop an understanding 
of air by engaging with: 

• Geography: the composition of the 
earth’s atmosphere; air currents and 
their importance. 

• Chemistry: the composition of air; 
typical air pollutants and their 

physical or chemical nature; and 
experiments around air pressure.

• Biology and environmental science: 
the human respiratory system, and 
how it is affected by air pollutants.

• Innovation: designing a simple air 
purifier, filter, wearable mask, a simple 
homemade vacuum cleaner, or a road 
cleaner.

3. Sound: To develop a deeper 
understanding about sound waves and 
how it can affect us in our day-to-day 
lives through:

• The physics of sound waves: how 
sound waves travel through air; echo 
and overtones; and, factors affecting 
the transmission of sound, etc.

• The biology of sound: how sound is 
‘heard’; the structure of the human 

ear, auditory nerves, and the brain 
areas which recognise sound; defects 
in speaking and hearing, and the 
hearing range of different animals 
including humans.

• The environmental science of sound: 
the typical decibel range of sounds 
in places like roads, schools, office 
spaces, libraries, factories, airports 
etc.; sound pollution, its impacts on 
humans and other animals and how 
can it be reduced or avoided.

• Music: harmony and cacophony; how 
music (sounds) affects mood and the 
brain; understanding sound patterns 
or waves with the help of musical 
instruments.

• Innovation: making models (of the 
structure of ear, or a ‘voice box’), and 
playing with or making simple musical 
instruments. 

What variations would you bring to 
these plans? How would you use an 
interdisciplinary approach to develop a 
lesson plan?

Finding solutions to 
complex problems
An interdisciplinary approach is not 
only useful in arriving at simple, 
everyday decisions, but also in making 
more complex and once-in-a-lifetime 
decisions.

Often, simple everyday decisions require 
a knowledge of various fields. For e.g., 
our decision to purchase a new bike or 
car is made after we gather information 
about its many dimensions:

• engine power (physics); 

• fuel type, mileage of the vehicle, 
safety features and design 
(engineering), and 

• cost compared to other available 
options, affordability etc. 
(economics).

More complex decisions also benefit 
from an interdisciplinary approach. 
Consider a large-scale project like 
the construction of a dam. Decisions 
about its design will require a 
knowledge of geography, geology, 
hydrology, engineering, architecture, 
and economics. Predictions of the 
dam’s impact on people and ecology 
will require a study of the local 
biodiversity, as well as the socio-
economic conditions, agricultural and 
water needs of human populations at 
the dam site (environmental science). In 
another example, fighting a large-scale 
disease outbreak, like malaria, requires 
a team of scientists, doctors, chemists, 
administrators, public health workers, 
and state officials to work together. 
Entomologists study the behaviour of 

mosquitoes (vectors 
of the malarial 
parasite) to come 
up with measures to 
control them. Based 
on this information, 
public health workers 
and state officials 
help raise awareness 
about the disease 
and measures to 
mitigate its spread. 
Parasitologists 
study the parasite 

to determine the species causing the 
outbreak and its effects on infected 
people. These studies help physicians 
diagnose the infection and arrive at 
an appropriate treatment plan (e.g., 
combinations of drugs), with the help 
of chemists and pharmacologists, 
that is targeted at the species causing 
the local outbreak. Other large-scale 
complex projects, like planning an 
industrial development or demarcating 
sanctuaries or protected areas for 
wildlife etc., are impossible without an 
interdisciplinary approach. 

Innovative solutions and 
technologies
Humans have always looked at nature 
for inspiration to solve problems 
such as manoeuvring in air, staying 
underwater, surviving in low oxygen 
environments for extended duration, 
and so on. Today, such studies are 
classified as ‘biomimetics’ — an applied 
field that focusses on the development 
of new technologies and products 
inspired by nature. 

One of the most famous examples of 
such innovations is Velcro. Used in 
shoes, clothing, and household items, 
Velcro was inspired by the tiny hooks or 
teeth found on the dried fruits of some 
plants (see Fig. 3). The fruit use these 

Fig. 3. The hooks on the dried fruit of burdock (a) inspired the invention of Velcro (b).
Credits: (a) Zephyris, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/File:Bur_Macro_BlackBg.jpg. License: CC-BY. (b) Credits: Alexander Klink, Wikimedia 
Commons. URL: https://en.wikipedia.org/wiki/File:Velcro_Hooks.jpg. License: CC-BY. 

(a) (b)
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hooks to attach to animals or humans 
passing by, increasing their chances of 
seed dispersal to faraway places. 

Inspired by the structure of a gecko’s 
(yes — the small lizard-like animal that 
scares us in our homes!) foot, scientists 
are developing robots that can climb 
vertical walls (see Fig. 4). Similarly, the 
design of robots or machines that can 
move on the surface of water is inspired 
by water striders. These insects, that 
you may have seen “skating” on the 
surface of stagnant water, have special 
hydrophobic structures on their long 
legs that allow their feet to remain dry. 
They make use of the surface tension of 
water to keep afloat (see Fig. 5). 

Another very useful innovation is that 
of artificial arms and legs for soldiers 
and other people who have lost their 
limbs in war or accidents. Developing 
artificial limbs that can function 
almost like natural ones requires 
an understanding of the biological 
structure and function of the organ. It 
also requires a knowledge of the various 
materials available for reconstructing 
the limb, and expertise with electronics 
and computer programming (sometimes 
brain imaging as well) to make it 
functional. New age artificial limbs have 
improved the lives of many unfortunate 

people. Today, scientists are even 
studying neurons and their networks 
in the human brain to build complex 
machines that can ‘learn’ and ‘perform’ 
complex tasks. 

This is not all. Innovative solutions 
and new technologies to improve 

agricultural yield, water conservation 
and purification, and harvesting clean 
energy etc. are being developed every 
day. I would also like to highlight the 
many ‘new’, yet simple and low-cost 
technologies that are being developed 
in India, particularly those from small 

(a) (b)

Fig. 4. The Gecko’s foot (a) inspired the Stickybot (b) developed by Sangbae Kim from MIT.
Credits: (a) Bjørn Christian Tørrissen, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/File:Gecko_foot_on_glass.JPG. License: CC-BY-SA. (b) Biomimetics 
and Dexterous Manipulation Laboratory, Stanford University, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/File:Stickybot.jpg. License: CC-BY-SA. 

Fig. 5. The water strider (to the right) inspired the micro-robot (to the left) developed by 
scientists from Harvard University, US and Seoul National University, South Korea.
Credits: David Hu and John Bush, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/
File:Robostrider_faceoff2.jpg. License: CC-BY-SA. 

villages. These include a cycle-boat 
designed to cross a flooded river in Bihar 
(see Fig. 6) and a low-cost water filter 
developed from naturally occurring red 
laterite soil. A low-cost ‘greenhouse 
in a box’ developed to keep crops safe 
in drought and from crop pests (see 

Fig. 7), and a flame torch developed 
by school kids from Pune, Maharashtra 
to keep wild animals away from 
human habitations are just a few other 
examples of such innovations. 

These innovations are possible not 
just because of human creativity, but 
also as a result of interdisciplinary 
approaches to problem solving. Such 
an approach allows adults and kids 
to approach a problem by tinkering 

with ideas, information, and/or 
techniques from different disciplines 
of science. Offering such opportunities 
in the teaching and learning of school 
science may help train young minds to 
form connections between different 
fields of knowledge from an early 
age. Consequently, we may be better 
equipped to unleash the power of an 
interdisciplinary approach to research 
and problem solving for the betterment 
of science and life on earth.

Fig. 7. A low-cost ‘Greenhouse in a box’ was developed by the Indian start-up company 
Kheyti. This simple setup protects crops from harsh weather and insect pests.
Credits: Adapted from the image from http://www.designindaba.com/sites/default/files/node/news/23415/
gallery/greenhouse-box-3.jpg. License: Public Domain. 

• An interdisciplinary approach to research or education involves the integration of knowledge 
from two or more academic disciplines. 

• Some of the most spectacular and path-breaking scientific discoveries (e.g., the structure 
of DNA, Velcro, robots, greenhouse in a box, amphibious cycle etc.) have been made by 
scientists going beyond the boundaries of their specialised areas of expertise. 

• Offering opportunities to approach a problem by tinkering with ideas, information, and/or 
techniques from different disciplines in school science may help train young minds to see 
connections between different fields of knowledge from an early age.  

• Studying a system from different perspectives helps us develop a more comprehensive 
understanding of it, and equips us to think out-of-the-box and look to various sources to 
formulate unique solutions. 

• Engaging with this approach early in life helps contribute to the ability to find solutions for 
complex problems and decisions later on in life. 

• Teaching science from this approach has been shown to have other educational benefits — 
students see gains in critical thinking, tolerance to ambiguity, recognition of bias, and an 
appreciation for ethical concerns.

Key takeaways

Fig. 6. This low-cost amphibious cycle 
developed by Dwarka Prasad Chaurasiya 
and Mohammed Saidullah won them the 
National Innovation Foundation’s Lifetime 
Achievement Award.
Credits: Adapted from an image featured on 
Rediff: https://im.rediff.com/money/2010/
aug/03sld4.jpg. License: Public Domain. 
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you may have seen “skating” on the 
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legs that allow their feet to remain dry. 
They make use of the surface tension of 
water to keep afloat (see Fig. 5). 

Another very useful innovation is that 
of artificial arms and legs for soldiers 
and other people who have lost their 
limbs in war or accidents. Developing 
artificial limbs that can function 
almost like natural ones requires 
an understanding of the biological 
structure and function of the organ. It 
also requires a knowledge of the various 
materials available for reconstructing 
the limb, and expertise with electronics 
and computer programming (sometimes 
brain imaging as well) to make it 
functional. New age artificial limbs have 
improved the lives of many unfortunate 

people. Today, scientists are even 
studying neurons and their networks 
in the human brain to build complex 
machines that can ‘learn’ and ‘perform’ 
complex tasks. 

This is not all. Innovative solutions 
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and purification, and harvesting clean 
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human habitations are just a few other 
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an approach allows adults and kids 
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in the teaching and learning of school 
science may help train young minds to 
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fields of knowledge from an early 
age. Consequently, we may be better 
equipped to unleash the power of an 
interdisciplinary approach to research 
and problem solving for the betterment 
of science and life on earth.
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Doing science may be a powerful 
way to understand the scientific 
method, and what it means to be 

a scientist. Applications of the scientific 
process extend beyond laboratories to 
our everyday life. One application of this 
process is in understanding curd formation 
(see Box 1).

Setting curd is an age-old practice, 
common to many parts of the world, that 
has undoubtably evolved through repeated 
observation, prediction and enquiry. This 
everyday practice offers plenty of learning 
opportunities to curious young students 
who may have just begun to explore the 

world of biology. For e.g., have you ever 
wondered why we always need a small 
amount of ‘old’ curd to get a batch of 
‘fresh’ curd? Or, if it were possible to get 
curd simply by leaving milk undisturbed 
for long enough? Or, why the temperature 
of milk or the season of the year seem to 
affect the rate of curd formation? These, 
and many other such questions around 
curd formation can be answered through 
simple, cost-effective experiments. A small 
space, the motivation to observe, and 
the willingness to play around with milk 
and curd (and clean up later) may be all 
that is needed! Apart from introducing 

 A

MILKY 
 WAY TO LEARN BIOLOGY ROHINI KARANDIKAR

The simple and 
everyday practice of 
curd formation involves 
concepts taught in 
biology (microbial 
fermentation), 
chemistry (conversion 
of milk lactose to 
lactic acid) and physics 
(coagulation of milk 
proteins with acid). 
Can we use this process 
to offer a hands-on 
introduction to what it 
means to think like a 
scientist? Box 1. A quick look at the basics:

• The term ‘curd’ in this article (and in India) refers to the fermented product obtained 
by the addition of a small amount of curd (or buttermilk) to milk. This product is called 
yoghurt in some other parts of the world. 

• Curd is formed due to several species of bacteria, like Lactobacillus sp., Lactococcus sp., 
and Streptococcus sp., that convert the lactose in milk to lactic acid (which makes curd 
sour). These bacteria are collectively called lactic acid bacteria (or, LAB).
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common to many parts of the world, that 
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amount of ‘old’ curd to get a batch of 
‘fresh’ curd? Or, if it were possible to get 
curd simply by leaving milk undisturbed 
for long enough? Or, why the temperature 
of milk or the season of the year seem to 
affect the rate of curd formation? These, 
and many other such questions around 
curd formation can be answered through 
simple, cost-effective experiments. A small 
space, the motivation to observe, and 
the willingness to play around with milk 
and curd (and clean up later) may be all 
that is needed! Apart from introducing 
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curd formation involves 
concepts taught in 
biology (microbial 
fermentation), 
chemistry (conversion 
of milk lactose to 
lactic acid) and physics 
(coagulation of milk 
proteins with acid). 
Can we use this process 
to offer a hands-on 
introduction to what it 
means to think like a 
scientist? Box 1. A quick look at the basics:

• The term ‘curd’ in this article (and in India) refers to the fermented product obtained 
by the addition of a small amount of curd (or buttermilk) to milk. This product is called 
yoghurt in some other parts of the world. 

• Curd is formed due to several species of bacteria, like Lactobacillus sp., Lactococcus sp., 
and Streptococcus sp., that convert the lactose in milk to lactic acid (which makes curd 
sour). These bacteria are collectively called lactic acid bacteria (or, LAB).
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students to the scientific method, these 
experiments touch upon a wide range of 
topics in school biology (see Box 2).

How do people make 
curd?
This activity is ideally introduced a day 
before the other activities. Share the 
corresponding activity (see Activity 
Sheet: How do people make curd?) 
with students as homework. Introduce 
them to the idea of a ‘science reporter’ 
and ask what they expect to find. 

Once students have completed this 
activity, encourage them to reflect 
on how they would go about testing 
the things they’ve learnt from it. This 
discussion could be used to introduce 
the concept of a hypothesis. In addition 
to the process of curd formation, this 
activity can also be used to discuss 
science–society relationships. For e.g., is 
science limited to labs? Are people with 
no professional training in science also 
capable of engaging with the scientific 
method in their everyday lives? 

How is curd different 
from milk? 
Discuss the difference between milk 
and curd with your students. Once they 
have arrived at some consensus, ask 
them if they could describe a method 
to distinguish between the two liquids 
without tasting them (tasting anything 
in the laboratory should be discouraged). 

Encourage them to work in groups of 
3-4 to try the corresponding activity 
(see Activity Sheet: How is curd 
different from milk?). 

Students are likely to report that curd 
is not as runny as milk, has a sour 
smell, and a lower pH. A milk smudge 
is much smoother than that of curd 
(which appears clumpy) and milk tends 
to concentrate at the centre of the 
smudge. This activity may also be useful 
in provoking a discussion on the ‘many 
senses’ and ‘extended tools’ used for 
observation in science.

Turning milk into curd
Ask your students to describe how 
milk is turned into curd. Introduce 
the popular practice of adding a small 
amount of old curd to milk to get 
new curd — how many of them have 
observed this? What does the old curd 
contain that turns milk into a new batch 
of curd? Does the old curd change the 
chemistry of milk, or its biology? 

Share the corresponding activity sheet 
(see Activity Sheet: Curd formation) 
with students. Encourage them to 
work in groups of 3-4 to design an 
experiment to determine the exact 
set of conditions required for curd 
formation. This activity is likely to take 
at least 5-6 hours for completion. If 
possible, it would be best to start the 
experiment at the beginning of the day, 
with incubations extending to the last 

period. The cultures need to be observed 
at regular intervals — the 3-4 students 
in each group can take turns to do this. 
Once students have completed this 
activity, discuss what they’ve learnt from 
it. Each group can be invited to share 
their design and results, and the class as 
a whole can be encouraged to identify 
similarities and points of difference. 

Students are likely to report that even 
if it thickens, milk left to itself does not 
form curd. The thickening of milk, while 
similar in appearance to curd, is a result 
of spoilage by bacteria from the milk, air, 
the utensil in which the milk is stored, 
and/or handling. By adding ‘old’ curd 
to milk, we give the lactic acid bacteria 
in the old curd a chance to multiply, 
produce lactic acid, and inhibit the 
growth of food spoiling bacteria. This 
activity may also be useful in introducing 
a discussion on ‘standardization’ and its 
relevance to science. 

What if you don’t have 
‘old curd’ to begin with? 
There is a popular belief that if you 
don’t have old curd, you could add some 
lemon juice or a chilly to milk to turn 
it into curd. Ask students to respond 
to this question with a show of hands: 
“How many of you believe this could 
work?” Share the corresponding activity 
sheet (see Activity Sheet: Starter for a 
new batch of curd?) with students, and 
encourage them to test this hypothesis 

Box 2. Links to the school science 
curriculum:
The experiments around curd formation 
described here are linked to concepts of: 

• Fermentation, food preservation, 
and microbiology from the chapter 
on ‘Microorganisms: Friend and Foe’ 
in the NCERT Grade VIII curriculum; 

• Physical changes, reversible and 
irreversible changes from the 
chapter on ‘Changes Around Us’ in 
the NCERT Grade VI curriculum; and, 

• pH, acids and bases from the NCERT 
Grade VII curriculum.

in groups of 3-4. Once students have 
completed this experiment, ask for 
another show of hands to the question 
posed before. Encourage students to 
reflect on what convinced them to 
change their minds.

Students are likely to report that fresh 
curd is formed only by the addition of 
some old curd (source of lactic acid 
bacteria). Adding lemon juice or chillies 
to milk causes the precipitation of milk 
casein — resulting in the formation 
of paneer or cottage cheese, but not 
curd. Hence, what happens with these 
'starters' is a chemical change — the 
precipitation of casein by acid. In 
contrast, the use of curd as a starter 
results in a biological change — the 
microbial fermentation of milk to curd. 
This activity may also be useful in 
introducing a discussion on ‘controls’ in 
scientific experiments (see Box 3). 

Does the temperature of 
milk matter? 
Curd formation requires certain 
environmental and physical conditions. 
Most students may be familiar with 
the idea that curd formation is faster 
when old curd is added to warm milk, 
and incubated in a warm place. Some 
students may suggest that the milk 
needs to be ‘hot’ rather than ‘warm’. The 
teacher can then ask students to form 
a hypothesis, for e.g.,: “Can we say that 
the higher the temperature, the faster 
the process of curd formation?” Share 

the corresponding activity sheet (see 
Activity Sheet: Does the temperature 
of milk matter?) with students, and 
encourage them to test this hypothesis 
in groups of 3-4. Once students record 
their observations, ask students if 
they’d like to change their hypothesis. 
A discussion can then be conducted on: 
“What is the temperature range in which 
curd formation was fastest? Why?”

The LABs which ferment milk to curd 
also inhabit the human gut. They grow 
best at our body temperature (~ 37ºC). 
Therefore, using milk warmed to this 
temperature helps provide these bacteria 
with conditions that are optimal for 
their growth and multiplication. On the 
other hand, using milk that is very hot (> 
45 °C) will kill these bacteria — reducing 
the possibility of getting curd. Milk that 
is cold impedes bacterial growth, slowing 
the rate of curd formation considerably. 
Similarly, incubating milk with old curd 
in a warm place, like a hot water bath or 

incubator set at 37ºC will speed up the 
process of curd formation by providing 
an environment in which LAB’s thrive. 
Thus, this experiment helps demonstrate 
the significance of temperature in 
biological processes.

Here, the teacher may also ask: “What 
would happen if curd was added in 
unequal amounts to all beakers?” The 
answer is — we would not be able to 
determine if curd formation was an 
effect of the amount of curd added or 
the temperature. This also emphasizes 
the need to vary only one parameter at 
a time (here, the temperature). This is 
exactly how the scientific method works, 
by varying only one variable at a time, 
while keeping all the others constant. 

Some parting thoughts
Each of these experiments helps 
highlight the role of various factors in 
curd formation. In doing so, they raise 
some interesting questions. For e.g., milk 
gets spoilt if not consumed within a day. 
But if turned into curd, it stays fresh 
for longer. So, isn’t fermentation also a 
process of food preservation? Students 
begin to understand that fresh curd is a 
live source of bacteria, and turning milk 
into curd is akin to a process of breeding 
microbial ‘pets’. Thus, performing 
these experiments will help students 
understand what these little creatures 
like or dislike. 

Although the article provides 
experimental designs, it may be best 
to encourage students to come up 
with their own experimental designs, 
whenever possible (see Box 4). It is 

Box 3. Experimental controls:
Controls help prove that an intervention (e.g., the addition of a small volume of curd 
to milk) causes the effect being studied (e.g., results in the formation of a new batch 
of curd). In this experiment, beaker 2 or the beaker where a small amount of curd is 
added to milk, is the ‘positive control’ because we have determined this as the optimum 
condition in our previous experiment, and we are sure that it will form curd. In contrast, 
beaker 1 or the beaker where nothing is added to the milk, is the ‘negative control’. 
We know that the milk in this container will not turn into curd. An introduction to 
experimental controls can also lead to a discussion on questions, like: “How important 
are these controls? How accurate is our inference from an experiment that does not 
involve controls?”
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students to the scientific method, these 
experiments touch upon a wide range of 
topics in school biology (see Box 2).

How do people make 
curd?
This activity is ideally introduced a day 
before the other activities. Share the 
corresponding activity (see Activity 
Sheet: How do people make curd?) 
with students as homework. Introduce 
them to the idea of a ‘science reporter’ 
and ask what they expect to find. 

Once students have completed this 
activity, encourage them to reflect 
on how they would go about testing 
the things they’ve learnt from it. This 
discussion could be used to introduce 
the concept of a hypothesis. In addition 
to the process of curd formation, this 
activity can also be used to discuss 
science–society relationships. For e.g., is 
science limited to labs? Are people with 
no professional training in science also 
capable of engaging with the scientific 
method in their everyday lives? 

How is curd different 
from milk? 
Discuss the difference between milk 
and curd with your students. Once they 
have arrived at some consensus, ask 
them if they could describe a method 
to distinguish between the two liquids 
without tasting them (tasting anything 
in the laboratory should be discouraged). 

Encourage them to work in groups of 
3-4 to try the corresponding activity 
(see Activity Sheet: How is curd 
different from milk?). 

Students are likely to report that curd 
is not as runny as milk, has a sour 
smell, and a lower pH. A milk smudge 
is much smoother than that of curd 
(which appears clumpy) and milk tends 
to concentrate at the centre of the 
smudge. This activity may also be useful 
in provoking a discussion on the ‘many 
senses’ and ‘extended tools’ used for 
observation in science.

Turning milk into curd
Ask your students to describe how 
milk is turned into curd. Introduce 
the popular practice of adding a small 
amount of old curd to milk to get 
new curd — how many of them have 
observed this? What does the old curd 
contain that turns milk into a new batch 
of curd? Does the old curd change the 
chemistry of milk, or its biology? 

Share the corresponding activity sheet 
(see Activity Sheet: Curd formation) 
with students. Encourage them to 
work in groups of 3-4 to design an 
experiment to determine the exact 
set of conditions required for curd 
formation. This activity is likely to take 
at least 5-6 hours for completion. If 
possible, it would be best to start the 
experiment at the beginning of the day, 
with incubations extending to the last 

period. The cultures need to be observed 
at regular intervals — the 3-4 students 
in each group can take turns to do this. 
Once students have completed this 
activity, discuss what they’ve learnt from 
it. Each group can be invited to share 
their design and results, and the class as 
a whole can be encouraged to identify 
similarities and points of difference. 

Students are likely to report that even 
if it thickens, milk left to itself does not 
form curd. The thickening of milk, while 
similar in appearance to curd, is a result 
of spoilage by bacteria from the milk, air, 
the utensil in which the milk is stored, 
and/or handling. By adding ‘old’ curd 
to milk, we give the lactic acid bacteria 
in the old curd a chance to multiply, 
produce lactic acid, and inhibit the 
growth of food spoiling bacteria. This 
activity may also be useful in introducing 
a discussion on ‘standardization’ and its 
relevance to science. 

What if you don’t have 
‘old curd’ to begin with? 
There is a popular belief that if you 
don’t have old curd, you could add some 
lemon juice or a chilly to milk to turn 
it into curd. Ask students to respond 
to this question with a show of hands: 
“How many of you believe this could 
work?” Share the corresponding activity 
sheet (see Activity Sheet: Starter for a 
new batch of curd?) with students, and 
encourage them to test this hypothesis 

Box 2. Links to the school science 
curriculum:
The experiments around curd formation 
described here are linked to concepts of: 

• Fermentation, food preservation, 
and microbiology from the chapter 
on ‘Microorganisms: Friend and Foe’ 
in the NCERT Grade VIII curriculum; 

• Physical changes, reversible and 
irreversible changes from the 
chapter on ‘Changes Around Us’ in 
the NCERT Grade VI curriculum; and, 

• pH, acids and bases from the NCERT 
Grade VII curriculum.

in groups of 3-4. Once students have 
completed this experiment, ask for 
another show of hands to the question 
posed before. Encourage students to 
reflect on what convinced them to 
change their minds.

Students are likely to report that fresh 
curd is formed only by the addition of 
some old curd (source of lactic acid 
bacteria). Adding lemon juice or chillies 
to milk causes the precipitation of milk 
casein — resulting in the formation 
of paneer or cottage cheese, but not 
curd. Hence, what happens with these 
'starters' is a chemical change — the 
precipitation of casein by acid. In 
contrast, the use of curd as a starter 
results in a biological change — the 
microbial fermentation of milk to curd. 
This activity may also be useful in 
introducing a discussion on ‘controls’ in 
scientific experiments (see Box 3). 

Does the temperature of 
milk matter? 
Curd formation requires certain 
environmental and physical conditions. 
Most students may be familiar with 
the idea that curd formation is faster 
when old curd is added to warm milk, 
and incubated in a warm place. Some 
students may suggest that the milk 
needs to be ‘hot’ rather than ‘warm’. The 
teacher can then ask students to form 
a hypothesis, for e.g.,: “Can we say that 
the higher the temperature, the faster 
the process of curd formation?” Share 

the corresponding activity sheet (see 
Activity Sheet: Does the temperature 
of milk matter?) with students, and 
encourage them to test this hypothesis 
in groups of 3-4. Once students record 
their observations, ask students if 
they’d like to change their hypothesis. 
A discussion can then be conducted on: 
“What is the temperature range in which 
curd formation was fastest? Why?”

The LABs which ferment milk to curd 
also inhabit the human gut. They grow 
best at our body temperature (~ 37ºC). 
Therefore, using milk warmed to this 
temperature helps provide these bacteria 
with conditions that are optimal for 
their growth and multiplication. On the 
other hand, using milk that is very hot (> 
45 °C) will kill these bacteria — reducing 
the possibility of getting curd. Milk that 
is cold impedes bacterial growth, slowing 
the rate of curd formation considerably. 
Similarly, incubating milk with old curd 
in a warm place, like a hot water bath or 

incubator set at 37ºC will speed up the 
process of curd formation by providing 
an environment in which LAB’s thrive. 
Thus, this experiment helps demonstrate 
the significance of temperature in 
biological processes.

Here, the teacher may also ask: “What 
would happen if curd was added in 
unequal amounts to all beakers?” The 
answer is — we would not be able to 
determine if curd formation was an 
effect of the amount of curd added or 
the temperature. This also emphasizes 
the need to vary only one parameter at 
a time (here, the temperature). This is 
exactly how the scientific method works, 
by varying only one variable at a time, 
while keeping all the others constant. 

Some parting thoughts
Each of these experiments helps 
highlight the role of various factors in 
curd formation. In doing so, they raise 
some interesting questions. For e.g., milk 
gets spoilt if not consumed within a day. 
But if turned into curd, it stays fresh 
for longer. So, isn’t fermentation also a 
process of food preservation? Students 
begin to understand that fresh curd is a 
live source of bacteria, and turning milk 
into curd is akin to a process of breeding 
microbial ‘pets’. Thus, performing 
these experiments will help students 
understand what these little creatures 
like or dislike. 

Although the article provides 
experimental designs, it may be best 
to encourage students to come up 
with their own experimental designs, 
whenever possible (see Box 4). It is 

Box 3. Experimental controls:
Controls help prove that an intervention (e.g., the addition of a small volume of curd 
to milk) causes the effect being studied (e.g., results in the formation of a new batch 
of curd). In this experiment, beaker 2 or the beaker where a small amount of curd is 
added to milk, is the ‘positive control’ because we have determined this as the optimum 
condition in our previous experiment, and we are sure that it will form curd. In contrast, 
beaker 1 or the beaker where nothing is added to the milk, is the ‘negative control’. 
We know that the milk in this container will not turn into curd. An introduction to 
experimental controls can also lead to a discussion on questions, like: “How important 
are these controls? How accurate is our inference from an experiment that does not 
involve controls?”
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• Practical applications of science provide a powerful lens to introduce students to the 
scientific method.

• Curd formation is one application of the scientific process in our day–to–day lives.

• Different aspects of the scientific method, such as hypothesis making, standardization and 
controls, can be introduced through activities around curd setting.

• These activities can also be used to discuss science–society relationships.

Key takeaways

Our ability to see is fascinating, 
yet something that we usually 
take for granted. Young children 

spontaneously experiment with the way 
they see — looking at objects with one eye 
closed, spinning a sparkler to see a ring of 
light, or looking through a grandparent’s 
spectacles. Middle school students ask 
questions like, 'Why do we need two eyes? ' 
and 'Why does a ceiling fan moving 
at full speed look blurry? '. These early 
experiments and questions invite an 
exploration of human vision. This article 
(and the accompanying activity sheets) 
looks at some aspects of human sight that 
students can discover through simple, yet 
interesting, activities.

Depth perception
The left and right eye are in different 

locations, about 6.5 cm apart. Each 
eye receives a slightly different two-
dimensional image onto its retina. Both 
these images are sent to the brain. The 
brain uses both to generate a single three-
dimensional interpretation. This results 
in our capacity for stereopsis or depth 
perception as demonstrated in Activity I 
(see Activity Sheet: Are two eyes better 
than one?).1 The ability to perceive depth is 
one of the advantages of having binocular 
vision (using two eyes to see one image). 

The blind spot
We tend to believe that what we perceive 
is exactly what our eyes see. However, this 
isn’t always true and parts of what we see 
are ‘made up’ by the brain! 

Each eye has a blind spot — a small part 
of the visual field of each eye where there 

KAVITA KRISHNA

This article presents 
a few simple 
activities, with 
handmade toys and 
optical illusions, 
that explore ways in 
which our brain and 
eyes work together 
to perceive the 
world.

WHAT DO WE

REALLY SEE?

Box 4. Experiments on sources of milk and effect of other additives:
Students could be encouraged to design and conduct experiments to check how curd 
formation is affected by using: 

• Milk from different animals, like cow, goat, buffalo, sheep, camel, and horse etc. 

• Milk subjected to different types of processing, like fresh, boiled, pasteurized, or milk 
stored in tetra-packs. 

• Milk additives, like chocolate powder, nutrition supplements, etc.

likely that students might take some 
time designing their own experiments, 
but doing this will help them develop a 
hands-on understanding of the scientific 
method. Not only will this help students 
feel a sense of ownership towards their 
experiments, but it will also help them 
discover several ways of using simple 
resources, like milk and curd, as ‘live 
educational tools’.
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 DOES THE TEMPERATURE OF MILK MATTER?

Contributed by: 
Rohini Karandikar is a Post-doctoral fellow at HBCSE, Mumbai. 
Ritesh Khunyakari is an Associate Professor, TISS, Hyderabad. 

You will need: 

What to do:
1. Label the beakers 1, 2 & 3 respectively.  
2. Pour 20 ml of:
   a. Refrigerated milk in beaker 1. 
   b. Boiling-hot milk in beaker 2
   c. Milk that is warm enough to touch in beaker 3. 
3. Add 1 ml each of curd to the three beakers. 
4. Mix the contents of each beaker well with separate spoons. 
5. Leave the 3 beakers at room temperature.  
6. Test the contents of the beakers (for smell/runniness/smudge & pH) after 10 minutes, 
   4 hours, and 6 hours respectively. 

The Science Lab

60 ml milk (fresh) 3 ml curd 3 beakers/bowls

1 2 3 4

Warm milk + curd
37 - 40 C

Milk onlyHot milk + curd
> 45 C

Cold milk + curd
4-10 C

Observe: 
Are the contents of the beakers different in any way? Record your observations in the table. 

Beaker Time Did you get curd? (Y/N) Other observations

After 10 min

After 4 h

After 6 h

After 12 h

1.



 DOES THE TEMPERATURE OF MILK MATTER?

The Science Lab

Discuss: 
1. Is the initial temperature of milk important in curd formation? In what way? 

2. Is the beaker with cold milk any different from the one with boiling hot milk after 6 h? 
   How, and why?

After 10 min

After 4 h

After 6 h

After 12 h

After 10 min

After 4 h

After 6 h

After 12 h

3. Do you think you’d get different results if you increased the volume of starter curd you added 
   to the beakers with milk in Step 3? Why? Can you think of an experiment to test your 
   prediction? 

4. Do you think you’d get different results if you incubated the milk in Step 5 at warmer (  37°C) 
   or cooler (  4-12°C) conditions? Why? Can you think of an experiment to test your prediction? 

Contributed by: 
Rohini Karandikar is a Post-doctoral fellow at HBCSE, Mumbai. 
Ritesh Khunyakari is an Associate Professor, TISS, Hyderabad. 

2.

3.

~
~
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• Practical applications of science provide a powerful lens to introduce students to the 
scientific method.

• Curd formation is one application of the scientific process in our day–to–day lives.

• Different aspects of the scientific method, such as hypothesis making, standardization and 
controls, can be introduced through activities around curd setting.

• These activities can also be used to discuss science–society relationships.

Key takeaways

Our ability to see is fascinating, 
yet something that we usually 
take for granted. Young children 

spontaneously experiment with the way 
they see — looking at objects with one eye 
closed, spinning a sparkler to see a ring of 
light, or looking through a grandparent’s 
spectacles. Middle school students ask 
questions like, 'Why do we need two eyes? ' 
and 'Why does a ceiling fan moving 
at full speed look blurry? '. These early 
experiments and questions invite an 
exploration of human vision. This article 
(and the accompanying activity sheets) 
looks at some aspects of human sight that 
students can discover through simple, yet 
interesting, activities.

Depth perception
The left and right eye are in different 

locations, about 6.5 cm apart. Each 
eye receives a slightly different two-
dimensional image onto its retina. Both 
these images are sent to the brain. The 
brain uses both to generate a single three-
dimensional interpretation. This results 
in our capacity for stereopsis or depth 
perception as demonstrated in Activity I 
(see Activity Sheet: Are two eyes better 
than one?).1 The ability to perceive depth is 
one of the advantages of having binocular 
vision (using two eyes to see one image). 

The blind spot
We tend to believe that what we perceive 
is exactly what our eyes see. However, this 
isn’t always true and parts of what we see 
are ‘made up’ by the brain! 

Each eye has a blind spot — a small part 
of the visual field of each eye where there 

KAVITA KRISHNA

This article presents 
a few simple 
activities, with 
handmade toys and 
optical illusions, 
that explore ways in 
which our brain and 
eyes work together 
to perceive the 
world.

WHAT DO WE

REALLY SEE?

Box 4. Experiments on sources of milk and effect of other additives:
Students could be encouraged to design and conduct experiments to check how curd 
formation is affected by using: 

• Milk from different animals, like cow, goat, buffalo, sheep, camel, and horse etc. 

• Milk subjected to different types of processing, like fresh, boiled, pasteurized, or milk 
stored in tetra-packs. 

• Milk additives, like chocolate powder, nutrition supplements, etc.

likely that students might take some 
time designing their own experiments, 
but doing this will help them develop a 
hands-on understanding of the scientific 
method. Not only will this help students 
feel a sense of ownership towards their 
experiments, but it will also help them 
discover several ways of using simple 
resources, like milk and curd, as ‘live 
educational tools’.

THE SCIENCE LAB
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are no photoreceptors (rods or cones) 
on the retina (see Fig. 1). This is the 
region where the optic nerve enters 
the eye. As demonstrated in Activity 
II (see Activity Sheet: Finding your 
blind spot), you are unable to see the 
black dot when the paper is held at a 
particular distance from you because 
the image of the dot falls on the blind 
spot on your retina.1 

Why don’t we notice the blind spot 
more often? This is because the brain 
compensates for the blind spot by 
adding in the missing information. 
This phenomena is called visual filling 
in.2 Notice that in Activity III (see 
Activity Sheet: Filling in), your brain 
fills in the image even when your 
other eye is closed. This is an example 
of how your brain doesn’t rely only on 
the images it receives from the retina. 
It ‘predicts’ what it is likely to see. The 
predictions that the brain makes are so 
convincing that we often ‘see’ things 
that don’t exist! This is the basis for 
many optical illusions.

Moving images
Optical illusions can also arise because of 
another physiological limitation of the 
visual system — the speed at which it can 
process images that fall on the retina.

One application of this is in the 
Thaumatrope — a popular optical 
toy in the 19th century. As seen in 
Activity IV (see Activity Sheet: Using a 
Thaumatrope), the two images on either 
side of the disk appear to merge into 
a single image when the disk is twirled 
quickly.3 This is because of the time that 
our visual system takes to process the 
images that fall on the retina.

The visual system retains an image 
for about a 15th of a second. When 
a different image falls on the retina 
within this time period, the two images 
are perceived as a single one. This 
phenomena is called the persistence 
of vision.

When our visual system sees a series of 
10-12 distinct images in a second, they 
are perceived as a single continuous 
moving image. This optical illusion 
is called beta movement, and is the 
basis for animations and films. The 
Phenakistoscope, that you build in 
Activity V (see Activity Sheet: Using a 
Phenakistoscope), was the first popular 
animation device to be built. Invented in 
1832, this device was an early precursor 
to modern day animations (see Fig. 2) A 
flip book is another simple toy that you 
can make based on the same principle 
(see Fig. 3)4

Optical illusions
Optical illusions are perplexing, 
fascinating, and fun. They occur when 
what we perceive appears different from 
what is actually present, because of the 
interaction between the images the eye 
receives and the interpretations that the 
brain makes (see Fig. 4). 

Fig. 1. The blind spot is an area on the retina that has no photoreceptors.

To conclude
There are hundreds of optical illusions 
like the ones in the activities discussed 
here. Each of these illusions reveal 
different aspects of human vision 
and its limitations (see Box 1). Many 
of them are the subject of ongoing 
scientific research in human physiology, 
psychology and neuroscience. 

Box 1. You can learn more about optical illusions here:
1. Chudler, Eric H. ‘The Blind Spot’. Neuroscience for Kids — Vision Exp. URL: http://faculty.washington.edu/chudler/chvision.html.

2. Bach, Michael. ‘134 Optical Illusions & Visual Phenomena’. URL: www.michaelbach.de/ot/.

3. Lotto, Beau. ‘Optical illusions show how we see’. TED Global, July 2009. URL: www.ted.com/talks/beau_lotto_optical_illusions_show_
how_we_see. 

4. The Optical Society (OSA). ‘Optical illusions’. Optics4kids. URL: https://www.optics4kids.org/illusions. Accessed 18 Apr. 2019.

• Sight is inherently intriguing to young children, and they often spontaneously experiment with 
the way they see.

• What we see is a result of interactions between our eyes and our brain.

• We can explore vision to introduce students to related scientific concepts and their practical 
implications.

• Our ability to perceive depth is a result of our brain's ability to combine two-dimensional 
images from both our eyes.

• Each of our eyes has a blind spot where the optic nerve enters it. We don't notice the blind spot 
because our brain fills in the missing information. 

• When two or more images fall on the retina within the 15th of a second, they are perceived as 
single image. 

• Optical illusions occur when our brain's perception of images is different from what is actually 
present.

Key takeaways

Fig. 4. The café wall illusion. This is a 
geometrical optical illusion in which the parallel 
dividing lines between staggered rows with 
alternating black and white "bricks" appear to be 
sloped although they are straight.
Credits: Fibonacci, Wikimedia Commons. URL: https://
commons.wikimedia.org/wiki/File:Caf%C3%A9_wall.
svg. License: CC-BY-SA. 

Fig. 2. The phenakisticope was invented by 
the Belgian physicist Joseph Plateau and 
the Austrian mathematician Simon 
Stampfer, working independently.
Credits: depuis Joseph Plateau, Corresp.Math.Phys. 
1832, VII, p. 291, Wikimedia Commons. URL: 
https://en.wikipedia.org/wiki/File:Phenakistiscope.
jpg. License: CC-BY.

Fig. 3. A flip book is an animation toy in 
which several distinct images appear to be 
a single continuous moving image.
Credits: John Barnes Linnet, Zeitgenössische 
Illustration (1886), Wikimedia Commons. URL: 
https://en.wikipedia.org/wiki/File:Linnet_
kineograph_1886.jpg. License: CC-BY. 

Note: Image used in the background of the article title – An optical illusion. Credits: Fiestoforo, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/ 
File:Motion_illusion_in_star_arrangement.png. License: CC-BY.
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are no photoreceptors (rods or cones) 
on the retina (see Fig. 1). This is the 
region where the optic nerve enters 
the eye. As demonstrated in Activity 
II (see Activity Sheet: Finding your 
blind spot), you are unable to see the 
black dot when the paper is held at a 
particular distance from you because 
the image of the dot falls on the blind 
spot on your retina.1 

Why don’t we notice the blind spot 
more often? This is because the brain 
compensates for the blind spot by 
adding in the missing information. 
This phenomena is called visual filling 
in.2 Notice that in Activity III (see 
Activity Sheet: Filling in), your brain 
fills in the image even when your 
other eye is closed. This is an example 
of how your brain doesn’t rely only on 
the images it receives from the retina. 
It ‘predicts’ what it is likely to see. The 
predictions that the brain makes are so 
convincing that we often ‘see’ things 
that don’t exist! This is the basis for 
many optical illusions.

Moving images
Optical illusions can also arise because of 
another physiological limitation of the 
visual system — the speed at which it can 
process images that fall on the retina.

One application of this is in the 
Thaumatrope — a popular optical 
toy in the 19th century. As seen in 
Activity IV (see Activity Sheet: Using a 
Thaumatrope), the two images on either 
side of the disk appear to merge into 
a single image when the disk is twirled 
quickly.3 This is because of the time that 
our visual system takes to process the 
images that fall on the retina.

The visual system retains an image 
for about a 15th of a second. When 
a different image falls on the retina 
within this time period, the two images 
are perceived as a single one. This 
phenomena is called the persistence 
of vision.

When our visual system sees a series of 
10-12 distinct images in a second, they 
are perceived as a single continuous 
moving image. This optical illusion 
is called beta movement, and is the 
basis for animations and films. The 
Phenakistoscope, that you build in 
Activity V (see Activity Sheet: Using a 
Phenakistoscope), was the first popular 
animation device to be built. Invented in 
1832, this device was an early precursor 
to modern day animations (see Fig. 2) A 
flip book is another simple toy that you 
can make based on the same principle 
(see Fig. 3)4

Optical illusions
Optical illusions are perplexing, 
fascinating, and fun. They occur when 
what we perceive appears different from 
what is actually present, because of the 
interaction between the images the eye 
receives and the interpretations that the 
brain makes (see Fig. 4). 

Fig. 1. The blind spot is an area on the retina that has no photoreceptors.

To conclude
There are hundreds of optical illusions 
like the ones in the activities discussed 
here. Each of these illusions reveal 
different aspects of human vision 
and its limitations (see Box 1). Many 
of them are the subject of ongoing 
scientific research in human physiology, 
psychology and neuroscience. 

Box 1. You can learn more about optical illusions here:
1. Chudler, Eric H. ‘The Blind Spot’. Neuroscience for Kids — Vision Exp. URL: http://faculty.washington.edu/chudler/chvision.html.

2. Bach, Michael. ‘134 Optical Illusions & Visual Phenomena’. URL: www.michaelbach.de/ot/.

3. Lotto, Beau. ‘Optical illusions show how we see’. TED Global, July 2009. URL: www.ted.com/talks/beau_lotto_optical_illusions_show_
how_we_see. 

4. The Optical Society (OSA). ‘Optical illusions’. Optics4kids. URL: https://www.optics4kids.org/illusions. Accessed 18 Apr. 2019.

• Sight is inherently intriguing to young children, and they often spontaneously experiment with 
the way they see.

• What we see is a result of interactions between our eyes and our brain.

• We can explore vision to introduce students to related scientific concepts and their practical 
implications.

• Our ability to perceive depth is a result of our brain's ability to combine two-dimensional 
images from both our eyes.

• Each of our eyes has a blind spot where the optic nerve enters it. We don't notice the blind spot 
because our brain fills in the missing information. 

• When two or more images fall on the retina within the 15th of a second, they are perceived as 
single image. 

• Optical illusions occur when our brain's perception of images is different from what is actually 
present.

Key takeaways

Fig. 4. The café wall illusion. This is a 
geometrical optical illusion in which the parallel 
dividing lines between staggered rows with 
alternating black and white "bricks" appear to be 
sloped although they are straight.
Credits: Fibonacci, Wikimedia Commons. URL: https://
commons.wikimedia.org/wiki/File:Caf%C3%A9_wall.
svg. License: CC-BY-SA. 

Fig. 2. The phenakisticope was invented by 
the Belgian physicist Joseph Plateau and 
the Austrian mathematician Simon 
Stampfer, working independently.
Credits: depuis Joseph Plateau, Corresp.Math.Phys. 
1832, VII, p. 291, Wikimedia Commons. URL: 
https://en.wikipedia.org/wiki/File:Phenakistiscope.
jpg. License: CC-BY.

Fig. 3. A flip book is an animation toy in 
which several distinct images appear to be 
a single continuous moving image.
Credits: John Barnes Linnet, Zeitgenössische 
Illustration (1886), Wikimedia Commons. URL: 
https://en.wikipedia.org/wiki/File:Linnet_
kineograph_1886.jpg. License: CC-BY. 

Note: Image used in the background of the article title – An optical illusion. Credits: Fiestoforo, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/ 
File:Motion_illusion_in_star_arrangement.png. License: CC-BY.
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“[A]s embodied, imaginative creatures, we never were 

separated or divorced from reality in the first place. 

What has always made science possible is our embodiment, 

not our transcendence of it, and our imagination, 

not our avoidance of it.” — George Lakoff.

“… don’t underestimate the importance of body language” 

— Ursula the witch in Disney’s Little Mermaid.

Consider explaining to someone the 
earth's orbit around the sun with your 
hands tied behind your back. Many 
people might find it challenging to talk 
about planetary motion without moving 
their hands or arms in an elliptical 
gesture. Many may even feel inadequate 

in explaining day-to-day experiences 
without using their bodies to express. 
This is because our understanding of 
the world is not exclusively encoded 
through language; our gestures and 
movements are also connected to the 
ways we think and learn.

RESEARCH TO PRACTICE

PAUL REIMER, ROHIT MEHTA & PUNYA MISHRA

LEARNING SCIENCE WITH THE

BODY IN MIND
This article explores 
embodied learning in 
the science classroom. 
The authors use research 
in science education to 
illustrate, practically, 
how teachers can create 
immersive, full-body 
thinking and knowing 
experiences for their 
students.
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We often think and understand the 
world using our bodies. Our senses and 
movement shape how we form and 
process knowledge. In understanding 
the world, it is quite common to 
combine language and gestures to 
communicate meaningful concepts. 
Particularly when dealing with abstract 
concepts, we tend to base them in some 
concrete physical sensation. This is 
called embodied learning.

Scientists who study embodied learning 
are interested in the ways our bodies 
help us to learn and understand. They 
consider our body’s sensory and motor 
activity as an essential part of learning, 
knowing, and meaning-making. They 
also encourage educators to reconsider 
the role of senses and physical 
movement in learning, and design 
pedagogy that embraces embodiment.

What is embodied design 
for learning?
Embodied design for learning 
considers how students can develop 
meaningful ideas using natural and 
intuitive movements. Students might 
engage in gestures or motion using 
their own natural movements and 
environments as learning resources. 
Then, combining physical movement 
with reflective language, students 
could explore and communicate 
their understanding of fundamental 
but abstract scientific concepts such 
as force, inertia, or motion. Thus, 
the physical actions they engage in 
become the pathway toward a deeper 
understanding of abstract concepts.

Embodied learning is not a stylistic 
preference like visual or kinesthetic 
learning styles. Embodied design 
principles are concerned with immersive, 
full-body thinking and knowing, where 
physical movement is a natural part of 

Fig. 1. Our understanding of the world is not exclusively encoded through language; our 
gestures and movements are also connected to the ways we think and learn.
Credits: Copyright free image of galaxies, Earth and moon from NASA.gov. Hand illustrations and design 
by Punya Mishra. License: CC-BY-NC.

Fig. 2. The physical actions we engage in 
become the pathway toward a deeper 
understanding of abstract concepts.
Credits: Copyright free stock image of brain with 
illustrations and design by Punya Mishra. License: 
CC-BY-NC. 

learning. Additionally, embodied design 
for learning challenges traditional and 
common practices that privilege certain 
ways of knowing over others. In fact, 
scientific knowledge that resides in the 
head may not be superior to that which 
is embodied through action, and often 
represented through muscle memory, 
instinct, visual mapping, or ways of 
moving. Through embodied design, 
science learning can become a more 
inclusive, participatory, and humanizing 
process, both in what is learned and 
how it is learned. 

What does the research 
say? 
Roni Zohar and colleagues utilized an 
embodied design approach to support 
students’ understanding of high-school 
concepts in physics. Their pedagogical 

design engaged students in physical 
experiences in which they coordinated 
movements to enact concepts. Then, 
they reflected on their experiences 
through the lens of the relevant physics 
ideas. We share examples of embodied 
design through two of their case studies:

Case Study #1: In a dance studio, Zohar 
facilitated students as they learned 
about two concepts related to balance: 
area of support and center of mass. In 
four 90-minute lessons, students worked 
collaboratively to explore different 
bodily positions that were either steady 
or unsteady. Students learned that 
positions with larger areas of support 
were more stable. Students also explored 
the concept of center of mass by 
considering where their center of mass 
was located when assuming different 
bodily positions, such as when raising 
their arms or leaning forward. 

In the last of these lessons, students 
worked in pairs, with one student 
demonstrating a position while the 
other determined the area of support 
and the center of mass. The final 
project required pairs of students 
to demonstrate a sequence of three 
balanced positions, while explaining 
their conceptual understanding using 
the terminology from the lessons as well 
as physical movements and gestures. 

Case Study #2: A series of lessons 
focused on the difference between linear 
and angular velocity. Linear velocity was 
taught in a typical classroom setting, and 
angular velocity was taught in the dance 
studio. Students began by exploring 
circular movements with one body part 
at a time, such as their heads, hands, 
hips or feet. Each student explored 
circular movement at their own speed 
and direction. 

The next activity required them to 
stand alongside each other, holding 
hands, and move around a bottle placed 
on the ground next to the person at 
the end of the line. Their movement 
as a row around the bottle at the 
center formed a circle of which they 
were the radius. To keep the angular 
velocity constant, the students had 
to negotiate their movements several 
times before reaching a consensus. 
To help the students understand the 
circular movement, the instructor 
also mimicked their movement using 
her arm, anchoring her elbow to the 
ground as a center and rotating her 
arm in a counter-clockwise direction. 
This movement represented the larger 
physical activity, and further developed 
the concept of angular velocity.

In their analysis of both the case studies, 
Zohar and colleagues found that 
students’ final projects demonstrated 
a deep understanding of the physics 
concepts taught. These understandings 
also reiterate what other embodied 
cognition scholars and educators have 
found in their work in linguistics (e.g., 
George Lakoff) or arts and humanities 
(e.g., Kerry Chappell), among others. 
Students enacted their conceptual 

Fig. 3. Relating linear and angular motion. Photo of dancers overlaid with equations 
comparing linear and angular motion.
Credits: Photo and illustration by Punya Mishra. License: CC-BY-NC. 
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help us to learn and understand. They 
consider our body’s sensory and motor 
activity as an essential part of learning, 
knowing, and meaning-making. They 
also encourage educators to reconsider 
the role of senses and physical 
movement in learning, and design 
pedagogy that embraces embodiment.

What is embodied design 
for learning?
Embodied design for learning 
considers how students can develop 
meaningful ideas using natural and 
intuitive movements. Students might 
engage in gestures or motion using 
their own natural movements and 
environments as learning resources. 
Then, combining physical movement 
with reflective language, students 
could explore and communicate 
their understanding of fundamental 
but abstract scientific concepts such 
as force, inertia, or motion. Thus, 
the physical actions they engage in 
become the pathway toward a deeper 
understanding of abstract concepts.

Embodied learning is not a stylistic 
preference like visual or kinesthetic 
learning styles. Embodied design 
principles are concerned with immersive, 
full-body thinking and knowing, where 
physical movement is a natural part of 

Fig. 1. Our understanding of the world is not exclusively encoded through language; our 
gestures and movements are also connected to the ways we think and learn.
Credits: Copyright free image of galaxies, Earth and moon from NASA.gov. Hand illustrations and design 
by Punya Mishra. License: CC-BY-NC.

Fig. 2. The physical actions we engage in 
become the pathway toward a deeper 
understanding of abstract concepts.
Credits: Copyright free stock image of brain with 
illustrations and design by Punya Mishra. License: 
CC-BY-NC. 

learning. Additionally, embodied design 
for learning challenges traditional and 
common practices that privilege certain 
ways of knowing over others. In fact, 
scientific knowledge that resides in the 
head may not be superior to that which 
is embodied through action, and often 
represented through muscle memory, 
instinct, visual mapping, or ways of 
moving. Through embodied design, 
science learning can become a more 
inclusive, participatory, and humanizing 
process, both in what is learned and 
how it is learned. 

What does the research 
say? 
Roni Zohar and colleagues utilized an 
embodied design approach to support 
students’ understanding of high-school 
concepts in physics. Their pedagogical 

design engaged students in physical 
experiences in which they coordinated 
movements to enact concepts. Then, 
they reflected on their experiences 
through the lens of the relevant physics 
ideas. We share examples of embodied 
design through two of their case studies:

Case Study #1: In a dance studio, Zohar 
facilitated students as they learned 
about two concepts related to balance: 
area of support and center of mass. In 
four 90-minute lessons, students worked 
collaboratively to explore different 
bodily positions that were either steady 
or unsteady. Students learned that 
positions with larger areas of support 
were more stable. Students also explored 
the concept of center of mass by 
considering where their center of mass 
was located when assuming different 
bodily positions, such as when raising 
their arms or leaning forward. 

In the last of these lessons, students 
worked in pairs, with one student 
demonstrating a position while the 
other determined the area of support 
and the center of mass. The final 
project required pairs of students 
to demonstrate a sequence of three 
balanced positions, while explaining 
their conceptual understanding using 
the terminology from the lessons as well 
as physical movements and gestures. 

Case Study #2: A series of lessons 
focused on the difference between linear 
and angular velocity. Linear velocity was 
taught in a typical classroom setting, and 
angular velocity was taught in the dance 
studio. Students began by exploring 
circular movements with one body part 
at a time, such as their heads, hands, 
hips or feet. Each student explored 
circular movement at their own speed 
and direction. 

The next activity required them to 
stand alongside each other, holding 
hands, and move around a bottle placed 
on the ground next to the person at 
the end of the line. Their movement 
as a row around the bottle at the 
center formed a circle of which they 
were the radius. To keep the angular 
velocity constant, the students had 
to negotiate their movements several 
times before reaching a consensus. 
To help the students understand the 
circular movement, the instructor 
also mimicked their movement using 
her arm, anchoring her elbow to the 
ground as a center and rotating her 
arm in a counter-clockwise direction. 
This movement represented the larger 
physical activity, and further developed 
the concept of angular velocity.

In their analysis of both the case studies, 
Zohar and colleagues found that 
students’ final projects demonstrated 
a deep understanding of the physics 
concepts taught. These understandings 
also reiterate what other embodied 
cognition scholars and educators have 
found in their work in linguistics (e.g., 
George Lakoff) or arts and humanities 
(e.g., Kerry Chappell), among others. 
Students enacted their conceptual 

Fig. 3. Relating linear and angular motion. Photo of dancers overlaid with equations 
comparing linear and angular motion.
Credits: Photo and illustration by Punya Mishra. License: CC-BY-NC. 
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understanding of balance and velocity 
by using gestures and physical 
representations of the movement 
activities involved in the lessons. Making 
use of a variety of forms, such as music, 
art, dance, and video, their projects 
reflected their embodied experiences of 
the pedagogical design. 

How can teachers use 
embodied design to 
support science learning?
Guide 1: Begin with Physical 
Experiences
Physical experiences have the potential 
to engage students and are, often, the 
hallmarks of good teaching practice. 
Through the embodied design lens, 
physical experiences can take on new 
significance. These experiences serve as 
a starting point for the development of 
sophisticated conceptual understanding. 

As Zohar and colleagues suggested, 
these bodily experiences “act as a 
resource enabling [learners] to relate 
complex (often abstract) ideas in 
physics to [their] everyday experiences”.1 
Additionally, physical interactions bring 
value to various ways of thinking and 
knowing, and can engage learners who 
may lack prior formalized knowledge. 
This important shift in the science 
classroom gives students access to 
concepts that might otherwise seem 
‘out there’.

One way teachers can put these ideas 
into practice is through the use of 
gestures. Studies have shown that when 
students gesture with their hands while 
they communicate, these movements 
help to form ideas for which they may 
not yet have language. As they learn, 
students seek to reconcile differences 
between their physical movements and 
oral expression. 

Teachers can help to shape students’ 
learning experiences through the use of 
their own gestures as well. For instance, 
Zohar and colleagues also found that 
students imitated the instructor’s gesture 
when asked to answer an oral question 

about the velocity lesson. Attending 
to gestures can be a first step toward 
embodied design that does not require 
major revisions to existing pedagogies.

How to Implement: Take some time 
in instructional planning to explore 
possible physical actions that can lead 
to conceptual understanding in science. 
You can start by analyzing your own 
physical movements and gestures as you 

explain the concepts. This also presents 
an opportunity to collaborate with 
your colleagues to observe each other’s 
movements while discussing lesson 
plans, thus supporting collaborative 
preparation and reflection. While 
planning, consider the concepts that 
students can enact through movement. 
For e.g., imagine ways students might 
position their arms to simulate aircraft 
wings when studying flight mechanics. 

Fig. 5. Take some time in instructional planning to explore possible physical actions that 
can lead to science conceptual understanding.
Credits: Gesture drawings by Punya Mishra. License: CC-BY-NC.

Fig. 4. Understanding Newton’s Laws through physical activity. Silhouette of children playing 
tug-of-war superimposed on text of Newton’s notes on the Laws of Motion.
Credits: Newton’s notes from Cambridge University Library License (http://cudl.lib.cam.ac.uk/view/
MS-ADD-03958/157 shared as CC-BY-NC. Image design by Punya Mishra. License: CC-BY-NC. 

In classroom lessons, take advantage of 
students’ natural movements to explore 
the dynamics of ecosystems. When 
introducing abstract or counter-intuitive 
ideas or concepts, be prepared to invite 
students to explore and move in new 
ways through scaffolded support. 

Guide 2: Engage Learners in 
Reflection
A key component of embodied design 
for learning is to “guide learners 
from immersive action to structured 
reflection”.2 Reflective conversations 
can help students use language to 
explain their movements and, in the 
process, make sense of associated 
concepts. Through classroom dialogue, 
teachers can anchor new learning in 
students’ lived experiences as well as 
encourage the development of meaning 
and collective understanding. Creative 
reflective tools such as journals, video 
blogs, and interviews can also bring 
value and empathy to classroom 
interactions.

How to Implement: Provide 
opportunities for students to engage 
in reflective conversations about their 
physical experiences. Ask yourself: 
how did the experience challenge 
their assumptions and prior thinking? 
How did physical movement disrupt 
their existing patterns of thinking 
about scientific concepts? What 
new ideas or questions do they have 
now? Teachers develop a humanizing 
learning environment when classroom 
conversations focus on highlighting 
students’ strategies and insights.

Guide 3: Encourage Multimodal 
Student Projects
Drawing on the strengths of project-
based learning, multimodal projects 
provide students with opportunities 
to draw on a variety of resources 
to develop understanding and 
communicate meaning. Collaborative 
student projects move beyond written 
word responses and can take the form 
of art, video, dance, oral presentation, 
or short film.3 These projects give 
students the opportunity for increased 
participation, and allow for the inclusion 
of bodily movement in creating and 
sharing meaning. Projects that leverage 
more tools — such as brain, body, and 
environment — have the added benefit 
of enhancing creativity and expression.

How to Implement: Give students 
opportunities to 
incorporate social, 
cultural, and 
personal elements 
into science 
projects. While 
poster boards and 
three–dimensional 
models are well-
suited to scientific 
displays, physical 
movement is less 
common. Consistent 
with embodied 
design, teachers 
might encourage a 
movement routine 
to demonstrate 
how organisms 
interact within 

their environment. Students could 
be encouraged to use their hands to 
illustrate the push and pull of magnetic 
forces, how electricity travels along a 
circuit, or ideas related to the transfer 
of energy.

Conclusion 
Embodied design for learning presents 
several unique challenges to the 
ways we conceptualize thinking and 
learning. For science teachers, embodied 
design highlights the role of physical 
movement in how our students interact 
with important scientific ideas and 
processes. Embodied design presents 
opportunities for us to rethink our 
science teaching practices. In many 
ways, it offers us a pedagogy that 
recasts learning as a more complete, 
complex and human activity.

Fig. 7. Collaborative student projects move beyond written word 
responses and can take the form of art, video, dance, oral 
presentation, or short film.
Credits: Illustration by Punya Mishra. License: CC-BY-NC.

Fig. 6. Provide 
opportunities for 
students to engage in 
reflective 
conversation about 
their physical 
experiences.
Credits: Illustration by 
Punya Mishra. License: 
CC-BY-NC.
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understanding of balance and velocity 
by using gestures and physical 
representations of the movement 
activities involved in the lessons. Making 
use of a variety of forms, such as music, 
art, dance, and video, their projects 
reflected their embodied experiences of 
the pedagogical design. 

How can teachers use 
embodied design to 
support science learning?
Guide 1: Begin with Physical 
Experiences
Physical experiences have the potential 
to engage students and are, often, the 
hallmarks of good teaching practice. 
Through the embodied design lens, 
physical experiences can take on new 
significance. These experiences serve as 
a starting point for the development of 
sophisticated conceptual understanding. 

As Zohar and colleagues suggested, 
these bodily experiences “act as a 
resource enabling [learners] to relate 
complex (often abstract) ideas in 
physics to [their] everyday experiences”.1 
Additionally, physical interactions bring 
value to various ways of thinking and 
knowing, and can engage learners who 
may lack prior formalized knowledge. 
This important shift in the science 
classroom gives students access to 
concepts that might otherwise seem 
‘out there’.

One way teachers can put these ideas 
into practice is through the use of 
gestures. Studies have shown that when 
students gesture with their hands while 
they communicate, these movements 
help to form ideas for which they may 
not yet have language. As they learn, 
students seek to reconcile differences 
between their physical movements and 
oral expression. 

Teachers can help to shape students’ 
learning experiences through the use of 
their own gestures as well. For instance, 
Zohar and colleagues also found that 
students imitated the instructor’s gesture 
when asked to answer an oral question 

about the velocity lesson. Attending 
to gestures can be a first step toward 
embodied design that does not require 
major revisions to existing pedagogies.

How to Implement: Take some time 
in instructional planning to explore 
possible physical actions that can lead 
to conceptual understanding in science. 
You can start by analyzing your own 
physical movements and gestures as you 

explain the concepts. This also presents 
an opportunity to collaborate with 
your colleagues to observe each other’s 
movements while discussing lesson 
plans, thus supporting collaborative 
preparation and reflection. While 
planning, consider the concepts that 
students can enact through movement. 
For e.g., imagine ways students might 
position their arms to simulate aircraft 
wings when studying flight mechanics. 

Fig. 5. Take some time in instructional planning to explore possible physical actions that 
can lead to science conceptual understanding.
Credits: Gesture drawings by Punya Mishra. License: CC-BY-NC.

Fig. 4. Understanding Newton’s Laws through physical activity. Silhouette of children playing 
tug-of-war superimposed on text of Newton’s notes on the Laws of Motion.
Credits: Newton’s notes from Cambridge University Library License (http://cudl.lib.cam.ac.uk/view/
MS-ADD-03958/157 shared as CC-BY-NC. Image design by Punya Mishra. License: CC-BY-NC. 

In classroom lessons, take advantage of 
students’ natural movements to explore 
the dynamics of ecosystems. When 
introducing abstract or counter-intuitive 
ideas or concepts, be prepared to invite 
students to explore and move in new 
ways through scaffolded support. 

Guide 2: Engage Learners in 
Reflection
A key component of embodied design 
for learning is to “guide learners 
from immersive action to structured 
reflection”.2 Reflective conversations 
can help students use language to 
explain their movements and, in the 
process, make sense of associated 
concepts. Through classroom dialogue, 
teachers can anchor new learning in 
students’ lived experiences as well as 
encourage the development of meaning 
and collective understanding. Creative 
reflective tools such as journals, video 
blogs, and interviews can also bring 
value and empathy to classroom 
interactions.

How to Implement: Provide 
opportunities for students to engage 
in reflective conversations about their 
physical experiences. Ask yourself: 
how did the experience challenge 
their assumptions and prior thinking? 
How did physical movement disrupt 
their existing patterns of thinking 
about scientific concepts? What 
new ideas or questions do they have 
now? Teachers develop a humanizing 
learning environment when classroom 
conversations focus on highlighting 
students’ strategies and insights.

Guide 3: Encourage Multimodal 
Student Projects
Drawing on the strengths of project-
based learning, multimodal projects 
provide students with opportunities 
to draw on a variety of resources 
to develop understanding and 
communicate meaning. Collaborative 
student projects move beyond written 
word responses and can take the form 
of art, video, dance, oral presentation, 
or short film.3 These projects give 
students the opportunity for increased 
participation, and allow for the inclusion 
of bodily movement in creating and 
sharing meaning. Projects that leverage 
more tools — such as brain, body, and 
environment — have the added benefit 
of enhancing creativity and expression.

How to Implement: Give students 
opportunities to 
incorporate social, 
cultural, and 
personal elements 
into science 
projects. While 
poster boards and 
three–dimensional 
models are well-
suited to scientific 
displays, physical 
movement is less 
common. Consistent 
with embodied 
design, teachers 
might encourage a 
movement routine 
to demonstrate 
how organisms 
interact within 

their environment. Students could 
be encouraged to use their hands to 
illustrate the push and pull of magnetic 
forces, how electricity travels along a 
circuit, or ideas related to the transfer 
of energy.

Conclusion 
Embodied design for learning presents 
several unique challenges to the 
ways we conceptualize thinking and 
learning. For science teachers, embodied 
design highlights the role of physical 
movement in how our students interact 
with important scientific ideas and 
processes. Embodied design presents 
opportunities for us to rethink our 
science teaching practices. In many 
ways, it offers us a pedagogy that 
recasts learning as a more complete, 
complex and human activity.
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• It is common to combine language and gestures to communicate meaningfully.

• Embodied design for learning incorporates physical aspects such as dance, music, art for better 
understanding of scientific concepts. 

• For e.g., dance movements could be used to learn physics concepts of area of support and centre 
of mass.

• Students imitate gestures used by their teacher to explain concepts, so teachers can pay 
attention to their own movements and modify them as necessary.

• Discussion and reflection can help students relate language to their physical movements.

• Multi-modal projects encourage students to use their bodies, mind and the environment.

Key takeaways

On an early April morning, the higher 
slopes of mountains in Kumaon are 
hidden under a layer of frost. The 

only ones to dare the precipitous slopes 
are nomadic pastoralists and their nimble-
footed animals. It is to them that the 
mountains reveal the heavy scarlet blooms 
of burans (see Fig. 1). The emergence of 
these flowers marks the onset of spring, 
and colors the slopes and paths. The bloom 
attracts birds and bees (for pollination 
in return for some sweet nectar) and 
people (the flowers are used locally to 
make a sherbet). But all is not well with 
these Himalayan trees. The mountains are 
not unaffected by the climatic changes 
that are taking place in the surrounding 
world, and burans are beginning to flower 
as early as January.1 The change in the 
flowering rhythm of this iconic tree is 

likely to send ripples through the mesh 
of complex interactions that exist among 
the many plants, animals, and people who 
inhabit these mountains.

Trees are intimately linked 
to the environment 
Trees flower at a time when they have a 
good chance of being pollinated, produce 
fruits at a time when their seeds have 
a good chance of being dispersed, and 
germinate at a time when there are 
plentiful resources to do so. In some tree 
species, this behaviour is seasonal — with a 
clear flowering and fruiting cycle.2 For  
e.g., the semal tree (Bombax ceiba) flowers 
in winter, after most of its leaves have 
fallen (see Fig. 2). Its bright red flowers are 
very attractive to birds that hang around 

TREES AND SEASONS
 IN A CHANGING WORLD SWATI SIDHU

Trees live close to us 
— in our backyards, 
gardens, fields, and 
road-sides. Their 
lives are intimately 
connected to the 
environment they grow 
in, an environment we 
know is changing.  
How are trees coping 
with the changing 
climate and weather 
patterns?

LIFE IN YOUR BACKYARD
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Fig. 1. The bright red flowers of Rhododendron.
Credits: Swati Sidhu, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Rhododendron_
flowers_Uttarakhand.jpg. License: CC-BY-SA. 

Fig. 2. A Bombax ceiba tree in full bloom. The large showy flowers attract several birds such 
as mynas, drongos, parakeets.
Credits: Dr. Raju Kasambe, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Bombax_
ceiba_Silk_Cotton_by_Dr._Raju_Kasambe_IMG_0073_(2).jpg. License: CC-BY-SA. 

sipping nectar and pollinating them.3 Its 
fruit burst open to release seeds during 
the dry windy months of March and 
April, when they are dispersed far and 
wide. Tree species that are not seasonal 
in their flowering or fruiting behaviour, 
produce a few flowers at a time, but 
continue doing so for many months at 
a stretch.2 For e.g., some fig trees can be 
seen to flower and fruit at any given time 
in a year.

Both these strategies offer distinct 
advantages. Species that flower 
and fruit during brief periods, do 
so generously, attracting a horde of 
pollinators and dispersers to this bounty. 
They also manage to limit the damage 
caused to their leaves and flowers, by 
animals that come to feed on them, 
to specific time intervals in a year. 
In contrast, trees that do not have a 
distinct flowering season keep their 
pollinators busy throughout the year, 
increasing their chances of reproduction. 

Since all these stages are linked in the 
life-cycle of trees, success at any one stage 
determines the success of subsequent 
stages. Thus, an intimate relationship exists 
between trees, their environment, and the 
animals around them.

Seasonality in Indian 
trees
In India, we broadly experience four 
seasons — winter (December to March), 
summer (April to June/July), monsoon 
(June/July to September), and post-

monsoon (October to November). 
Depending on where we live, we may 
experience a longer summer (north-
western India), an earlier monsoon 
(southern and north-eastern India), or 

a colder winter (northern and central 
India). In the peninsula and the north-
eastern region, we may also experience 
up to two distinct rainy seasons or 
monsoons (see Box 1). So, based on 

which part of the country we are in, 
we can divide a year into a number 
of seasons that make sense in that 
context, nevertheless, monsoons will be 
at the heart of such an activity. 

Monsoons are expected to be strong 
drivers of climatic patterns in the 
country as well as seasonality in 
leafing and flowering among trees. For 
e.g., seasonal drought and moisture 
conditions, created due to the monsoons, 
impact leaf-shed and leaf-flush cycles. 
These, in turn, have been shown to be 
linked to flowering and fruiting in trees.4 

Observations of some common 
trees in India show that they have 
very different seasonality patterns. 
The Indian almond tree (Terminalia 
catappa) sheds its leaves during 
winter. Remarkably, the old leaves are 
replaced by fresh green leaves within 
a matter of days (see Fig. 3). On the 
other hand, Kulu (Sterculia urens), 
a tree that does well in dry places, 
remains leafless for more than half 
the year (see Fig. 4). Trees also flower 
at different times in a year. Some tree 
species flower during winter, using the 
dipping temperatures or decreasing day 
length as flowering cues. Some flower 
at the end of winter, as the days get 
longer and temperatures rise. Others 
flower during the rains, using water 
availability as a flowering signal or cue. 
For e.g., the Himalayan cherry (Prunus 
cerasoides) flowers at the beginning of 

Fig. 3. A Terminalia catappa tree in a north Bengaluru neighbourhood: in January (a), and two weeks later in February (b). Within a matter 
of days the old red leaves fall, and get replaced by fresh green leaves.
Credits: Swati Sidhu. License: CC-BY-NC.

(b)(a)

Box 1. Indian monsoons:
Caused by temperature differences between land and oceans, monsoons are a very 
important weather phenomenon, restricting water availability across the subcontinent 
to certain months in a year. Trees in different regions and habitats prepare for this 
seasonality and availability of rainfall in different ways.

The south-west monsoons (June to September) build up because the land surface is 
warmer than the ocean surface in summers. This creates an area of low pressure over 
land that pulls cool, moisture-laden air from the oceans to it. As the air from the oceans 
travels over land, it warms up, rises in altitude, and cools. As it cools, its capacity to hold 
moisture reduces, causing rain over much of India. 

The north-east monsoons (December to March) arise because the land surface, in the 
northern part of the Indian subcontinent, is cooler than the ocean surface in winters. This 
creates an area of higher air pressure over land, causing wind to travel from it towards the 
ocean. These winds, traveling towards the Indian Ocean, pick up moisture from the Bay of 
Bengal and cause rain over peninsular India.
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Fig. 1. The bright red flowers of Rhododendron.
Credits: Swati Sidhu, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Rhododendron_
flowers_Uttarakhand.jpg. License: CC-BY-SA. 

Fig. 2. A Bombax ceiba tree in full bloom. The large showy flowers attract several birds such 
as mynas, drongos, parakeets.
Credits: Dr. Raju Kasambe, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Bombax_
ceiba_Silk_Cotton_by_Dr._Raju_Kasambe_IMG_0073_(2).jpg. License: CC-BY-SA. 
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conditions, created due to the monsoons, 
impact leaf-shed and leaf-flush cycles. 
These, in turn, have been shown to be 
linked to flowering and fruiting in trees.4 

Observations of some common 
trees in India show that they have 
very different seasonality patterns. 
The Indian almond tree (Terminalia 
catappa) sheds its leaves during 
winter. Remarkably, the old leaves are 
replaced by fresh green leaves within 
a matter of days (see Fig. 3). On the 
other hand, Kulu (Sterculia urens), 
a tree that does well in dry places, 
remains leafless for more than half 
the year (see Fig. 4). Trees also flower 
at different times in a year. Some tree 
species flower during winter, using the 
dipping temperatures or decreasing day 
length as flowering cues. Some flower 
at the end of winter, as the days get 
longer and temperatures rise. Others 
flower during the rains, using water 
availability as a flowering signal or cue. 
For e.g., the Himalayan cherry (Prunus 
cerasoides) flowers at the beginning of 

Fig. 3. A Terminalia catappa tree in a north Bengaluru neighbourhood: in January (a), and two weeks later in February (b). Within a matter 
of days the old red leaves fall, and get replaced by fresh green leaves.
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Box 1. Indian monsoons:
Caused by temperature differences between land and oceans, monsoons are a very 
important weather phenomenon, restricting water availability across the subcontinent 
to certain months in a year. Trees in different regions and habitats prepare for this 
seasonality and availability of rainfall in different ways.

The south-west monsoons (June to September) build up because the land surface is 
warmer than the ocean surface in summers. This creates an area of low pressure over 
land that pulls cool, moisture-laden air from the oceans to it. As the air from the oceans 
travels over land, it warms up, rises in altitude, and cools. As it cools, its capacity to hold 
moisture reduces, causing rain over much of India. 

The north-east monsoons (December to March) arise because the land surface, in the 
northern part of the Indian subcontinent, is cooler than the ocean surface in winters. This 
creates an area of higher air pressure over land, causing wind to travel from it towards the 
ocean. These winds, traveling towards the Indian Ocean, pick up moisture from the Bay of 
Bengal and cause rain over peninsular India.
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to grow new leaves in a dry season, 
trees may do this to get a head start. 
Even in trees where the process of leaf 
production starts at the beginning of 
summer, leaf buds have been observed 
to develop and expand rapidly when the 
rains arrive. Thus, while leaf budding is 
largely due to changes in day length and 
temperature, the growth and survival 
of leaves, flowers, and fruits are largely 
affected by changes in rainfall. 

Changing tree rhythms
Today, we frequently hear of extreme 
weather events — occurring as 
extremely high or low temperatures, as 
well as unexpected droughts or floods 
caused by too little or too much rain. 
These climatic changes are affecting 
trees world-wide and in many ways — 
one such impact is on their flowering 
patterns.6 For e.g., data collected 
through citizen–science efforts in 
Kerala shows that Indian laburnum 
(Cassia fistula), which is known to 
flower seasonally around Vishu (the 
Malayali new year), is now flowering 
all-round the year with irregularities 
in peak flowering times.7 Similarly, the 
Himalayan rhododendron (Rhodendron 

arboreum) and Flame of the forest 
(Butea monosperma), which are known 
to flower during March-April, are now 
flowering as early as January. 

Not only do changes in the 
environment affect plant life directly, 
they also trickle down the network 
of relationships that bind them. The 
animals that tree species depend on 
for pollination and seed dispersal also 
show seasonal rhythms — needing 
specific food resources at certain times 
in a year, especially when they are 
breeding or nesting. For e.g., hornbills, 
large fruit-eating birds, nest inside tree 
cavities. While the female seals herself 
inside the nest to raise her young, the 
male brings nutritious fruits to feed 
the mother and the young ones during 
the nesting period. For the hornbill 
chicks to hatch and fledge successfully, 
the nesting period in hornbills needs to 
match the production and availability 
of fruits in the forest. Thus, any 
change in tree flowering or fruiting 
patterns is also likely to have an 
immediate effect on the survival and 
growth of these chicks. 

Knowing changes in our 
environment
One way to understand changes in our 
immediate environment is by observing 
tree rhythms. This is not new — people 
from different parts of the world have 
been observing flowering and leafing 
in trees, and keeping records of these 
events. For e.g., records of flowering in 
cherry trees from Kyoto, Japan, date 
back 1200 years. These records reflect 
the cultural significance of these 
beautiful and ephemeral blossoms, 
as hanami — the practice of viewing 
and sitting under the blossoms — is 
deeply embedded in Japanese society 
(see Fig. 8). Scientists have compiled 
the flowering records of these cherry 
blossoms over centuries to show that 
this species is now flowering earlier 
than it used to, and that this change 
corresponds with a rise in springtime 
temperatures.8

Documenting long-term observations of 
this kind is vital to our understanding of 
the changes taking place in our world. 
Given the scale of work required for the 
observation and documentation of every 
known tree species, such efforts need 
the support of members of the public. 
This has led to many large-scale  
citizen science efforts, like the USA 
National Phenology Network and 

Credits: J.M. Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/
wiki/File:Sterculia_urens_W_IMG_1914.jpg. License: CC-BY-SA.

Fig. 4. Sterculia urens undergoes long leaf-less (a) and short leafy (b) phases. This tree grows in drought-prone places and survives by 
remaining leaf-less for several months in a year.

Credits: Pushar04, Wikimedia Commons. URL: https://commons.wikimedia.org/
wiki/File:Sterculia_urens_raigad_maharashtra_2.jpg. License: CC-BY-SA.

(b)(a)

Fig. 6. Amaltas (Cassia fistula) in full bloom at the beginning of summer.
Credits: Swati Sidhu, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Cassia_fistula_
Meghalaya.jpg. License: CC-BY-SA.

Fig. 5. Himalayan cherry (Prunus cerasoides) in full bloom at the beginning of winter in 
Meghalaya.
Credits: Swati Sidhu, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Cherry_tree_
Meghalaya.jpg. License: CC-BY-SA.

Fig. 7. Babool (Acacia nilotica) begins to flower with the first showers of rain.
Credits: J.M Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Babool_(Acacia_
nilotica)_flowers_at_Hodal_W_IMG_1248.jpg. License: CC-BY-SA.

winter (see Fig. 5), the Indian laburnum 
(Cassia fistula) flowers in summer (see 
Fig. 6), and Babool (Acacia nilotica) 
flowers with the first shower of rains 
(see Fig. 7).

Interestingly, a study of flowering 
periods of over 100 tree species across 
both the drier and wetter parts of India 
showed that a majority (56%) flowered 
between March and June, as the 
temperature and day length increase.5 
This study also used leaf-flush and leaf-
fall patterns in dry tropical trees to show 
that new leaves start appearing in the 
drier part of the year, about a month 
or two before the monsoons arrive. 
While it may seem counter-intuitive 
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the mother and the young ones during 
the nesting period. For the hornbill 
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the nesting period in hornbills needs to 
match the production and availability 
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patterns is also likely to have an 
immediate effect on the survival and 
growth of these chicks. 
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environment
One way to understand changes in our 
immediate environment is by observing 
tree rhythms. This is not new — people 
from different parts of the world have 
been observing flowering and leafing 
in trees, and keeping records of these 
events. For e.g., records of flowering in 
cherry trees from Kyoto, Japan, date 
back 1200 years. These records reflect 
the cultural significance of these 
beautiful and ephemeral blossoms, 
as hanami — the practice of viewing 
and sitting under the blossoms — is 
deeply embedded in Japanese society 
(see Fig. 8). Scientists have compiled 
the flowering records of these cherry 
blossoms over centuries to show that 
this species is now flowering earlier 
than it used to, and that this change 
corresponds with a rise in springtime 
temperatures.8

Documenting long-term observations of 
this kind is vital to our understanding of 
the changes taking place in our world. 
Given the scale of work required for the 
observation and documentation of every 
known tree species, such efforts need 
the support of members of the public. 
This has led to many large-scale  
citizen science efforts, like the USA 
National Phenology Network and 

Credits: J.M. Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/
wiki/File:Sterculia_urens_W_IMG_1914.jpg. License: CC-BY-SA.

Fig. 4. Sterculia urens undergoes long leaf-less (a) and short leafy (b) phases. This tree grows in drought-prone places and survives by 
remaining leaf-less for several months in a year.

Credits: Pushar04, Wikimedia Commons. URL: https://commons.wikimedia.org/
wiki/File:Sterculia_urens_raigad_maharashtra_2.jpg. License: CC-BY-SA.

(b)(a)

Fig. 6. Amaltas (Cassia fistula) in full bloom at the beginning of summer.
Credits: Swati Sidhu, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Cassia_fistula_
Meghalaya.jpg. License: CC-BY-SA.

Fig. 5. Himalayan cherry (Prunus cerasoides) in full bloom at the beginning of winter in 
Meghalaya.
Credits: Swati Sidhu, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Cherry_tree_
Meghalaya.jpg. License: CC-BY-SA.

Fig. 7. Babool (Acacia nilotica) begins to flower with the first showers of rain.
Credits: J.M Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Babool_(Acacia_
nilotica)_flowers_at_Hodal_W_IMG_1248.jpg. License: CC-BY-SA.

winter (see Fig. 5), the Indian laburnum 
(Cassia fistula) flowers in summer (see 
Fig. 6), and Babool (Acacia nilotica) 
flowers with the first shower of rains 
(see Fig. 7).

Interestingly, a study of flowering 
periods of over 100 tree species across 
both the drier and wetter parts of India 
showed that a majority (56%) flowered 
between March and June, as the 
temperature and day length increase.5 
This study also used leaf-flush and leaf-
fall patterns in dry tropical trees to show 
that new leaves start appearing in the 
drier part of the year, about a month 
or two before the monsoons arrive. 
While it may seem counter-intuitive 
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The European Phenology Network, 
which encourage interested members 
of the public to observe and record 
phenological events of trees species 

in their vicinity. SeasonWatch (www.
seasonwatch.in) is a similar project in 
India, where participants, especially 
children, adopt and watch trees in their 

neighbourhoods and/or school campuses 
and record flowering, fruiting, and 
leafing patterns of the adopted trees. 
Participating in these efforts offers each 
one of us the opportunity to partner in 
developing a common understanding 
of climate change, and being better 
prepared to engage with decisions that 
affect the health of our planet.

Fig. 8. People enjoying the sight of cherry blossom trees flowering in Tokyo.
Credits: Tyoron2, Wikimedia Commons. URL: https://en.wikipedia.org/wiki/File:Chidorigafuchi_sakura.JPG. 
License: CC-BY. 

• Trees flower when they have a good chance of being pollinated, fruit when their seeds have a 
good chance of being dispersed, and germinate when there are plentiful resources to do so.

• Since flowering, fruiting, and germination are linked in the life-cycle of trees, success in one 
stage determines the success of subsequent stages. 

• The seasonality of trees is also influenced by the environment. While leaf budding may be linked 
to changes in day length and temperature, the growth and survival of leaves, flowers, and fruits 
are largely affected by changes in rainfall.

• Extreme weather events, which characterise anthropogenic climate change, disturb the flowering 
and fruiting patterns of trees. 

• The impacts of these disturbances in tree rhythms trickle down a network of ecological 
relationships by affecting the various animals (e.g., insects, birds and humans) that depend on 
flowers and fruits at specific times of the year to survive and thrive. 

• Documenting changes in tree patterns is crucial in developing a common understanding of 
climate change, but this task requires massive manpower. 

• Many citizen science efforts (like SeasonWatch) offer us the opportunity to partner in efforts 
aimed at being better prepared to engage with decisions that affect the health of the planet.

Key takeaways
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Box 1. Trigonometric parallax:
Stretch out your hand, fist closed, with your thumb pointing upwards. Try looking at your thumb first through your left eye, and 
then through your right eye. Against the backdrop of more distant objects, the position of your thumb will appear to shift. This shift, 
referred to as trigonometric parallax, happens because you are looking at your thumb from two slightly different viewing angles.

Left eye view Right eye view

When you repeat this with another object, like a ball instead of your thumb, held at some distance from you, you may still see some 
shift. But the shift will be much less than what you see for your thumb. In fact, if the ball is held sufficiently far away from you, you 
may not notice any shift at all. Thus, the extent of shift in position seems to be telling us, in relative terms, how far or close an object 
is to us.

If we could measure angle ‘p’, then we could determine how far away the pencil is from us by using the trigonometric identity for a 
right-angled triangle:

=  tan 0
Distance of the ball from us

Half the distance between the eyes

How do we use this for measuring the distance to a star? Since stars are very far away from us, we may not be able to detect a shift 
in their position in the sky merely by viewing them through our naked eyes. Instead, we need a much broader binocular vision. That 
vision is provided by the earth’s orbit around the sun. If you pick any two days in a year that are six months apart — the earth will 
be at opposite points in its orbit around the sun.

p
Sun

Earth’s position in June

Parallax angle

Earth’s orbit

‘Nearby’ star

Distant ‘�xed’ stars

Earth’s position in December

Much of our knowledge of 
astronomy is based on our ability 
to measure distances in space. 

Knowing astronomical distances helps 
us understand, among other things, how 
stars, star clusters, nebulae, galaxies are 
distributed in space; or, how bright they 
truly are as opposed to how bright they 
appear to us. However, given the scale of 
this task, estimating distances to objects 
in outer space is not a trivial task. 

Over time, astronomers have come up 
with some really interesting ways to pin 
down distances to stars in our own as well 
as other galaxies. These include:

1. Trigonometric parallax: this technique 
is useful in estimating distances to 

stars within a few 100 light-years from 
us (see Box 1).

2. Observations of variable stars: this 
technique is useful in estimating 
distances to variable stars, or star 
clusters with variable stars, in our own 
as well as neighbouring galaxies (see 
Box 2).

3. Observations of standard candles in 
the dark: this technique is useful in 
estimating distances to galaxies in 
which supernova explosions (standard 
candles) are underway (see Box 3).

4. Estimation of the velocity with which 
galaxies are receding from us: this 
technique is useful in estimating 
distances of galaxies that are >100 
million light-years away (see Box 4).

ANAND NARAYANAN

 DISTANCES 
IN ASTRONOMY

How do we know the 
distance of the sun 
from the earth? Or 
that of the nearest 
galaxy to our own? 
This article introduces 
four methods that 
astronomers use to 
measure distances in 
space.
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The luminosity of a star (how bright it actually is) is related to its observed brightness (how bright it appears to us in the sky) by 
way of this simple expression:

=  

4 x π x (distance to the star, the quantity to be estimated)2

The true brightness of the star as estimated
from its time period of brightness variabilityHow bright the

star appears in the sky
(directly observable)

If the variable star belongs to a star cluster, then by determining our distance to it, we also end up establishing our distance to the 
cluster. Similarly, if a variable star is identified in another galaxy, we can estimate the distance to not just the star, but the galaxy in 
which the star resides. For e.g., three images of a variable star in the outskirts of the spiral galaxy M100 taken by the Hubble Space 
Telescope at time intervals of a few weeks shows it slowly growing in brightness. Based on observations of this and other variable 
stars in the galaxy, astronomers have estimated that M100 is at a distance of 56 million light-years from us.

Credits: © Dr. Wendy L. Freedman, Observatories of the Carnegie Institution of Washington, and NASA/ESA. URL: https://hubblesite.org/image/222/
news/37-spiral-galaxies.

Box 2. Observations of variable stars:
Stars known to vary in brightness — brightening and dimming in a periodic manner — are called variable stars. The periodicity of 
these variations is related to the average brightness of these stars. Stars which show a slow change in in their brightness (or, stars 
with a long time period of variability) tend to be intrinsically brighter than stars that show rapid variations in brightness. 

The true brightness (known as luminosity) of stars (in units relative to the sun’s luminosity) is positively correlated with the 
observed time period for brightness variation (in units of earth days). This trend means that if we find out the time period of 
variation in the brightness of a variable star through observations, we can estimate the star’s luminosity.

Thus, if you were to take photos of the night sky during June and December, the position of star A will appear to have shifted 
compared to other stars in the same field of view.

A

June

A

December

This shift is also due to parallax. Thus, the distance to the star A can be calculated by estimating the value of angle ‘p’ through 
some basic principles of spherical trigonometry:

=  
Distance to the star

Distance between earth & sun
tan (p)

In principle, all stars exhibit some parallax shift. However, the shift for ones that are very far away is too tiny for our telescopes 
to provide reliable measurements. Only stars that are relatively near (within a few 100 light-years of distance from) us, show an 
observable parallax shift.
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Credits: © NASA/ESA, The Hubble Key Project Team and The High-Z Supernova Search Team.

Similarly, an extremely bright Type I supernova could be seen from earth, through the thick shroud of gas and dust that obscured 
individual stars, in the galaxy M82 in 2014. Astronomers used this sighting to measure the distance to M82 accurately.

Credits: © ASA, ESA, A. Goobar (Stockholm University), and the Hubble Heritage Team (STScI/AURA).

So, how do these supernovae aid in distance estimation? Since every Type Ia supernova shines with the same brightness, a 
supernova in a nearby galaxy will appear fairly bright compared to one in a galaxy that is farther away. Thus, the distance to the 
supernova can be calculated using this relationship:

Box 3. Observations of standard candles in the dark:
A supernova is the explosion that marks the death of a star. One type of supernovae, called Type Ia supernovae, results from the 
explosion of a white dwarf when it exceeds a certain mass limit. This mass limit, called the Chandrasekhar limit, is an exact value. In 
other words, every Type Ia supernova will be the result of the explosion of a star of the same mass. 

Since a star’s mass is what gets converted to energy, every Type Ia supernova explosion tends to shine with the same brightness or 
have the same luminosity. These explosions are so energetic that they continue to outshine the light from all the stars in the galaxy in 
which the exploding star resides till a few days after the event. It is because of their luminosity that our telescopes can detect these 
explosions even at distances that are so far from us that it is often difficult for us to detect any galaxies there. 

For e.g., based on the constant peak brightness of a Type I supernova in the outskirts of the spiral galaxy NGC 4526, seen from  
earth in the year 1994, astronomers have accurately estimated that NGC 4526 is 50 million light-years away from us.

Similarly, images of the star V1 in the Andromeda Galaxy (also called M31, and the nearest big galaxy to the Milky Way) taken 
several days apart show it growing in brightness. This indicates that it is a variable star that can be used to determine the distance 
to this galaxy.

Credits: NASA, ESA and the Hubble Heritage Team (STScI/AURA), and R. Gendler. URL: https://hubblesite.org/image/2847/news/37-spiral-galaxies.

This technique is limited to the local universe since it is not possible to discern individual stars in galaxies that are beyond a 
distance of a few tens of million light-years from us (considered “nearby” in astronomy).
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Credits: © NASA/ESA, The Hubble Key Project Team and The High-Z Supernova Search Team.

Similarly, an extremely bright Type I supernova could be seen from earth, through the thick shroud of gas and dust that obscured 
individual stars, in the galaxy M82 in 2014. Astronomers used this sighting to measure the distance to M82 accurately.

Credits: © ASA, ESA, A. Goobar (Stockholm University), and the Hubble Heritage Team (STScI/AURA).

So, how do these supernovae aid in distance estimation? Since every Type Ia supernova shines with the same brightness, a 
supernova in a nearby galaxy will appear fairly bright compared to one in a galaxy that is farther away. Thus, the distance to the 
supernova can be calculated using this relationship:

Box 3. Observations of standard candles in the dark:
A supernova is the explosion that marks the death of a star. One type of supernovae, called Type Ia supernovae, results from the 
explosion of a white dwarf when it exceeds a certain mass limit. This mass limit, called the Chandrasekhar limit, is an exact value. In 
other words, every Type Ia supernova will be the result of the explosion of a star of the same mass. 

Since a star’s mass is what gets converted to energy, every Type Ia supernova explosion tends to shine with the same brightness or 
have the same luminosity. These explosions are so energetic that they continue to outshine the light from all the stars in the galaxy in 
which the exploding star resides till a few days after the event. It is because of their luminosity that our telescopes can detect these 
explosions even at distances that are so far from us that it is often difficult for us to detect any galaxies there. 

For e.g., based on the constant peak brightness of a Type I supernova in the outskirts of the spiral galaxy NGC 4526, seen from  
earth in the year 1994, astronomers have accurately estimated that NGC 4526 is 50 million light-years away from us.

Similarly, images of the star V1 in the Andromeda Galaxy (also called M31, and the nearest big galaxy to the Milky Way) taken 
several days apart show it growing in brightness. This indicates that it is a variable star that can be used to determine the distance 
to this galaxy.

Credits: NASA, ESA and the Hubble Heritage Team (STScI/AURA), and R. Gendler. URL: https://hubblesite.org/image/2847/news/37-spiral-galaxies.

This technique is limited to the local universe since it is not possible to discern individual stars in galaxies that are beyond a 
distance of a few tens of million light-years from us (considered “nearby” in astronomy).
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A simplified version of the cosmic distance ladder.
Credits: Adapted from an image owned by Pearson Education, Inc., publishing as Pearson Addison-Wesley. 
License: CC-BY-NC. 

To conclude 
The universe is vast and every technique 
to measure distances to objects in space 
is suited to an optimal range. Some 
techniques work well for the estimation 
of distances to objects that are very close 
to us, while others work best for objects 
that are far away. This range is captured 
in a sequence that astronomers often 
refer to as the cosmic distance ladder.

Techniques to estimate distances in 
space may help answer some of our 
most foundational questions about 
the universe. For e.g., we estimate the 
current age of the universe to be around 
13.8 billion years. How do we know if 
this is true? Can we see the universe 
in its early stages? We can, at present, 
measure distances to galaxies that are 
>100 million light-years away from 
us. This means that we can see these 
galaxies as they were more than 100 
million years ago. Will we one day be 
able to see even further back into our 
past than that? Only time will tell.

Anand Narayanan teaches astrophysics at the Indian Institute of Space Science and Technology (IIST), 
Thiruvananthapuram. His research is on understanding how baryonic matter is distributed outside of galaxies at large 
scales. He regularly contributes to astronomy–related educational and public outreach activities. Every so often he likes 
to travel, exploring the cultural history of South India.

• Much of our knowledge of astronomy is based on our ability to measure distances in space.

• Distances in space can be measured from the earth in multiple ways:

- Using images of the same star, taken six months apart to estimate parallax shift.

- Measuring how long it takes for the brightness of a variable star to change to determine the 
star's luminosity and, thereby, its distance from us.

- Measuring the brightness of Type Ia supernovae – the greater their brightness, the closer the 
star, and vice versa.

- By determining the velocity with which a galaxy moves away from our own through a shift in 
its spectrum.

• Determining distances in astronomy can help us understand how stars, star clusters, nebulae, 
galaxies are distributed in space; how bright they truly are as opposed to how bright they 
appear to be; and answer foundational questions such as the age of the universe.

Key takeaways

Box 4. Estimation of the velocity with which galaxies are receding from us:
We live in an expanding universe. This startling realization came from the observation that (most, if not all) galaxies are moving 
away from each other. We also know that the further away a galaxy is from us, the faster the rate at which it tends to move away 
from us. 

Thus, the distance to a galaxy can be estimated by recording the light from it as a spectrum. This spectrum reveals the velocity of 
the galaxy relative to the Milky Way (the vertical axis in the graph). We can establish the galaxy’s distance from us (the horizontal 
axis in the graph) based on this correlation.

This relationship can be expressed mathematically as:

=  

4 x π x (distance to the star, the quantity to be estimated)2

The true brightness of the star as estimated
from its time period of brightness variabilityHow bright the

star appears in the sky
(directly observable)

This technique is most often used to find distances to galaxies >100 million light-years away from us, a distance scale at which the 
expansion of the universe becomes evident.
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=  

4 x π x (distance to the star, the quantity to be estimated)2

The true brightness of the star as estimated
from its time period of brightness variabilityHow bright the

star appears in the sky
(directly observable)

This relationship also allows us to estimate our distance to the galaxy in which the explosion is happening. Type Ia supernovae thus 
serve as standard candles — a term used by physicists to talk about objects with the same inherent brightness.
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License: CC-BY-NC. 

To conclude 
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refer to as the cosmic distance ladder.
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• Distances in space can be measured from the earth in multiple ways:
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- Measuring how long it takes for the brightness of a variable star to change to determine the 
star's luminosity and, thereby, its distance from us.

- Measuring the brightness of Type Ia supernovae – the greater their brightness, the closer the 
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- By determining the velocity with which a galaxy moves away from our own through a shift in 
its spectrum.

• Determining distances in astronomy can help us understand how stars, star clusters, nebulae, 
galaxies are distributed in space; how bright they truly are as opposed to how bright they 
appear to be; and answer foundational questions such as the age of the universe.

Key takeaways
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We live in an expanding universe. This startling realization came from the observation that (most, if not all) galaxies are moving 
away from each other. We also know that the further away a galaxy is from us, the faster the rate at which it tends to move away 
from us. 

Thus, the distance to a galaxy can be estimated by recording the light from it as a spectrum. This spectrum reveals the velocity of 
the galaxy relative to the Milky Way (the vertical axis in the graph). We can establish the galaxy’s distance from us (the horizontal 
axis in the graph) based on this correlation.

This relationship can be expressed mathematically as:

=  

4 x π x (distance to the star, the quantity to be estimated)2

The true brightness of the star as estimated
from its time period of brightness variabilityHow bright the

star appears in the sky
(directly observable)

This technique is most often used to find distances to galaxies >100 million light-years away from us, a distance scale at which the 
expansion of the universe becomes evident.
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4 x π x (distance to the star, the quantity to be estimated)2

The true brightness of the star as estimated
from its time period of brightness variabilityHow bright the

star appears in the sky
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This relationship also allows us to estimate our distance to the galaxy in which the explosion is happening. Type Ia supernovae thus 
serve as standard candles — a term used by physicists to talk about objects with the same inherent brightness.
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The scarcity of land in ‘megacities’, like 
Mumbai, has led to the emergence of an 
interesting alternative — using rooftops 
to grow food. Many individuals and 
volunteer groups are now growing a 

variety of fruits and vegetables on their 
rooftops using traditional and organic 
farming principles. These have had 
encouraging results, both in terms of 
yield and the health benefits of engaging 

in the physical activity of farming. This 
practice has improved awareness of 
and access to fresh, seasonal, and local 
food. Food growers often come together 
to share their knowledge and skills (in 
identifying local vegetables and sowing 
times, developing recipes, and finding 
ways to care for their plants etc.) in ways 
that contribute to a sense of community. 
Terrace farms also provide a venue for 
compost from biodegradable household 
waste, which would otherwise contribute 
~50% of the waste dumped at landfills. 
They improve urban biodiversity by 
creating habitats for insects, reptiles, 
and birds (see Box 1). These farms can 
also contribute to better air quality and 
micro-climate regulation in the long run 
(see Fig. 1).

The pedagogy of ‘dirty’ 
hands
Being able to provide students 
with authentic experiences of 
engaging with the local environment 
is important in fostering an 
understanding of diverse ecological 

Fig. 1. The ecological, economic, and social benefits of urban farming. Each of these can be 
a theme for discussion and research with students.
Credits: Deborah Dutta. License: CC-BY. 

Box 1. Biodiversity on the terrace farm:
Despite its modest size, the school terrace farm is visited by many butterflies, dragon flies, lady birds, lizards, snails, sparrows, and 
spiders. Organisms frequently seen in the soil include earthworms, centipedes, millipedes, and beetles (see Fig. 2). 

Student observations and interactions with the farm’s biodiversity have the potential to open up larger discussions on conceptions 
of the 'human–Nature' relationship. For e.g., on spotting a bee caught in some water collected at the base of an upturned leaf, some 
students promptly went about ‘rescuing’ it by draining the water, and letting it fly away. Other students wondered if we should have 
interfered in the bee's fate, since Nature is believed to operate on the principle of ‘survival of the fittest’. 

As the farm has flourished, students have started appreciating the role of different organisms in the process of growing food. For e.g., 
sightings of lady birds and ants near an aphid infestation on some plants provided tangible examples of food webs that might exist on 
the farm. In another instance, some students expressed their willingness to ‘share’ the farm harvest with giant snails (usually considered 
a pest) because “the snails also needed some food”.

Fig. 2. Some frequent visitors to the terrace farm. (a) A bee on the Blue Spike plant. (b) A butterfly on the terrace. (c) Students 
discovering snails on their farm.
Credits: Deborah Dutta. License: CC-BY-NC. 

(a) (b) (c)

At 7:00 am, the morning light is 
feebly making its way through 
the smog engulfing Mumbai 

in winter. Most people might want to 
stay snug in their beds, but at least 20 
teenage children are excitedly running 
up to the terrace of their school. “The 
cabbage seeds have sprouted!” exclaims 
a girl, gingerly touching a tiny leaf. 
Elsewhere, a group of students are 
debating ways to handle a pest attack on 
one of the plants. Some of the students 
taste the leaves of the Indian Roselle 
(Ambadi), and enthusiastically encourage 
others to try it; “Arey taste kar, khatta 
hai! Mast taste hai!”. For the next hour, 
these students work diligently towards 
mulching, sowing, harvesting, observing, 
and exploring over 20 varieties of edible 
plants that comprise their terrace ‘farm’. 
In less than a year, a barren terrace, 
usually locked out of view, has become 
a hub of activity and neighbourhood 
attraction. 

Terrace farming: 
A revolution on rooftops
Urban areas are generally far removed 
from areas of food production. Typical 
food products travel hundreds of 
kilometers, burning fossil fuel for 
transport and cold-storage, before being 
packed into plastic wrappers and displayed 
in grocery stores. Turning the basic 
necessity of food into a commodity so far 
removed from its source creates a pool of 
passive urban consumers who are unable 
to build or understand a relationship 
with food that goes beyond monetary 
transactions. Wendell Berry, a farmer 
and environmental activist, suggests that 
growing food responsibly may be the first 
step in reclaiming our connection with 
land. Farming as an activity naturally 
provides a space to raise questions and 
develop an integrated understanding 
about weather, food, nutrition, the 
economics of food production, water, and 
local geography. 

TEACHING AS IF THE EARTH M
ATTERS

DEBORAH DUTTA

PEDAGOGY OF 

 'DIRTY' HANDS: 
REFLECTIONS FROM AN URBAN TERRACE FARM

Urban areas are often 
viewed as a source of 
ecological ‘problems’ 
rather than solutions. 
This article presents the 
rationale, pedagogical 
implications, and 
student responses to a 
school project aimed at 
raising and sustaining 
an urban terrace farm. 
Through this example, 
it explores some 
themes that educators 
could engage with in 
urban areas.
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Fig. 4. Carboard planters are used to grow a variety of plants.
Credits: Deborah Dutta. License: CC-BY-NC.

Box 4. Initiating and sustaining a school project:
Since most schools have very tight 
schedules, initiating an extra-curricular 
project like the urban farm requires 
the support of the principal or school 
management. Aligning project goals 
with the broader aims of the school 
can be useful in getting this support. 
For e.g., the principal of this school was 
keen on introducing students to better 
waste management practices because 
the school’s proximity to a landfill made 
this quite a tangible problem. Thus, 
the facilitator’s emphasis on a terrace 
farm’s role in introducing concepts such 
as composting and reuse of discarded 
materials to grow food helped ensure 
the principal’s support for it. A general 
guide to approaching school management 
for projects such as these is available 

here: https://www.youcan.in/single-
post/2016/05/03/approaching-a-school-
principal.

To sustain such a project, it is also 
important to ensure that it gets some in-
house support rather than being entirely 
dependent on external (to the school) help. 
In addition, teachers can help tailor the 
project to meet the needs and routine of 
the school. For e.g., the core group of the 
terrace farm includes teachers responsible 
for nature club activities in the school. It 
also involves an ongoing effort to include 
other subject teachers. 

Designing the project to ensure that 
the time and effort it requires does not 
disrupt other school activities plays a 
vital role in sustaining it. For e.g., the 
terrace farm project was initially designed 

to involve 20 students working for two 
hours every week. However, it was only 
possible to carve out an hour of student 
time every Saturday. Similarly, given the 
packed academic schedules of grade IX 
and X students, the first batch of students 
involved in the project were from grade 
VIII. This trend has continued, and students 
who graduate each year are invited to 
mentor students from the successive 
batch for a month. This has helped create 
a student 'teacher–learner' community 
across different grades. In the coming 
year, based on student interest (and that 
of their parents), the terrace farm may be 
opened once every fortnight for volunteer 
work. In this way, older students will have 
the opportunity to continue participating 
in the project outside school hours.

bottles were used to grow plants 
(see Fig. 4). Within a month, saplings 
of several herbs and greens were 
planted. Some plants, such as pumpkin, 

pomegranate, papaya, and guava, grew 
from the compost itself, much to the 
delight of the students. Slowly, the farm 
started to expand. 

The project used farming principles 
that combined the core group’s tacit 
understanding of sustainable farming 
with the pedagogical goal of linking 

practices. While schools are an 
integral part of any community, the 
notion of experience tends to get 
simplified and uncritical within the 
structure of formal education. Many 
activities, especially those meant to 
nurture environmental sensibilities, 
tend to take the form of tokenistic 
actions (planting saplings on Earth 
day, making ‘Save the Tiger’ posters 
etc.) without the possibility of any 
feedback or consequence. On the 
other hand, textbooks are filled with 
bleak scenarios of environmental 
degradation, leaving students 
acutely aware of ‘big’ problems, but 
disempowered to bring about any 
transformation in their own locality. 
Many educators have, therefore, 
argued for the need for ‘authentic 
participation’. This involves experiences 
where students feel a sense of 
ownership, and take responsibility 
for the task at hand. However, this 
isn't the same as unguided learning; 
rather, it is conducive to collaborative 
learning environments where 
knowledge isn’t seen to be transmitted 
only from teacher to student.

Combining ideas of ‘authentic 
participation’ with possibilities of 
practice in terrace farming (see Box 2), 
a class of VIII graders from a Central 
Board of Secondary Education (CBSE) 
school were involved in setting up an 
edible farm on their school terrace 
(see Box 3). The school managed to 
allocate an hour every week, in the 
mornings, for this ungraded project. 
With the coming together of a small 
core team — consisting of a researcher, 
a couple of teachers (who facilitate the 
school nature club) and two enthusiastic 
school gardeners — the project began to 
gradually take shape (see Box 4).

To meet the initial need for organic 
matter, the core team began with 
digging a small compost pit in one 
corner of the school grounds. Students 
began collecting dry leaves (from 
the neighborhood) and raw kitchen 
waste (from the school canteen) for 
composting. This collection activity 
led to discussions about plastics and 
other non-degradable materials found 
in household waste. In the meanwhile, 
discarded cardboard boxes and plastic 

Box 2. Why a farm? 
The usage of the term ‘farm’ as 
compared to a ‘garden’ reflects the 
project’s emphasis on cultivation of food 
crops rather than purely ornamental 
plants. The farm was designed with a 
focus on sustainable practices intended 
to challenge the idea that conservation 
necessarily happens in uninhabited 
places, far from human influence. 
While there are legitimate arguments 
for conservation of sensitive areas, 
simply treating urban spaces as ‘human’ 
problems, and ‘Nature’ as being some 
faraway pristine place is problematic 
for several reasons. Firstly, it creates an 
artificial separation between humans 
and the surrounding environment. 
Secondly, it discourages the idea 
of humans developing a ‘positive’ 
relationship with Nature based on care, 
and empathy. Lastly, by shifting the onus 
solely on city-planners and government 
policies, it disempowers people from 
taking ownership and responsibility for 
improving their own neighbourhoods. 
From this perspective, starting a ‘farm’ 
was a deliberate choice with certain 
ecological and political commitments.

Box 3. Edible plants — eat what you grow!
The term ‘edible’ plants is used here to refer to plants whose parts can be eaten by humans in raw or cooked form. In the initial stages 
of the project, the core group selected plant species based on their ease of growing, availability (with a focus on locally grown species), 
and diversity (tubers, cereal grains, fruits, and leafy vegetables). This included lemon grass, ova (Ajwain), ladyfinger, sponge gourd, sweet 
potato, Indian roselle, chillies, brinjal, radish, cabbage, spinach, waterleaf, and millets etc. A few flowering plants (e.g., marigolds, blue 
spike, periwinkle) were included to attract pollinators. Some herbs (e.g., mint, basil, spearmint) were included for their shade tolerance 
and ability to act as pest repellents (due 
to their strong smell). Some leguminous 
plants (e.g., moong, beans, tur dal etc.) 
were cultivated for their ability to improve 
soil fertility by ‘fixing nitrogen’. In later 
stages of the project, some plant species 
germinated from the compost itself. The 
farm also grew with some contributions 
from interested parents.

Harvesting plants had the tangible output 
of helping students stay invested in the 
project, and derive a sense of achievement 
from it (see Fig. 3). Getting a sense of the 
range of issues, time, and patience required 
to grow and harvest healthy vegetables 
helped students draw connections between 
their work and the immense effort that 
farmers invest in feeding us. 

Fig. 3. Students with their first harvest.
Credits: Deborah Dutta. License: CC-BY-NC.
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A typical session would begin with 
students observing the farm and having 
a quick discussion amongst themselves, 
followed by a quick recap of the previous 
week’s work. Then, tasks for the day 
would be listed out, and students would 
be encouraged to include tasks based on 
their own observations. Students were 
also encouraged to maintain their own 
farm journals, in which they could write 
about or draw out their impressions of 
the day (see Fig. 7). 

Student responses
The open-ended nature of the project 
allowed for a range of student 
responses. Since most students came 
from urban, middle-class backgrounds, 
they found many of the interactions and 
observations at the farm quite novel 
(see Box 5). The broad themes that 
emerged from these responses underline 
some of the key factors that motivated 
students to participate in farm activities 
and widen their sphere of actions.

(a) Somaesthetic interactions
Students were observed to engage 
with plants in a rich, visceral manner, 
through senses of touch, smell and 
taste (instead of just their eyes). Thus, 
the farm seemed to introduce students 
to different ways of perceiving the 
environment. For e.g., many students 
had never seen the plant called Indian 
Roselle (Ambadi) before they became 
part of this project. Once the plant 
had begun to grow in the terrace 
farm, students were informed that its 
leaves and calyx were edible. In the 
initial stages of the project, the mere 
idea of eating something directly 
off a plant was a novel concept for 
most students given that most of 
their interactions with food were in 
its packaged, frozen or cooked forms. 
However, their apprehensions soon 
gave way to curiosity, and students 
began to touch, sniff and tentatively 
nibble the Ambadi leaves. In another 
example, many students were initially 
repulsed with the organic matter kept 
for composting. They began shedding 
their inhibitions about handling it 

Box 5. Student’s prior experiences of gardening/farming:
Except for two children whose families owned farms in rural areas, the students 
involved in this project were mostly from exclusively urban backgrounds. Many of them 
had seen a few ornamental plants at home, but hadn't tended to them personally. 
In fact, a few confessed their disinterest in the activity. The following comment by a 
student illustrates the general sentiment:

“Earlier when my grandmother used to mention it (gardening), it wasn’t a topic of 
much interest to me because I did not know anything about it. So I used to just avoid 
this topic. But now that I have seen so much happening and it is so exciting, I have 
started to help my grandmother out. In fact, when I told her about all this (terrace 
farming), then she got hyped. … Means totally hyped. On the same day, she did not 
tell me, she went to the nursery, bought a few saplings, seeds, pots, mud everything 
and she brought it home. Now, we are growing a lot of stuff.” — AN.

Fig. 7. A possible template for student journal entries. Students can be encouraged to share 
their experiences with peers, and make different time-lines for growth of individual plants 
based on their observations.
Credits: Deborah Dutta. License: CC-BY.

different aspects of the environment in 
tangible ways (see Fig. 5). Consequently, 
students were exposed to these 
principles through their sustained 
participation in activities involving 
them, rather than explicit explanations. 
For e.g., over the course of the project, 
students became quite particular about 
mulching because they had observed 
that mulched soil (soil covered with 
biomass, such as dry leaves, or tiny 
creepers, such as mint and clover) 
remained soft and moist, while exposed 
soil tended to become compact and 
hard. Similarly, the realization that seeds 
would be needed for planting in every 
season and one couldn’t always rely on 
getting new seeds from the market led 
students to recognize the importance of 
seed saving. 

While core practices were followed 
regularly, day-to-day activities on the 
farm were largely contingent on the 
weather, status of the plants, and any 
other task on the farm that required 
immediate attention. For instance, 

during the monsoons, many of the 
cardboard boxes that were used as 
planters had to be moved around to 
allow the rain water to run off the 
slope of the terrace. The boxes had 
to be repeatedly reinforced with coir 
ropes and cardboard pieces to maintain 
structural integrity, and supports had 
to be constructed for growing creepers 
to climb on. Similarly, the higher bout 

of plant infections and diseases had to 
tackled with various organic methods. 
However, the unpredictability of the 
project helped students see it as a ‘real’ 
thing rather than just another school 
assignment. They saw the impact (good 
or bad) of their actions on the plants 
on the farm, and hence began to see 
themselves as being responsible for the 
health of the farm (see Fig. 6).

Fig. 5. A description of the core practices on the farm, and the perspectives underlying such practices. Topics for discussion can evolve 
around students' experience of these practices. A few are illustrated here.
Credits: Deborah Dutta. License: CC-BY. 

Materials on 
the farm

Supporting 
practices

Implicit views guiding 
the practices Possible questions for discussion with students

Nutrient rich 
soil

Collecting dried leaves 
and organic waste, 
making compost

Recycling of nutrients, 
redefining waste as resource

How much organic waste is produced in the school? What 
are the stages of composting? How long does it take? What 
are the different methods of composting?

Dilute cow-
urine, dung, 
jaggery

Adding to soil and 
compost

Microorganisms as a core 
part of soil; symbiotic 
relationships

How does the soil look under a microscope? Is cow dung 
like a 'probiotic' for soil? Is it possible to distinguish roots of 
different plants from their smell?

Seeds Saving seeds
Maintaining the cycle 
of life; seed sovereignty; 
stewardship

What are the major stages of a plant from seed-to-seed? 
How can seeds be saved for next season? How to select a 
fruit whose seeds will be saved? Why do farmers need to 
buy seeds? What is seed sovereignty?

Planters
Designing low-cost 
planters; making 
trellises

Frugality; reuse and recycle; 
locally sourcing materials

How to make a planter? What are the characteristics of a 
good planter? What kind of local materials could be used to 
build one?

Fruits and 
vegetables

Responsible harvesting
Stewardship; responsibility; 
reciprocity

How to choose vegetables and fruits for harvesting? Which 
vegetables are seasonal? How much would they charge for 
the vegetables they grow? How do their prices compare 
with the market price?

Fig. 6. The monsoons presented students with a host of challenges.
Credits: Deborah Dutta. License: CC-BY-NC.
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A typical session would begin with 
students observing the farm and having 
a quick discussion amongst themselves, 
followed by a quick recap of the previous 
week’s work. Then, tasks for the day 
would be listed out, and students would 
be encouraged to include tasks based on 
their own observations. Students were 
also encouraged to maintain their own 
farm journals, in which they could write 
about or draw out their impressions of 
the day (see Fig. 7). 

Student responses
The open-ended nature of the project 
allowed for a range of student 
responses. Since most students came 
from urban, middle-class backgrounds, 
they found many of the interactions and 
observations at the farm quite novel 
(see Box 5). The broad themes that 
emerged from these responses underline 
some of the key factors that motivated 
students to participate in farm activities 
and widen their sphere of actions.

(a) Somaesthetic interactions
Students were observed to engage 
with plants in a rich, visceral manner, 
through senses of touch, smell and 
taste (instead of just their eyes). Thus, 
the farm seemed to introduce students 
to different ways of perceiving the 
environment. For e.g., many students 
had never seen the plant called Indian 
Roselle (Ambadi) before they became 
part of this project. Once the plant 
had begun to grow in the terrace 
farm, students were informed that its 
leaves and calyx were edible. In the 
initial stages of the project, the mere 
idea of eating something directly 
off a plant was a novel concept for 
most students given that most of 
their interactions with food were in 
its packaged, frozen or cooked forms. 
However, their apprehensions soon 
gave way to curiosity, and students 
began to touch, sniff and tentatively 
nibble the Ambadi leaves. In another 
example, many students were initially 
repulsed with the organic matter kept 
for composting. They began shedding 
their inhibitions about handling it 

Box 5. Student’s prior experiences of gardening/farming:
Except for two children whose families owned farms in rural areas, the students 
involved in this project were mostly from exclusively urban backgrounds. Many of them 
had seen a few ornamental plants at home, but hadn't tended to them personally. 
In fact, a few confessed their disinterest in the activity. The following comment by a 
student illustrates the general sentiment:

“Earlier when my grandmother used to mention it (gardening), it wasn’t a topic of 
much interest to me because I did not know anything about it. So I used to just avoid 
this topic. But now that I have seen so much happening and it is so exciting, I have 
started to help my grandmother out. In fact, when I told her about all this (terrace 
farming), then she got hyped. … Means totally hyped. On the same day, she did not 
tell me, she went to the nursery, bought a few saplings, seeds, pots, mud everything 
and she brought it home. Now, we are growing a lot of stuff.” — AN.

Fig. 7. A possible template for student journal entries. Students can be encouraged to share 
their experiences with peers, and make different time-lines for growth of individual plants 
based on their observations.
Credits: Deborah Dutta. License: CC-BY.

different aspects of the environment in 
tangible ways (see Fig. 5). Consequently, 
students were exposed to these 
principles through their sustained 
participation in activities involving 
them, rather than explicit explanations. 
For e.g., over the course of the project, 
students became quite particular about 
mulching because they had observed 
that mulched soil (soil covered with 
biomass, such as dry leaves, or tiny 
creepers, such as mint and clover) 
remained soft and moist, while exposed 
soil tended to become compact and 
hard. Similarly, the realization that seeds 
would be needed for planting in every 
season and one couldn’t always rely on 
getting new seeds from the market led 
students to recognize the importance of 
seed saving. 

While core practices were followed 
regularly, day-to-day activities on the 
farm were largely contingent on the 
weather, status of the plants, and any 
other task on the farm that required 
immediate attention. For instance, 

during the monsoons, many of the 
cardboard boxes that were used as 
planters had to be moved around to 
allow the rain water to run off the 
slope of the terrace. The boxes had 
to be repeatedly reinforced with coir 
ropes and cardboard pieces to maintain 
structural integrity, and supports had 
to be constructed for growing creepers 
to climb on. Similarly, the higher bout 

of plant infections and diseases had to 
tackled with various organic methods. 
However, the unpredictability of the 
project helped students see it as a ‘real’ 
thing rather than just another school 
assignment. They saw the impact (good 
or bad) of their actions on the plants 
on the farm, and hence began to see 
themselves as being responsible for the 
health of the farm (see Fig. 6).

Fig. 5. A description of the core practices on the farm, and the perspectives underlying such practices. Topics for discussion can evolve 
around students' experience of these practices. A few are illustrated here.
Credits: Deborah Dutta. License: CC-BY. 

Materials on 
the farm

Supporting 
practices

Implicit views guiding 
the practices Possible questions for discussion with students

Nutrient rich 
soil

Collecting dried leaves 
and organic waste, 
making compost

Recycling of nutrients, 
redefining waste as resource

How much organic waste is produced in the school? What 
are the stages of composting? How long does it take? What 
are the different methods of composting?

Dilute cow-
urine, dung, 
jaggery

Adding to soil and 
compost

Microorganisms as a core 
part of soil; symbiotic 
relationships

How does the soil look under a microscope? Is cow dung 
like a 'probiotic' for soil? Is it possible to distinguish roots of 
different plants from their smell?

Seeds Saving seeds
Maintaining the cycle 
of life; seed sovereignty; 
stewardship

What are the major stages of a plant from seed-to-seed? 
How can seeds be saved for next season? How to select a 
fruit whose seeds will be saved? Why do farmers need to 
buy seeds? What is seed sovereignty?

Planters
Designing low-cost 
planters; making 
trellises

Frugality; reuse and recycle; 
locally sourcing materials

How to make a planter? What are the characteristics of a 
good planter? What kind of local materials could be used to 
build one?

Fruits and 
vegetables

Responsible harvesting
Stewardship; responsibility; 
reciprocity

How to choose vegetables and fruits for harvesting? Which 
vegetables are seasonal? How much would they charge for 
the vegetables they grow? How do their prices compare 
with the market price?

Fig. 6. The monsoons presented students with a host of challenges.
Credits: Deborah Dutta. License: CC-BY-NC.
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Student engagement with processes 
like composting, and adding cow-
dung slurry and mulch to soil helped 
them appreciate what was required to 
maintain the richness of soil. For e.g., a 
student remarked: 

“…Earlier we thought [that] soil is 
just something we get in packets, 
and plants will directly grow in it. But 
now we are realizing that it needs 
cow-dung, dry leaves, and many 
decomposition materials that improves 
the nutrients. This has really changed 
what I thought about soil.” — DV.

Parents and grandparents have started 
including a trip to the farm on their 
school visits. Some of them have started 
coming regularly, as volunteers, to 
learn as well as share their experiences 
of farming. Thus, this project has 
evolved into a community outreach 
effort (see Box 6). Many students bring 
seeds from their villages for the farm; 
a few have taken to growing some 
of these plants in their own homes. 
Students are also involved in selling 
saplings to the neighbourhood to 
raise funds to maintain the farm. In 
this way, the terrace farm is gradually 

transforming into a hub for seed and 
sapling exchange. In addition, the farm 
is beginning to get absorbed into the 
school’s ethos, contributing to new 
'teacher–learner' experiences that are 
based on student observations and 
interactions on the farm (see Box 7). For 
instance, a science teacher described 
how she had used the farm:

“VIIth and VIth [grades] where I teach 
as well, they have similar lessons. Like 
plant forms and functions and plant 
reproduction. So I took them to the 
farm for a couple of classes, I showed 
them around. I showed them tendrils, 
parallel venation, reticulate root, tap 
root, fibrous root. What kind of fruits? 
How flower grows into fruit? What 
part of flower grows into fruit? What 
is sepal, what is a petal, everything... 
I could see the enthusiasm on their 
faces because they themselves 
observed tendrils, how they are coiling, 
what kind of support. For each plant 
also tendrils are different, because 
they are from the leaf. For pumpkins 
tendrils are different, for bitter gourd 
tendrils are different. Then shape of 
the leaves, different shapes and colour. 
Cabbage, cauliflower, they had never 
seen them growing as plants... It was 
such a novel experience for them that 
it will stay with them for a long time.”

Box 6. Social relationships around and through farm-related work:

Non-formal spaces, like the terrace 
farm, can help modify or build new 
relationships. For e.g., the farm seemed 
to help bring together inter-generational 
experiences because grandparents of the 
students involved in it were, in general, 
quite interested in the project. These 
grandparents now had the opportunity 
to share their knowledge of farming with 
grandchildren who seemed more receptive 
owing to motivations arising from their 
work on the farm. In another example, 
students expressed enjoyment in working 
together on the farm — a response 
corroborated by their class-teacher. Their 
teacher reported that working together on 
the farm had made students seem more 
inclined to form larger groups, and help 

each other in class.

The farm also seemed to help students 
appreciate that some of them could 
have a knack for things not included in 
conventional academics. For e.g., one 
student was very good at tying knots and 
would often be asked for help by others. 
It turned out that he wasn't considered 
a ‘good’ student and wasn’t very popular 
until his talent for knots was discovered 
and appreciated. Another teacher reported 
a noticeable change in the behavior of a 
student who had recently joined school. 
Initially quite reticent, he had started 
becoming quite vocal after participating 
in some of the farming sessions. This 
was because his family owned a rural 
farm, and the student seemed to enjoy 

sharing his experiences of working on 
the farm as he felt that these were being 
valued by his peers. Another instance of 
this was seen when students visited an 
organic farm, in the outskirts of the city, 
that was managed by an IIT graduate. 
The farmer demonstrated techniques to 
prepare cow-dung slurry and manure, 
and introduced students to the variety of 
fruits, vegetables, and trees he’d managed 
to grow on his farm. The students 
were quite interested in the farmer's 
professional journey, because it challenged 
the stereotypical notion of what ‘educated’ 
folks can or should do. It also introduced 
them to the possibility of farming as a 
serious vocation. 

Credits: Deborah Dutta. License: CC-BY-NC. 

after seeing saplings grow out of the 
compost, and discovering that the 
compost itself, when ready to use, had a 
sweetish smell. Soon, they began taking 
an active interest in preparing compost, 
often smelling it, feeling its texture, and 
poking around to look for earthworms 
— the presence of which would generate 
a lot of excitement. Given that they 
had started out with a bare space, 
the emergence of new life-forms and 
relationships led them to take more 
actions to encourage further growth. 
Such engrossed participation prompted 
a student to remark:

“…we never even touched plants this 
way earlier… I mean we play on the 
grass, but not this way. To take care... 
this time we learnt how to grow the 
plant, otherwise it is said that just 
drop a seed and the plant will grow... 
the book says that... but now I think 
the book is very fake, because the 
book only says what the author can 
see, but while doing it we see many 
different things…” — AY

(b) Novelty and challenge
Students found some tasks particularly 
challenging. These included figuring out 
a way to use bamboo poles to provide 
support for climbers, or repeatedly 
reinforcing cardboard planters to survive 
the monsoons. Often, these challenges 
would motivate students to come up 
with novel solutions. For e.g., they came 
up with the idea of designing supports 
in the form of tripods, and then worked 
together to build these structures for 
the farm (see Fig. 8). They reported the 
process to be quite enjoyable, perhaps 

owing to the fact that it involved peer 
validation and the tangible outcome of 
having a stable support for plants. As a 
student commented:

“…then most important was that 
trellis… making it was a fun job 
because we were trying different knots 
that we knew but had never really used. 
So, it was a very enjoyable…” — NM. 

(c) Feedback 
The evolving landscape of the terrace 
farm became an interesting form of 
feedback for the students, who started 
noticing different aspects of plant 
growth. This is evident in a remark made 
by one of them:

“…we studied that the tendrils wrap 
around the support, but now I actually 
saw how it wraps itself… we hadn't 
learnt about grouping plants (multi-
cropping) like this.. this is new, we 
haven't studied like this... I saw the 
good effects also.. Like that ajwain 
plant needed some shade… under full 
sun it didn't have so many leaves… 
now under a bit of shade (under a 
taller plant) it has grown a lot...” — RN 

Sustained engagement seemed to have 
been an important dimension in ensuring 
that students received continuous 
feedback regarding their efforts from 
other people, and from the artifacts 
themselves. The practice of sharing 
their impressions seems to have given 
students the impetus to widen the scope 
of their activities to include composting, 
the use of upcycled materials as planters, 
reducing wastage of food, and growing 
plants at home too.

(d) Nurturing broader 
perspectives
The various activities that students 
engaged with on the farm were 
gradually reflected in more thoughts 
pertaining to the environment in 
general. For e.g., plastic bottles are 
generally considered synonymous with 
trash, often ending up in landfills soon 
after they are bought. On the farm, 
however, discarded plastic bottles were 
cut and used as sapling containers — 
turning what is commonly seen as waste 
into a low-cost resource. For many 
students, the idea of recycling took on 
a new meaning as they began to look 
for other materials which could be used 
as planters. On the other hand, sorting 
plastic from organic waste for compost 
led to many discussions regarding its 
quantity in the environment. Students 
began questioning the use of plastic 
in packaging, and exploring potential 
alternatives. The use of dry leaves on 
the farm sensitized students to its 
usefulness as dry biomass. Not only did 
they make an effort to collect dry leaves 
from their neighbourhoods, but also 
attempted, in some instances, to stop 
locals from burning it.

Fig. 8. Students work on building support structures for the farm.
Credits: Deborah Dutta. License: CC-BY-NC.
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Student engagement with processes 
like composting, and adding cow-
dung slurry and mulch to soil helped 
them appreciate what was required to 
maintain the richness of soil. For e.g., a 
student remarked: 

“…Earlier we thought [that] soil is 
just something we get in packets, 
and plants will directly grow in it. But 
now we are realizing that it needs 
cow-dung, dry leaves, and many 
decomposition materials that improves 
the nutrients. This has really changed 
what I thought about soil.” — DV.

Parents and grandparents have started 
including a trip to the farm on their 
school visits. Some of them have started 
coming regularly, as volunteers, to 
learn as well as share their experiences 
of farming. Thus, this project has 
evolved into a community outreach 
effort (see Box 6). Many students bring 
seeds from their villages for the farm; 
a few have taken to growing some 
of these plants in their own homes. 
Students are also involved in selling 
saplings to the neighbourhood to 
raise funds to maintain the farm. In 
this way, the terrace farm is gradually 

transforming into a hub for seed and 
sapling exchange. In addition, the farm 
is beginning to get absorbed into the 
school’s ethos, contributing to new 
'teacher–learner' experiences that are 
based on student observations and 
interactions on the farm (see Box 7). For 
instance, a science teacher described 
how she had used the farm:

“VIIth and VIth [grades] where I teach 
as well, they have similar lessons. Like 
plant forms and functions and plant 
reproduction. So I took them to the 
farm for a couple of classes, I showed 
them around. I showed them tendrils, 
parallel venation, reticulate root, tap 
root, fibrous root. What kind of fruits? 
How flower grows into fruit? What 
part of flower grows into fruit? What 
is sepal, what is a petal, everything... 
I could see the enthusiasm on their 
faces because they themselves 
observed tendrils, how they are coiling, 
what kind of support. For each plant 
also tendrils are different, because 
they are from the leaf. For pumpkins 
tendrils are different, for bitter gourd 
tendrils are different. Then shape of 
the leaves, different shapes and colour. 
Cabbage, cauliflower, they had never 
seen them growing as plants... It was 
such a novel experience for them that 
it will stay with them for a long time.”

Box 6. Social relationships around and through farm-related work:

Non-formal spaces, like the terrace 
farm, can help modify or build new 
relationships. For e.g., the farm seemed 
to help bring together inter-generational 
experiences because grandparents of the 
students involved in it were, in general, 
quite interested in the project. These 
grandparents now had the opportunity 
to share their knowledge of farming with 
grandchildren who seemed more receptive 
owing to motivations arising from their 
work on the farm. In another example, 
students expressed enjoyment in working 
together on the farm — a response 
corroborated by their class-teacher. Their 
teacher reported that working together on 
the farm had made students seem more 
inclined to form larger groups, and help 

each other in class.

The farm also seemed to help students 
appreciate that some of them could 
have a knack for things not included in 
conventional academics. For e.g., one 
student was very good at tying knots and 
would often be asked for help by others. 
It turned out that he wasn't considered 
a ‘good’ student and wasn’t very popular 
until his talent for knots was discovered 
and appreciated. Another teacher reported 
a noticeable change in the behavior of a 
student who had recently joined school. 
Initially quite reticent, he had started 
becoming quite vocal after participating 
in some of the farming sessions. This 
was because his family owned a rural 
farm, and the student seemed to enjoy 

sharing his experiences of working on 
the farm as he felt that these were being 
valued by his peers. Another instance of 
this was seen when students visited an 
organic farm, in the outskirts of the city, 
that was managed by an IIT graduate. 
The farmer demonstrated techniques to 
prepare cow-dung slurry and manure, 
and introduced students to the variety of 
fruits, vegetables, and trees he’d managed 
to grow on his farm. The students 
were quite interested in the farmer's 
professional journey, because it challenged 
the stereotypical notion of what ‘educated’ 
folks can or should do. It also introduced 
them to the possibility of farming as a 
serious vocation. 

Credits: Deborah Dutta. License: CC-BY-NC. 

after seeing saplings grow out of the 
compost, and discovering that the 
compost itself, when ready to use, had a 
sweetish smell. Soon, they began taking 
an active interest in preparing compost, 
often smelling it, feeling its texture, and 
poking around to look for earthworms 
— the presence of which would generate 
a lot of excitement. Given that they 
had started out with a bare space, 
the emergence of new life-forms and 
relationships led them to take more 
actions to encourage further growth. 
Such engrossed participation prompted 
a student to remark:

“…we never even touched plants this 
way earlier… I mean we play on the 
grass, but not this way. To take care... 
this time we learnt how to grow the 
plant, otherwise it is said that just 
drop a seed and the plant will grow... 
the book says that... but now I think 
the book is very fake, because the 
book only says what the author can 
see, but while doing it we see many 
different things…” — AY

(b) Novelty and challenge
Students found some tasks particularly 
challenging. These included figuring out 
a way to use bamboo poles to provide 
support for climbers, or repeatedly 
reinforcing cardboard planters to survive 
the monsoons. Often, these challenges 
would motivate students to come up 
with novel solutions. For e.g., they came 
up with the idea of designing supports 
in the form of tripods, and then worked 
together to build these structures for 
the farm (see Fig. 8). They reported the 
process to be quite enjoyable, perhaps 

owing to the fact that it involved peer 
validation and the tangible outcome of 
having a stable support for plants. As a 
student commented:

“…then most important was that 
trellis… making it was a fun job 
because we were trying different knots 
that we knew but had never really used. 
So, it was a very enjoyable…” — NM. 

(c) Feedback 
The evolving landscape of the terrace 
farm became an interesting form of 
feedback for the students, who started 
noticing different aspects of plant 
growth. This is evident in a remark made 
by one of them:

“…we studied that the tendrils wrap 
around the support, but now I actually 
saw how it wraps itself… we hadn't 
learnt about grouping plants (multi-
cropping) like this.. this is new, we 
haven't studied like this... I saw the 
good effects also.. Like that ajwain 
plant needed some shade… under full 
sun it didn't have so many leaves… 
now under a bit of shade (under a 
taller plant) it has grown a lot...” — RN 

Sustained engagement seemed to have 
been an important dimension in ensuring 
that students received continuous 
feedback regarding their efforts from 
other people, and from the artifacts 
themselves. The practice of sharing 
their impressions seems to have given 
students the impetus to widen the scope 
of their activities to include composting, 
the use of upcycled materials as planters, 
reducing wastage of food, and growing 
plants at home too.

(d) Nurturing broader 
perspectives
The various activities that students 
engaged with on the farm were 
gradually reflected in more thoughts 
pertaining to the environment in 
general. For e.g., plastic bottles are 
generally considered synonymous with 
trash, often ending up in landfills soon 
after they are bought. On the farm, 
however, discarded plastic bottles were 
cut and used as sapling containers — 
turning what is commonly seen as waste 
into a low-cost resource. For many 
students, the idea of recycling took on 
a new meaning as they began to look 
for other materials which could be used 
as planters. On the other hand, sorting 
plastic from organic waste for compost 
led to many discussions regarding its 
quantity in the environment. Students 
began questioning the use of plastic 
in packaging, and exploring potential 
alternatives. The use of dry leaves on 
the farm sensitized students to its 
usefulness as dry biomass. Not only did 
they make an effort to collect dry leaves 
from their neighbourhoods, but also 
attempted, in some instances, to stop 
locals from burning it.

Fig. 8. Students work on building support structures for the farm.
Credits: Deborah Dutta. License: CC-BY-NC.
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• Tokenistic environmental activities and bleak scenarios of environmental degradation can leave 
students acutely aware of 'big' problems, but disempowered to bring about any transformation 
in their own lives. 

• Being able to provide students with authentic experiences of engaging with the local 
environment is important in fostering an understanding of diverse ecological practices.

• Terrace farms offer one way of combining ideas of ‘authentic participation’ with possibilities of 
practice in land-scarce megacities.  

• Working on the terrace farm:

- introduced students to ways of perceiving the environment through touch, smell, and taste vs. 
just their eyes.

- posed challenges that would often motivate students to come up with novel solutions.

- offered students the impetus to widen the scope of their engagement to include composting, 
upcycling, reducing wastage of food, and growing plants in spaces outside school.

- led students to reflect on more thoughts pertaining to the environment in general, and 
engage in community outreach efforts including seed and sapling exchange.

- offered teachers the opportunity to experiment with different forms of teaching, like peer 
learning and apprenticeship. 

• The involvement of schools in projects like terrace farming challenges the notion that urban 
human habitations can only have adverse impacts on the environment, while creating tangible 
connections that help restore a relationship of care, reciprocity, and respect for Nature.

Key takeaways

in reality it is our relationship with 
Nature that needs saving. In fact, 
engaging with environmental issues in 

abstraction can result in inaction and 
desensitisation. By creating tangible 
connections, urban farms offer us the 

opportunity to restore a relationship of 
care, reciprocity, and respect for Nature. 
Hope is literally beneath our feet.

To conclude
Urban spaces are generally seen as being 
far removed from Nature. This idea 
perpetuates the notion that cities exist 
separate from Nature, and urban human 
habitations can only have adverse 
impacts on the environment. Practices 
such as urban farming question this 
idea. Establishing a relationship with 
soil through the food we eat can be a 
powerful counter-narrative to dominant 
modes of production and consumption. 
A food farm provides a diversity of 
themes for discussion with students — 
these range from local geography and 
biology, to economics and history. In 
many cases, inter-relationships between 
these perspectives are more easily 

understood through one’s experience 
with the farm, and the community that 
grows around it. 

As a collaborative space, a terrace farm 
allows experiments with different forms 
of teaching, like peer learning and 

apprenticeship. It opens up multiple 
sensory modalities as pathways for 
learning. It can also demonstrate that 
grand slogans such as “Save the Earth!” 
may not be necessary in cultivating 
good environmental practices, because 

Glossary:
Frugality: Being careful and sparing in 
the use of materials. In this context, it 
refers to resources sourced in the form 
of planters, water, and other supporting 
structures.

Mulching: The process of covering the 
soil surface with a thin layer of organic 
material (plastic sheets may be used 
in colder areas) to retain soil moisture, 
increase fertility, and prevent weed 
growth. In this context, dry leaves or 
dry sugarcane fibres (called bagasse and 
easily available from sugarcane juice 
vendors) were used for mulching.

Probiotic: Refers to micro-organisms that 
contribute to the health of the human 
gut. In this context, an analogy is being 
drawn to compare microbes in cow-dung 
acting as probiotics for soil by improving 
its fertility.

Reciprocity: In this project, reciprocity 
refers to the perspective of developing 
a two-way relationship with plants 
based on care and empathy. We care 

for the plants and their extended 
environment, and one could argue 
that our care is validated through 
the harvest we receive in the form of 
vegetables and fruits. 

Somaesthetics: is a field of study 
that emphasizes the role of sensory 
experience in aesthetic appreciation.

Sovereignty: In this context, sovereignty 
refers to the rights of food producers 
(farmers) and consumers to decide the 
mechanisms, policies, and economics 
of food production in a sustainable 
manner. This includes the right to save 
seeds (instead of relying on agri-business 
companies to sell and control hybrid 
seeds) and becoming self-reliant.

Stewardship: Refers to the idea of being 
responsible and capable of caring for the 
local environment.

Trellis: An open architectural structure 
usually made of interwoven strips of 
wood to support the growth of climbers 
and creepers.

Box 7. The farm as being 
integral to the school ethos:
The necessity of projects like the 
terrace farm becoming a sustained 
and integral part of the school 
ethos cannot be stressed enough. 
A one-off activity may leave an 
impression on students, but it 
usually falls short of creating an 
impetus for further action. For e.g., 
feedback and reflections stemming 
from continuous interactions 
with activities/ artefacts on the 
farm has helped nurture broader 
environmental sensibilities. 

For projects like these to be 
integrated with a school’s ethos, they 
need to be considered central to the 
student’s educational experience 
rather than being relegated to an 
extra-curricular activity. This requires 
the support and involvement of the 
school management, teachers, and 
parents. For e.g., the terrace farm 
is slowly beginning to expand its 
sphere of influence. Teachers are 
being encouraged to draw linkages 
with the subjects they teach. Parents 
are being encouraged to volunteer 
in this project in their free time. 
Outreach to the neighbourhood 
is being initiated through student 
designed and facilitated hands-on 
workshops on composting, growing 
edible plants etc.
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• Tokenistic environmental activities and bleak scenarios of environmental degradation can leave 
students acutely aware of 'big' problems, but disempowered to bring about any transformation 
in their own lives. 

• Being able to provide students with authentic experiences of engaging with the local 
environment is important in fostering an understanding of diverse ecological practices.

• Terrace farms offer one way of combining ideas of ‘authentic participation’ with possibilities of 
practice in land-scarce megacities.  

• Working on the terrace farm:

- introduced students to ways of perceiving the environment through touch, smell, and taste vs. 
just their eyes.

- posed challenges that would often motivate students to come up with novel solutions.

- offered students the impetus to widen the scope of their engagement to include composting, 
upcycling, reducing wastage of food, and growing plants in spaces outside school.

- led students to reflect on more thoughts pertaining to the environment in general, and 
engage in community outreach efforts including seed and sapling exchange.

- offered teachers the opportunity to experiment with different forms of teaching, like peer 
learning and apprenticeship. 

• The involvement of schools in projects like terrace farming challenges the notion that urban 
human habitations can only have adverse impacts on the environment, while creating tangible 
connections that help restore a relationship of care, reciprocity, and respect for Nature.

Key takeaways
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engaging with environmental issues in 

abstraction can result in inaction and 
desensitisation. By creating tangible 
connections, urban farms offer us the 

opportunity to restore a relationship of 
care, reciprocity, and respect for Nature. 
Hope is literally beneath our feet.
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perpetuates the notion that cities exist 
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habitations can only have adverse 
impacts on the environment. Practices 
such as urban farming question this 
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powerful counter-narrative to dominant 
modes of production and consumption. 
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biology, to economics and history. In 
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understood through one’s experience 
with the farm, and the community that 
grows around it. 

As a collaborative space, a terrace farm 
allows experiments with different forms 
of teaching, like peer learning and 

apprenticeship. It opens up multiple 
sensory modalities as pathways for 
learning. It can also demonstrate that 
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may not be necessary in cultivating 
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that emphasizes the role of sensory 
experience in aesthetic appreciation.
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responsible and capable of caring for the 
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Box 7. The farm as being 
integral to the school ethos:
The necessity of projects like the 
terrace farm becoming a sustained 
and integral part of the school 
ethos cannot be stressed enough. 
A one-off activity may leave an 
impression on students, but it 
usually falls short of creating an 
impetus for further action. For e.g., 
feedback and reflections stemming 
from continuous interactions 
with activities/ artefacts on the 
farm has helped nurture broader 
environmental sensibilities. 

For projects like these to be 
integrated with a school’s ethos, they 
need to be considered central to the 
student’s educational experience 
rather than being relegated to an 
extra-curricular activity. This requires 
the support and involvement of the 
school management, teachers, and 
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is slowly beginning to expand its 
sphere of influence. Teachers are 
being encouraged to draw linkages 
with the subjects they teach. Parents 
are being encouraged to volunteer 
in this project in their free time. 
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workshops on composting, growing 
edible plants etc.
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students from both groups were 
encouraged to test their predictions 
before the next class. To identify any 
change in their existing cognitive 
schemas, even if only at the peripheral 
level, students were given the choice 
of revising their responses. 

Testing intuitive models 
of motion
When discussion around the experiment 
was resumed in the next class, both 
groups continued to stand by their 
earlier choices. However, the first group 

(of closeted Aristotelians) suggested 
that the path of the ball in Option I 
be modified to reduce the length of its 
linear portion (see Box 2). 

It is likely that on trying this 
experiment out, the students who’d 
chosen Option I had noticed that 
the ball or marble they’d launched 
did not show such a prominent 
horizontal path. This was reflected 
in their attempt to tweak their 
intuitive model (to accommodate the 
anomalous observation) instead of 
rejecting it entirely. Consequently, their 
ideas about motion remained fairly 
consistent with those of the impetus 
theory and reflected certain elements 
of Albert of Saxony’s model for 
projectile motion. 

In order to provoke students to 
question the validity of their preferred 
mental model of motion, the class 

Box 1. Theories of motion — a brief history:
One of the earliest 
explanations of motion came 
from Aristotle who proposed 
that ‘rest is the natural state of 
all objects and every (instance) 
of motion has a cause’.1 He 
believed this to be true even in 
cases where the cause was not 
apparent. For e.g., he explained 
the motion of an arrow after it 
had left a bow by concluding 
that the medium (air) through 
which the arrow travelled had 
motive power that pushed it 
forward. 

These Aristotelian ideas were 
rejected by the 6th century 
Alexandrian philosopher 
Johannes Philoponus. 
Philoponus proposed that 
the active agent imparts an 
immaterial motive power to 
an object thrown into the air. 
This motive power sustains 
the motion of the object 
until it gets dissipated due 
to resistance by the medium. 
Jean Buridan, a 14th century 
French philosopher, used the 

term ‘impetus’ to refer to this 
motive power. 

Soon after, Albert of Saxony 
used the impetus theory 
to suggest that the motion 
of a horizontally launched 
projectile could be explained 
in three stages. In the first 
stage, the impetus imparted 
by the launcher suppresses 
the effect of gravity and 
pushes the projectile forward. 
In the second stage, the 
impetus is weakened by air 
resistance. Thus, the motion 
of the projectile in this stage 
is the result of a compromise 
between impetus and gravity. 
In the final stage, the impetus 
is exhausted and the projectile 
falls vertically under the effect 
of gravity (see Fig. 1).2

It was only in the 17th century 
that Newton managed 
to successfully codify the 
behaviour of objects in 
motion in the form of three 
laws. According to the first 

of these laws, all objects tend 
to be in a state of rest or 
uniform motion in a straight 
line unless compelled by an 
external force to change this 
state. This law helped resolve 
some key questions related 
to the motion of objects 
after their separation from 
an active agent. For e.g., why 
do objects keep moving when 
separated from the agent? This 

law states that they just do; 
it’s in their nature. Newton 
called this ‘nature’ inertia, 
but could not explain why 
objects behave the way they 
do. Thus, Newton’s ‘inertia’ 
seems akin to the Aristotelian 
concept of ‘natural motion’ 
that is directed towards the 
natural place of the body and 
requires no explanation for its 
continuation.

Fig. 1. Medieval ideas of projectile motion.
Credits: Nitish Sehgal. License: CC-BY-NC. 

W e grapple with physics every 
day, often without recognising 
the insights that established 

theories in this discipline provide to our 
understanding of day-to-day phenomena. 
Given the human tendency to rationalise, 
we tend to construct intuitive causal 
theories to understand and make 
predictions about the world around 
us. These intuitive theories are usually 
inconsistent with established scientific 
theories, leading to myriad misconceptions 
about physical phenomena. 

One such misconception, around the 
concept of force, emerged from a 
discussion on projectile motion with 70 
(20 boys & 50 girls) grade IX students of 
a government high school at Bairagarh 
Chichli, Bhopal, Madhya Pradesh. 

Drawing out intuitive 
models of motion
The students were asked to predict the 
path a ball or marble would take if it were 
to be rolled off the edge of a table with 
a certain horizontal velocity (see Concept 

Builder: Motion under the influence of 
gravity). Only two students chose Option II, 
while the rest chose Option I. 

In an effort to bring their underlying 
theories on motion to light, the students 
were invited to share the rationale for 
their predictions. Those who chose Option 
I reasoned that the force applied by the 
agent to push the ball from the table 
would be transferred to the ball. As a 
result, the ball would continue to move 
in the same direction (~ a straight line) 
till this force became weak enough to 
have no effect on the ball’s motion. At 
this point, gravity would start acting on 
the ball, pulling it down. This seemingly 
logical explanation is not new — it has a 
lot in common with the impetus theory of 
motion (see Box 1). In contrast, the two 
boys who chose Option II explained that 
their response was based on the positions 
they were most likely to take to field a 
catch in their daily game of cricket. 

One way of getting learners to question 
the validity of their mental models is 
to provoke some cognitive dissonance 
by offering counter-examples. Thus, 

PHYSICS FOR  
CLOSETED ARISTOTELIANS

NITISH SEHGAL

Children aren’t 
empty vessels. They 
come to class with 
amusing, surprising 
and deep-rooted ideas, 
inconsistent with 
contemporary science. 
It is imperative for a 
teacher to recognise 
this and initiate a 
process of change 
as such ideas could 
hamper learning.

THE SCIENCE EDUCATOR AT W
ORK



8382 — Rediscovering School Science  Aug 2019 — Rediscovering School Science  Aug 2019

students from both groups were 
encouraged to test their predictions 
before the next class. To identify any 
change in their existing cognitive 
schemas, even if only at the peripheral 
level, students were given the choice 
of revising their responses. 

Testing intuitive models 
of motion
When discussion around the experiment 
was resumed in the next class, both 
groups continued to stand by their 
earlier choices. However, the first group 

(of closeted Aristotelians) suggested 
that the path of the ball in Option I 
be modified to reduce the length of its 
linear portion (see Box 2). 

It is likely that on trying this 
experiment out, the students who’d 
chosen Option I had noticed that 
the ball or marble they’d launched 
did not show such a prominent 
horizontal path. This was reflected 
in their attempt to tweak their 
intuitive model (to accommodate the 
anomalous observation) instead of 
rejecting it entirely. Consequently, their 
ideas about motion remained fairly 
consistent with those of the impetus 
theory and reflected certain elements 
of Albert of Saxony’s model for 
projectile motion. 

In order to provoke students to 
question the validity of their preferred 
mental model of motion, the class 

Box 1. Theories of motion — a brief history:
One of the earliest 
explanations of motion came 
from Aristotle who proposed 
that ‘rest is the natural state of 
all objects and every (instance) 
of motion has a cause’.1 He 
believed this to be true even in 
cases where the cause was not 
apparent. For e.g., he explained 
the motion of an arrow after it 
had left a bow by concluding 
that the medium (air) through 
which the arrow travelled had 
motive power that pushed it 
forward. 

These Aristotelian ideas were 
rejected by the 6th century 
Alexandrian philosopher 
Johannes Philoponus. 
Philoponus proposed that 
the active agent imparts an 
immaterial motive power to 
an object thrown into the air. 
This motive power sustains 
the motion of the object 
until it gets dissipated due 
to resistance by the medium. 
Jean Buridan, a 14th century 
French philosopher, used the 

term ‘impetus’ to refer to this 
motive power. 

Soon after, Albert of Saxony 
used the impetus theory 
to suggest that the motion 
of a horizontally launched 
projectile could be explained 
in three stages. In the first 
stage, the impetus imparted 
by the launcher suppresses 
the effect of gravity and 
pushes the projectile forward. 
In the second stage, the 
impetus is weakened by air 
resistance. Thus, the motion 
of the projectile in this stage 
is the result of a compromise 
between impetus and gravity. 
In the final stage, the impetus 
is exhausted and the projectile 
falls vertically under the effect 
of gravity (see Fig. 1).2

It was only in the 17th century 
that Newton managed 
to successfully codify the 
behaviour of objects in 
motion in the form of three 
laws. According to the first 

of these laws, all objects tend 
to be in a state of rest or 
uniform motion in a straight 
line unless compelled by an 
external force to change this 
state. This law helped resolve 
some key questions related 
to the motion of objects 
after their separation from 
an active agent. For e.g., why 
do objects keep moving when 
separated from the agent? This 

law states that they just do; 
it’s in their nature. Newton 
called this ‘nature’ inertia, 
but could not explain why 
objects behave the way they 
do. Thus, Newton’s ‘inertia’ 
seems akin to the Aristotelian 
concept of ‘natural motion’ 
that is directed towards the 
natural place of the body and 
requires no explanation for its 
continuation.

Fig. 1. Medieval ideas of projectile motion.
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Teaching reflections
At a programme level, it may be worth 
considering why Newtonian ideas on 
motion are introduced only in high 
school. Why are students given so 
much time to form their own ideas 
and theories about motion before 
there is any curricular intervention to 
address them? Then, over a course of 
the 2-3 years of secondary and higher 
secondary schooling, the student is 
expected to shun her beliefs and accept 
what the textbook presents as ‘correct 
knowledge’. Research shows that older 
children may be less flexible (sometimes, 

even less interested) than younger 
children in altering their mental models, 
suggesting that it may be better to 
catch them young (see Box 3). This does 
not discount the difficulties of making 
such concepts intelligible, plausible, and 
useful for young children. 

At the curricular level, it may be useful 
to re-consider the sequencing of topics 
in mechanics in science textbooks (see 
Box 4). Students are first taught about 
motion in kinematics without learning 
its causes (or the manner in which 
forces influence motion). They study 
acceleration as a mathematical quantity 

without having insights into its causes 
or physical implications. It is only when 
the topic on forces is introduced do they 
get a taste of the causes of acceleration. 
Till that time, they are left alone with 
own imagination about the causes of 
motion. Is this what leads them to seek 
various common sense and intuitive 
ideas about different phenomenon? 

Pedagogically, folk theories may be 
best addressed by devising exercises 
that help students become ‘acutely 
aware of their misconceptions’.1 Getting 
students to verbalize or pictorially 
depict the models they have of a 
particular phenomenon may help 
teachers understand the specific nature 
of their folk theories. This can be used 
to plan an intervention that introduces 
the concept in an intelligible, coherent 
(internally consistent), plausible (not 
irreconcilable with the child’s other 
world views) and fruitful (more useful 
than the older viewpoint) manner.4

Box 3. A discussion with an older student: 
The instructor happened to pose the same question to a grade X student during an 
informal interaction. The following is an excerpt from the interaction (although not 
verbatim):

I: “Do you think the marble launched from the table would continue to move in a 
straight line once it leaves contact with the table?”

S: “Yes, it would. Because it was pushed in the horizontal direction. It was imparted a 
force which would keep pushing it in the horizontal direction. Say, if the agent applied 
100 N of force, 40 N of force was transferred to the ball. This force would dissipate as 
a consequence of friction from the table, and when the ball leaves the table it would 
have a force smaller than 40 N. Then, air friction would further dissipate this force, 
and the object would start falling due to gravity…”

At the time of this interaction, the student had received instruction about projectile 
motion in kinematics both at a private school of ‘repute’ and a ‘good’ coaching 
institute. However, his conception of projectile motion remained the same as that 
held by a majority of students from the government school with no access to tutoring 
outside school or resources other than school textbooks. One could be treading on thin 
ice in drawing generalizations, but providing ‘quality instruction and resource material’ 
may not be sufficient in challenging a child’s preconceptions and folk theories.

Box 4. How do textbooks 
introduce motion? 
A couple of physics textbooks were 
examined for the manner in which 
projectile motion was introduced. 
‘Concepts of physics’ by H.C. Verma 
introduces projectile motion in this way:

“…When a particle is thrown obliquely 
near the earth’s surface. It moves 
along a curved path. Such a particle 
is called a projectile and its motion is 
called projectile motion…”.4

This is followed by an elaboration 
of the mathematical treatment of 
this concept, without any attempt 
whatsoever to help the student reflect 
on her understanding of motion. 
Similarly, Sears and Zemansky’s 
‘University physics’ provides an 
elaborate introduction of the concept 
of motion, offering many illustrations 
and solved examples, but does not 
provoke students to reflect on their 
own ideas about the phenomenon. It 
is likely that the authors of these texts 
look at students as mere recipients 
of knowledge instead of reflective 
practitioners capable of constructing 
knowledge and questioning it.

was encouraged to set-up a practical 
demonstration of the experiment. This 
led to a discussion on method — how 
would the path (I or II) of a marble 
to point B be determined? One of the 
students recommended creating a video 
since the marble's speed may cause 
its path to remain imperceptible to 
the naked eye. Although he could not 
verbalize what he wished to do with the 
video, the other students agreed to try 
this method out. 

Prior to the next class, the instructor 
shot many videos of marbles with 
different horizontal velocities being 
rolled off the edge of a table. These 
videos were shot at a relatively high 
frame rate (i.e., in slow motion) so as 
to allow viewers to trace the path of 
the marble. When these videos were 
projected on the blackboard, the 
students argued that if a marble were 
really to move at the sluggish pace seen 
in the videos, it would simply topple 
off the edge of the table. Re-iterating 
that the videos had been shot in slow 
motion seemed to make no difference 
to student views on the motion of the 
marble. To remedy this, the students 

were encouraged to record their own 
videos of the marble’s path, and use 
these to make sense of how a slow-
motion video depicts things occurring in 
real-time. 

Once the student-shot videos were 
ready, the instructor used their 
projections on the blackboard to trace 
the path of the projectile. A marble 
seemed to take ~400 milliseconds to 
hit the ground. Given the marble’s 
negligible vertical velocity, no 
appreciable vertical displacement 
was observed within the first few 
milliseconds of its leaving the table. 
The students continued to interpret 
this as evidence that the marble 
moved in a straight line, albeit for a 
much smaller amount of time than in 
their original prediction. This seems 
to suggest that even when faced with 
scenarios that present information 
or evidence inconsistent with their 
intuitive theories, children may tend to 
focus on those elements of the scenario 
that seem vaguely consistent with these 
theories. This tendency can be explained 
through two facts — we are cognitive 
misers, and processing familiar 

information requires a smaller cognitive 
effort than that required for processing 
new information.

Once it was established that the marble 
took a curved path, some students 
voiced their concerns regarding the 
demonstration. They asserted that it was 
because the marble was round in shape 
that it took a curved path. A cuboidal 
object would take the path depicted in 
Option I; a sharpener with both square 
and circular edges would take the path 
depicted in Option II; and an irregular 
object would take an irregular path. 
The instructor asked the children to test 
their assertion by using slow motion 
videos to record the launch of each of 
these objects. This new batch of videos 
was projected on the blackboard, and 
students were invited to trace the 
trajectories of each of these different 
objects. This exercise proved beyond 
doubt that the shape of the objects did 
not alter its trajectory. However, the 
belief that objects continue to move in a 
straight line after breaking contact with 
the table seemed to remain more or less 
unaltered for students who started out 
with such a preconception.

Box 2. Who are closeted Aristotelians?
Once a child realises the need to exert a 
force to push or pull an object (see Fig. 2), 
she may arrive at the hypothesis that force 
is required for motion. 

Belief in this hypothesis may become 
stronger with every case where the child 
observes the motion of an object under 
the influence of a force exerted by a 
‘visible’ external agent. As this hypothesis 

gets tested time and again and is found to 
be robust each time, it may get elevated 
to the status of a theory.3 Interestingly, 
this folk theory is consistent with the 
Aristotelian idea that force is imperative 
for motion. 

By the time the child comes across 
Newtonian ideas of motion in the school 
physics syllabus, her belief in this folk 

theory may interfere with her ability to 
understand or apply Newtonian ideas to 
her observations of real-world physical 
phenomenon. In fact, Newton’s first law 
of motion and the concept of inertia may 
often seem counter-intuitive since we 
never come across a system in our lives 
which is free from all forces. This is likely 
to become evident in her predictions 
about the trajectory of an object moving 
under the influence of non-contact forces 
or in the absence of an external agent. 

At this point, the child may lead a dual life. 
She may describe the motion of objects 
with Newton’s first law in classroom 
discussions and examination papers, while 
subscribing to the seemingly intuitive 
Aristotelian folk theory to understand it in 
real-world phenomenon. It is this dual life 
that is captured by the term — ‘closeted’ 
(meaning: in private) Aristotelians.

Fig. 2. Intuitive folk theories on motion may be consistent with the Aristotelian 
idea of motion: (a) A rush of moving air pushes to keep the cannon ball going;  
(b) A push is needed to maintain motion.
Credits: Nitish Sehgal. License: CC-BY-NC.
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Teaching reflections
At a programme level, it may be worth 
considering why Newtonian ideas on 
motion are introduced only in high 
school. Why are students given so 
much time to form their own ideas 
and theories about motion before 
there is any curricular intervention to 
address them? Then, over a course of 
the 2-3 years of secondary and higher 
secondary schooling, the student is 
expected to shun her beliefs and accept 
what the textbook presents as ‘correct 
knowledge’. Research shows that older 
children may be less flexible (sometimes, 

even less interested) than younger 
children in altering their mental models, 
suggesting that it may be better to 
catch them young (see Box 3). This does 
not discount the difficulties of making 
such concepts intelligible, plausible, and 
useful for young children. 

At the curricular level, it may be useful 
to re-consider the sequencing of topics 
in mechanics in science textbooks (see 
Box 4). Students are first taught about 
motion in kinematics without learning 
its causes (or the manner in which 
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acceleration as a mathematical quantity 
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get a taste of the causes of acceleration. 
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various common sense and intuitive 
ideas about different phenomenon? 

Pedagogically, folk theories may be 
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that help students become ‘acutely 
aware of their misconceptions’.1 Getting 
students to verbalize or pictorially 
depict the models they have of a 
particular phenomenon may help 
teachers understand the specific nature 
of their folk theories. This can be used 
to plan an intervention that introduces 
the concept in an intelligible, coherent 
(internally consistent), plausible (not 
irreconcilable with the child’s other 
world views) and fruitful (more useful 
than the older viewpoint) manner.4

Box 3. A discussion with an older student: 
The instructor happened to pose the same question to a grade X student during an 
informal interaction. The following is an excerpt from the interaction (although not 
verbatim):

I: “Do you think the marble launched from the table would continue to move in a 
straight line once it leaves contact with the table?”

S: “Yes, it would. Because it was pushed in the horizontal direction. It was imparted a 
force which would keep pushing it in the horizontal direction. Say, if the agent applied 
100 N of force, 40 N of force was transferred to the ball. This force would dissipate as 
a consequence of friction from the table, and when the ball leaves the table it would 
have a force smaller than 40 N. Then, air friction would further dissipate this force, 
and the object would start falling due to gravity…”

At the time of this interaction, the student had received instruction about projectile 
motion in kinematics both at a private school of ‘repute’ and a ‘good’ coaching 
institute. However, his conception of projectile motion remained the same as that 
held by a majority of students from the government school with no access to tutoring 
outside school or resources other than school textbooks. One could be treading on thin 
ice in drawing generalizations, but providing ‘quality instruction and resource material’ 
may not be sufficient in challenging a child’s preconceptions and folk theories.

Box 4. How do textbooks 
introduce motion? 
A couple of physics textbooks were 
examined for the manner in which 
projectile motion was introduced. 
‘Concepts of physics’ by H.C. Verma 
introduces projectile motion in this way:

“…When a particle is thrown obliquely 
near the earth’s surface. It moves 
along a curved path. Such a particle 
is called a projectile and its motion is 
called projectile motion…”.4

This is followed by an elaboration 
of the mathematical treatment of 
this concept, without any attempt 
whatsoever to help the student reflect 
on her understanding of motion. 
Similarly, Sears and Zemansky’s 
‘University physics’ provides an 
elaborate introduction of the concept 
of motion, offering many illustrations 
and solved examples, but does not 
provoke students to reflect on their 
own ideas about the phenomenon. It 
is likely that the authors of these texts 
look at students as mere recipients 
of knowledge instead of reflective 
practitioners capable of constructing 
knowledge and questioning it.

was encouraged to set-up a practical 
demonstration of the experiment. This 
led to a discussion on method — how 
would the path (I or II) of a marble 
to point B be determined? One of the 
students recommended creating a video 
since the marble's speed may cause 
its path to remain imperceptible to 
the naked eye. Although he could not 
verbalize what he wished to do with the 
video, the other students agreed to try 
this method out. 

Prior to the next class, the instructor 
shot many videos of marbles with 
different horizontal velocities being 
rolled off the edge of a table. These 
videos were shot at a relatively high 
frame rate (i.e., in slow motion) so as 
to allow viewers to trace the path of 
the marble. When these videos were 
projected on the blackboard, the 
students argued that if a marble were 
really to move at the sluggish pace seen 
in the videos, it would simply topple 
off the edge of the table. Re-iterating 
that the videos had been shot in slow 
motion seemed to make no difference 
to student views on the motion of the 
marble. To remedy this, the students 

were encouraged to record their own 
videos of the marble’s path, and use 
these to make sense of how a slow-
motion video depicts things occurring in 
real-time. 

Once the student-shot videos were 
ready, the instructor used their 
projections on the blackboard to trace 
the path of the projectile. A marble 
seemed to take ~400 milliseconds to 
hit the ground. Given the marble’s 
negligible vertical velocity, no 
appreciable vertical displacement 
was observed within the first few 
milliseconds of its leaving the table. 
The students continued to interpret 
this as evidence that the marble 
moved in a straight line, albeit for a 
much smaller amount of time than in 
their original prediction. This seems 
to suggest that even when faced with 
scenarios that present information 
or evidence inconsistent with their 
intuitive theories, children may tend to 
focus on those elements of the scenario 
that seem vaguely consistent with these 
theories. This tendency can be explained 
through two facts — we are cognitive 
misers, and processing familiar 

information requires a smaller cognitive 
effort than that required for processing 
new information.

Once it was established that the marble 
took a curved path, some students 
voiced their concerns regarding the 
demonstration. They asserted that it was 
because the marble was round in shape 
that it took a curved path. A cuboidal 
object would take the path depicted in 
Option I; a sharpener with both square 
and circular edges would take the path 
depicted in Option II; and an irregular 
object would take an irregular path. 
The instructor asked the children to test 
their assertion by using slow motion 
videos to record the launch of each of 
these objects. This new batch of videos 
was projected on the blackboard, and 
students were invited to trace the 
trajectories of each of these different 
objects. This exercise proved beyond 
doubt that the shape of the objects did 
not alter its trajectory. However, the 
belief that objects continue to move in a 
straight line after breaking contact with 
the table seemed to remain more or less 
unaltered for students who started out 
with such a preconception.

Box 2. Who are closeted Aristotelians?
Once a child realises the need to exert a 
force to push or pull an object (see Fig. 2), 
she may arrive at the hypothesis that force 
is required for motion. 

Belief in this hypothesis may become 
stronger with every case where the child 
observes the motion of an object under 
the influence of a force exerted by a 
‘visible’ external agent. As this hypothesis 

gets tested time and again and is found to 
be robust each time, it may get elevated 
to the status of a theory.3 Interestingly, 
this folk theory is consistent with the 
Aristotelian idea that force is imperative 
for motion. 

By the time the child comes across 
Newtonian ideas of motion in the school 
physics syllabus, her belief in this folk 

theory may interfere with her ability to 
understand or apply Newtonian ideas to 
her observations of real-world physical 
phenomenon. In fact, Newton’s first law 
of motion and the concept of inertia may 
often seem counter-intuitive since we 
never come across a system in our lives 
which is free from all forces. This is likely 
to become evident in her predictions 
about the trajectory of an object moving 
under the influence of non-contact forces 
or in the absence of an external agent. 

At this point, the child may lead a dual life. 
She may describe the motion of objects 
with Newton’s first law in classroom 
discussions and examination papers, while 
subscribing to the seemingly intuitive 
Aristotelian folk theory to understand it in 
real-world phenomenon. It is this dual life 
that is captured by the term — ‘closeted’ 
(meaning: in private) Aristotelians.

Fig. 2. Intuitive folk theories on motion may be consistent with the Aristotelian 
idea of motion: (a) A rush of moving air pushes to keep the cannon ball going;  
(b) A push is needed to maintain motion.
Credits: Nitish Sehgal. License: CC-BY-NC.
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To conclude
Here’s another exercise for the physics 
educator: 

A person holds one end of a string in 
her hand. A mass is tied to the other 
end. The person starts rotating the mass 

along a horizontal plane. What path 
would the mass take once the person 
lets go of the string? 

How would you respond to this question? 
Pose this question to your students, 

and seek their responses. If quite a few 
responses turn out to be folk myths, 
can you think of an experiment or a 
pedagogical strategy that counters it?

• Given the human tendency to rationalise, we tend to construct, often incorrect, intuitive 
causal theories to understand and make predictions about the world around us.

• With foundational concepts, students may use accepted scientific theories, like Newton's first 
law of motion, in classroom discussions and examination papers, while holding on to intuitive 
folk theories to understand real-world phenomenon.

• Providing ‘quality instruction and resource material’ may not be sufficient in challenging a 
child’s preconceptions and folk theories.

• Exercises requiring students to verbalise or pictorially depict their understanding of particular 
phenomena may help teachers draw out folk theories that children have constructed.

• An understanding of student folk theories can be used to design pedagogical strategies (like 
the use of counter-examples to provoke cognitive dissonance) that introduce foundational 
concepts in an intelligible, coherent, plausible and useful manner.

Key takeaways
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• Exercises requiring students to verbalise or pictorially depict their understanding of particular 
phenomena may help teachers draw out folk theories that children have constructed.
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I AM
 A SCIENTIST

INTERVIEW
WITH BEENA D B

Tell us about your current role
I work as a Resource Person for the 
Biology laboratories at the School of Arts 
and Sciences, Azim Premji University, 
Bengaluru. In this role, I focus on 
managing the lab, standardising or 
modifying protocols and processes related 
to it, and teaching practicums for biology-
related courses. I am also involved in 
guiding students in group projects. 

What is a typical day at work like? 
Work on the practicums for biology courses 
starts long before an academic term begins. 
Each faculty shares a list of concepts that 
they’d like to design lab exercises for. We 
discuss the concept and potential ideas for 
experiments. This is followed by a search 
for standardised lab protocols from online 
and offline resources. In the next round of 
discussions, we go through these protocols 

I conduct a test-run for 
each protocol to check — 
does it work? Can it be 
completed within the 
time allotted for 
practicums? Does it lend 
itself to group work? Are 
the materials required for 
it easily available?
Credits: Beena D B 
License: CC-BY-NC.

Beena D B works as 
a Resource Person at 
the School of Arts 
and Sciences, Azim 
Premji University, 
Bengaluru. In this 
interview, she shares 
her experiences and 
insights on a life in 
science.
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The modified protocol not only allows 
us to perform 20 tests for ~ Rs. 1000/-, 
each student gets a chance to try this 
method out for themselves. The money 
we save in the process can be used to 
educate many more students. 

Another ethic that I try to impress 
upon my students is the necessity to 
ensure order and cleanliness in the 
lab. This ethic, I believe, is essential 
not only for safety and successful 
experimental results, but also to help 
students grow up as integrated and 
productive members of society. I would 
like students to learn to see that it is 
their duty and responsibility to leave 
any space they use clean for others to 
use after them. This is one aspect of 
learning that goes beyond what we 
learn from textbooks to influence every 
aspect of our lives. However, inculcating 
this ethic poses a big challenge. Often, 
students do not see the mess they leave 
behind. A common excuse when they 
work in groups is that: “this does not 
belong to me”. I don’t let anyone leave 
unless the entire lab is clean again. 
This means that all the supplies have 
to be in order and each work-bench 

has to be clean and dry. I’d like to see 
each accessory given to students at the 
beginning of a lab session being put 
back in its place at the end of every 
session. Some students take to these 
practices quite easily, but most have to 
be given specific instructions. 

When and why did you decide to 
pursue a career in science? 
To be honest, the decision was made 
for me. Science was perceived to be 
a choice most suited to ‘intelligent’ 
(high-scoring) students. I had applied 
for admission to the commerce track 
at the pre-university level. However, 
the principal of the college changed 
this entry in my application form to 
science, saying: “you are capable of 
doing science”. As it turned out, biology 
became my favourite subject. 

My first experience of research was 
pushed by the need to work on an 
independent project to complete a 
compulsory requirement of the 2nd year 
of my post-graduation degree. I got 
the opportunity to work on a project 
involving gene transfer in plants at Indo 
American Hybrid Seeds, Bengaluru. This 
experience encouraged me to pursue 
research in biology.

Could you share your perspective 
on science education at the 
school level?
I would say that with advances in 
technology, methods used to teach 
science today are different from those 
used before. However, there is still scope 
for improvement. For e.g., there are still 
many under-qualified teachers with 
little or no motivation to teach, teachers 
being forced to teach disciplines other 
than their own, an unavailability of 
basic resources, as well as many other 
systemic issues. The most important 
of these problems could be resolved 
by offering better pre-service teacher 
education programmes as well as regular 
opportunities for in-service teachers to 
upgrade their skills as and when they 
need to. 

What do you think teachers 
could do to encourage an 
interest in science?
Observation is fundamental to science, 
and each individual has her own way 
of observing, thinking and interpreting. 
Every observation paves the way to 
further study. So there are no positive 
or negative results in science. To develop 
this attitude, it may be important for 
both students and teachers to not be 
biased about the kind of result they 
expect, but continue thinking about 
the reasons for the results they observe. 
Even when it is likely that a student 
has made an error in an experiment, it 
is important to ask them why they’ve 
got a different result rather than 
telling them that their result is wrong. 
This encourages curiosity, and helps 
develop their reasoning skills and self-
confidence. For e.g., amylase enzyme is 
known to work best at 37°C and become 

Observation is fundamental to science, and 
each individual has her own way of 
observing, thinking, and interpreting.

Even when it is likely that a student has 
made an error in an experiment, it is 
important to ask them why they’ve got a 
different result rather than telling them 
that their result is wrong.
Credits: Anagha Menon. License: CC-BY-NC.

to finalise ones most appropriate for the 
course. I conduct a test-run for each 
protocol, assessing it using a variety 
of criteria. For e.g., does the protocol 
work, can it be completed within the 
time-frame allotted for practicums, 
does it lend itself to group work (usually 
with 2-3 students per group), are the 
materials required for it easily available, 
etc. If needed, it is at this stage that 
I tweak the protocol to meet specific 
needs. I also ensure that all the materials 
(~ chemicals and apparatus) required for 
the protocol are stocked and ready-to-
use before the semester begins. 

What are some rewards of your 
profession?
The opportunity to engage with both 
research and teaching. My role gives 
me the autonomy to design and 
demonstrate lab exercises on specific 
concepts relevant to the undergraduate 
biology curriculum at the university, 
which includes courses like Introduction 
to Biology, Molecular Biology, Genetics, 
Biochemistry, and Understanding Plants. 
While my expertise is in biotechnology, 
I keep learning new concepts and skills 
from other fields like ecology, animal 
behaviour etc. For e.g., I have learnt 
how to start and maintain cultures 
of Planaria sp., Hydra, C. elegans, as 
well as observe the behaviour of ants 
and spiders from my colleagues at the 

University. Research doesn’t always lead 
to an invention, it could also lead to an 
innovation that improves or modifies an 
invention. I also enjoy teaching students. 
For e.g., all student group projects 
include some basic lab exercises. Each 
group performs these techniques but 
gets results that vary with the specific 
nature of their projects. This variation 
not only fascinates students, but also 
allows us to observe something new and 
ask ourselves: “Why does this happen?”. 

Some important ethical aspects 
of your profession?
I strongly believe that ‘everyone is born 
with the ability to change someone’s 
life’, and conserving resources is one 
of the ways in which I can do this. 
This is an ethic that guides my work 
in the lab. To the extent possible, I 
modify protocols to use less expensive 
alternatives. This means that we 
(the students and I) prepare our 
own solutions instead of purchasing 
expensive teaching kits with ready-
made solutions. This not only reduces 
costs but also allows every student the 
opportunity to perform each technique 
themselves, and learn first-hand 
from the experience. For e.g., a single 
teaching kit for protein isolation and 
identification costs around Rs. 7000/- 
for five tests. This kit provides a single 
column, which means that only one 
test can be performed at a time. Since 
each test runs for more than four hours, 
a teaching kit can only be used for a 
demonstration of the technique to a 
large group of students. By playing 
around with reagents and trying out 
alternatives for the column, I managed 
to get the same result in three hours 
using a syringe to replace the column. 

One of the ethics related to my role is to modify protocols and use cost-effective alternatives 
to conserve resources.

While my expertise is in biotechnology, I keep learning new concepts and skills from other 
fields like ecology and animal behaviour. For e.g., I have learnt how to observe the 
behaviour of spiders from my colleagues.
Credits: Prerna Waran. License: CC-BY-NC.
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The modified protocol not only allows 
us to perform 20 tests for ~ Rs. 1000/-, 
each student gets a chance to try this 
method out for themselves. The money 
we save in the process can be used to 
educate many more students. 

Another ethic that I try to impress 
upon my students is the necessity to 
ensure order and cleanliness in the 
lab. This ethic, I believe, is essential 
not only for safety and successful 
experimental results, but also to help 
students grow up as integrated and 
productive members of society. I would 
like students to learn to see that it is 
their duty and responsibility to leave 
any space they use clean for others to 
use after them. This is one aspect of 
learning that goes beyond what we 
learn from textbooks to influence every 
aspect of our lives. However, inculcating 
this ethic poses a big challenge. Often, 
students do not see the mess they leave 
behind. A common excuse when they 
work in groups is that: “this does not 
belong to me”. I don’t let anyone leave 
unless the entire lab is clean again. 
This means that all the supplies have 
to be in order and each work-bench 

has to be clean and dry. I’d like to see 
each accessory given to students at the 
beginning of a lab session being put 
back in its place at the end of every 
session. Some students take to these 
practices quite easily, but most have to 
be given specific instructions. 

When and why did you decide to 
pursue a career in science? 
To be honest, the decision was made 
for me. Science was perceived to be 
a choice most suited to ‘intelligent’ 
(high-scoring) students. I had applied 
for admission to the commerce track 
at the pre-university level. However, 
the principal of the college changed 
this entry in my application form to 
science, saying: “you are capable of 
doing science”. As it turned out, biology 
became my favourite subject. 

My first experience of research was 
pushed by the need to work on an 
independent project to complete a 
compulsory requirement of the 2nd year 
of my post-graduation degree. I got 
the opportunity to work on a project 
involving gene transfer in plants at Indo 
American Hybrid Seeds, Bengaluru. This 
experience encouraged me to pursue 
research in biology.

Could you share your perspective 
on science education at the 
school level?
I would say that with advances in 
technology, methods used to teach 
science today are different from those 
used before. However, there is still scope 
for improvement. For e.g., there are still 
many under-qualified teachers with 
little or no motivation to teach, teachers 
being forced to teach disciplines other 
than their own, an unavailability of 
basic resources, as well as many other 
systemic issues. The most important 
of these problems could be resolved 
by offering better pre-service teacher 
education programmes as well as regular 
opportunities for in-service teachers to 
upgrade their skills as and when they 
need to. 

What do you think teachers 
could do to encourage an 
interest in science?
Observation is fundamental to science, 
and each individual has her own way 
of observing, thinking and interpreting. 
Every observation paves the way to 
further study. So there are no positive 
or negative results in science. To develop 
this attitude, it may be important for 
both students and teachers to not be 
biased about the kind of result they 
expect, but continue thinking about 
the reasons for the results they observe. 
Even when it is likely that a student 
has made an error in an experiment, it 
is important to ask them why they’ve 
got a different result rather than 
telling them that their result is wrong. 
This encourages curiosity, and helps 
develop their reasoning skills and self-
confidence. For e.g., amylase enzyme is 
known to work best at 37°C and become 

Observation is fundamental to science, and 
each individual has her own way of 
observing, thinking, and interpreting.

Even when it is likely that a student has 
made an error in an experiment, it is 
important to ask them why they’ve got a 
different result rather than telling them 
that their result is wrong.
Credits: Anagha Menon. License: CC-BY-NC.
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inactive at -20°C. Let us suppose that 
some students report that they have 
seen this enzyme being active even at 
-20°C. Ask these students to think of 
and discuss reasons for this observation. 
Then, encourage them to repeat the 
experiment to confirm the reason 
they'd arrived at their initial incorrect 
observation. This approach can be useful 
in helping students understand their 
mistakes and design a more accurate 

model of ‘parameters that affect 
amylase activity at -20°C’. It may also be 
important to help students appreciate 
the fact that ‘no change’ is also a valid 
result, and ‘nothing happens’ can also be 
used to build a valid model. 

When what we teach appears vague 
and irrelevant to students’ lives, many 
of them lose interest in science. It 
is important to teach science at the 
school level keeping in mind what may 
hold a student's interest. It may help 
to encourage natural curiosity, connect 
science to everyday activity, design 
some fun and interesting hands-on 
experiments, and expose students to 
new concepts and opportunities. For 
e.g., ask students how they would grow 

a plant inside a bottle. From where 
would the plant get nutrients and 
oxygen? Which part of the plant is likely 
to have meristematic tissues? This is 
particularly helpful in teaching concepts 
that are so abstract that students 
cannot observe them with their own 
eyes. For e.g., students are introduced to 
the concept of chromosomes and DNA 
in grade VIII but it’s difficult for them 
to imagine how DNA looks. This could 
be taught by doing a simple hands-on 
activity that involves the isolation of 
DNA from tissues using readily available 
household chemicals. This experience 
will allow students to not only enjoy 
‘seeing’ DNA, but also help build their 
curiosity to learn more about it.

Ask students how they would grow a plant 
inside a bottle. From where would the plant 
get nutrients and oxygen? Which part of 
the plant is likely to have meristematic 
tissues?

It may be important to help students appreciate the fact that ‘no change’ is also a valid 
result, and ‘nothing happens’ can also be used to build a valid model.



9392 — Rediscovering School Science  Aug 2019 — Rediscovering School Science  Aug 2019

inactive at -20°C. Let us suppose that 
some students report that they have 
seen this enzyme being active even at 
-20°C. Ask these students to think of 
and discuss reasons for this observation. 
Then, encourage them to repeat the 
experiment to confirm the reason 
they'd arrived at their initial incorrect 
observation. This approach can be useful 
in helping students understand their 
mistakes and design a more accurate 

model of ‘parameters that affect 
amylase activity at -20°C’. It may also be 
important to help students appreciate 
the fact that ‘no change’ is also a valid 
result, and ‘nothing happens’ can also be 
used to build a valid model. 

When what we teach appears vague 
and irrelevant to students’ lives, many 
of them lose interest in science. It 
is important to teach science at the 
school level keeping in mind what may 
hold a student's interest. It may help 
to encourage natural curiosity, connect 
science to everyday activity, design 
some fun and interesting hands-on 
experiments, and expose students to 
new concepts and opportunities. For 
e.g., ask students how they would grow 

a plant inside a bottle. From where 
would the plant get nutrients and 
oxygen? Which part of the plant is likely 
to have meristematic tissues? This is 
particularly helpful in teaching concepts 
that are so abstract that students 
cannot observe them with their own 
eyes. For e.g., students are introduced to 
the concept of chromosomes and DNA 
in grade VIII but it’s difficult for them 
to imagine how DNA looks. This could 
be taught by doing a simple hands-on 
activity that involves the isolation of 
DNA from tissues using readily available 
household chemicals. This experience 
will allow students to not only enjoy 
‘seeing’ DNA, but also help build their 
curiosity to learn more about it.

Ask students how they would grow a plant 
inside a bottle. From where would the plant 
get nutrients and oxygen? Which part of 
the plant is likely to have meristematic 
tissues?

It may be important to help students appreciate the fact that ‘no change’ is also a valid 
result, and ‘nothing happens’ can also be used to build a valid model.



9594 — Rediscovering School Science  Aug 2019 — Rediscovering School Science  Aug 2019

In April 2019, astronomers managed to 
obtain an image of a black hole for the 
first time (see Fig. 1). This black hole is 

known to reside in the heart of a distant 
galaxy called M87 (see Box 1). 

Based on measurements of the velocities 
of rapidly moving stars and gas near the 
centre of M87, the mass of this black hole 
is estimated to be billions of times more 
than that of our sun. Similarly, the size of 
this black hole is calculated to be billions 
of kilometres — bigger than our solar 
system (see Box 2). However, because of 
its distance from us, the angular size of 

the expected image of the black hole itself 
is very small, one part in hundred million 
(10-8) of a degree. Despite this, astronomers 
chose to image it because this is the 
largest angle subtended by a black hole 
known to us. 

The idea of a black hole
Our story begins more than 200 years 
ago. In 1783, John Michell, an English 
clergyman imagined a body from which 
even light could not escape. Another early 
proposal of what we now call a black hole 
came from the writings of the French 

SEEING THE INVISIBLE: 

  IMAGING A BLACK HOLE
RAJARAM NITYANANDA

In early April this 
year, newspapers and 
online websites were 
agog with the news 
that astronomers had 
obtained the first image 
of a black hole known 
to reside in a distant 
galaxy called M87. Why 
did this image cause 
such a stir?

HOT OFF THE PRESS
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surface of the black hole only appears 
to be standing still when viewed from 
far away (see Box 4). An observer who 
is present at this surface will see it 
moving outwards at the speed of light, 
because she cannot stand still — she is 
falling in! This wavefront is called an 
Event Horizon. If an event occurs inside 
this surface, no light or message from 
it is sent to the outside world. To an 
observer standing outside, this surface 
is like a horizon — we don’t see beyond 
it. It is for this reason that the network 
of researchers who worked on making 
the image of the black hole called 
their collaboration the Event Horizon 
Telescope (or, EHT). 

Today, astronomers believe that a black 
hole is the final state of a massive 
star (one that is more than 20 times 
heavier than our sun). According to 
this view, after a massive star exhausts 
its source of energy, it collapses to 
a much smaller size. Its large mass 
and small radius mean that the force 
of gravity on its surface is so strong 
that nothing, not even light, is able 
to escape it. These predictions were 
validated in 2016, when the LIGO 
observatories ‘heard’ ripples of two 
black holes that were each 30 times 
heavier than our sun. 

Black holes at the heart of galaxies like 
M87 are known to rotate. This is because 
a black hole is formed by collecting 
material, like gas or even whole stars, 
that orbited it before falling into it. To 
understand this, think of the black hole 
pulling in space and time like a waterfall 
pulls in floating objects. If we think of 
spacetime around a rotating black hole 
as a fluid, it is not only being pulled 
in, but also being swirled around. A 

particle, or even a ray of light, coming 
inwards moves sideways in the direction 
of rotation. This idea is aptly illustrated 
in a cartoon by C. V. Vishveshwara, a 
very well-known researcher in the area 
of GTR who also played a major role in 
setting up the Bengaluru planetarium 
(see Fig. 2).

Radio waves from M87
Many Australian, British, and US 
scientists who worked on radar 
technology during the World War II 
turned their attention to the study of 
radio waves from astronomical objects 
in the post-war period. This was far 
more challenging than using visible 
light to probe the universe. The main 
disadvantage was the fact that the 
wavelength of radio waves (which is 
measured in centimeters or meters) was 
much longer than that of visible light 
(which is about half a micrometer). This 
meant that not only was it not possible 
to determine the precise position of 
the source of radio waves and its finer 
details, there was no clue as to how far 
away the source was. 

Nevertheless, this approach was used 
to make many outstanding discoveries. 
For e.g., in 1948, two Sydney based 
scientists — John Bolton and Gordon 
Stanley — found a strong source of radio 
waves in the constellation of Virgo. 
They offered the tentative proposal 

that this source was the same galaxy 
known to us as M87 even though the 
object was thought to be about 30 
million light-years away (the modern 
value is 55 million). The technique 
they used for this discovery is called 
interferometry. In this technique, radio 
waves arriving at two (or more) radio 
telescopes are compared to measure 
the difference in arrival times of the 
crests and the troughs. One can then 
infer the direction and strength of 
the source from these measurements. 
This is similar to how we, and most 
other animals, determine the direction 
of sound waves using two ears and 
the appropriate hardware/software 
in the brain. The same principle — of 
receiving and accurately comparing 
signals at telescopes separated in space 
— underlies most of radio astronomy 
today, and is the foundation of the EHT 
effort (see Box 5).

Around the beginning of this century, 
some of the bolder scientists realized 
that radio telescopes and the techniques 
of radio astronomy had reached a stage 
where viewing the surroundings of a 
black hole was just about possible. Since 
the technology (using millimeter waves) 
required to do this is quite demanding 
(see Box 6), the EHT project required 
the co-operation and collaboration of 
eight different telescopes (see Fig. 3). 
Many of these observatories are located 

Box 4. Visualizing the wave front:
To give an analogy, the wavefront is like 
a person who is running upwards on a 
downward moving escalator at the same 
speed but in the opposite direction. 
Viewed from above, he is standing 
still, but viewed by someone on the 
escalator who is moving downwards, he 
is travelling outward! 

Fig. 2. C. V. Vishweshwara's cartoon illustrating the behaviour of observers around a 
rotating black hole, and drawing a parallel with ‘Alice in Wonderland’.
Credits: This image is derived from C. V. Vishweshwara's article “Black Holes for Bedtime” in the volume 
“Gravitation, Quanta and the Universe; proceedings of the Einstein Centenary Symposium held on  
29th January—3rd February, 1979, in Ahmedabad, India.” Edited by A. R. Prasanna, J. V. Narlikar, and C. V. 
Vishveshwara. A Halsted Press Book, published by John Wiley & Sons, New York, 1980, p154-167. Image 
reproduced here courtesy Prof. Sarawathi Visweshwara. 

scientist Pierre-Simon Laplace in 1799. 
Both Michell and Laplace based their 
calculations on the idea of escape 
velocity (see Box 3). 

A more comprehensive understanding of 
black holes came in 1915 from Einstein’s 
general theory of relativity (abbreviated 
to GTR) based on the curved geometry of 
space and time. Because its mathematics 
was so unfamiliar, it took the physics 
and astronomy community nearly four 
decades to agree that this theory could 
be used to describe a black hole. GTR 
describes the spherical surface of a black 
hole as a wave of light that is unable to 
travel outwards because of gravity.

Does this contradict Einstein’s special 
theory of relativity, proposed in 1905, 
which suggests that all observers will 
see light travelling at the same speed 
(c = 300,000 km/s)? This apparent 
contradiction can be resolved since the 
spherical wavefront that represents the 

Fig. 1. The image of a ‘black hole’ at the heart of galaxy M87. This image was made by 
combining radio waves received from dishes (antennas) distributed over the entire globe.
Credits: Provided by Event Horizon Telescope (https://www.eso.org/public/images/eso1907a/) and uploaded 
by BevinKacon, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Black_hole_-_
Messier_87_crop_max_res.jpg. License: Public Domain.

Box 1. M87:
The galaxy M87, an abbreviation of Messier 
87, gets its name from its position (the 
87th) in an astronomical catalogue (The 
catalog of nebulae and star clusters), 
first published in 1771 by the French 
astronomer Charles Messier. The catalogue 
listed 110 nebulae and star clusters, that 
have since come to be known as the 
Messier objects. 

When Galileo looked at the Milky Way 
with his telescope, he saw individual stars. 
It was gradually recognized that we live 
in a galaxy — a collection of around one 
hundred billion stars. It then took nearly 
300 years for astronomers to realize 

that many of the diffuse objects were 
galaxies outside our own, and were 
also made up of stars. One of the early 
defenders of this view was the American 
astronomer Heber Curtis, who was 
finally proved right when Edwin Hubble 
was able to see individual stars in our 
neighbour the Andromeda galaxy. 

In 1918, Curtis photographed an unusual 
sharp line like object, apparently coming 
out on one side of the centre of the 
galaxy M87. Although it was later given 
the name of ‘jet’, suggesting some outflow 
of material and energy from the centre, its 
nature remained a mystery for 50 years.

M87 jet: a modern image taken with 
the Hubble space telescope.
Credits: NASA Hubble Space Telescope, 
Flickr. URL: https://www.flickr.com/photos/
nasahubble/27305559127. License: CC-BY. 

Box 2. Giant black holes:
The existence of black holes of this 
size was first suspected in the mid-
20th century. After many unsuccessful 
attempts to explain the energetic 
radio waves and other forms of 
electromagnetic radiations that the 
earth received from distant galaxies 
like M87, a mechanism for this energy 
output was generally accepted. The 
primary source of these radiations is 
now believed to be a disc of hot gas 
with a strong magnetic field, which is 
in orbit around a ‘giant’ black hole at 
the centre of each of these galaxies. 

Box 3. Escape velocity and the 
idea of black holes:
This is the minimum speed required by 
a body to escape the gravitational field 
of a massive object so that it does not 
fall back. Newton's theory of gravity 
shows that the square of the escape 
velocity is proportional to the mass, and 
inversely proportional to the radius of 
the body. If we consider a body with a 
mass M, a radius R, and with an escape 
velocity equal to the speed of light (c): 

R = (2 G M) / c2

Here, G is the constant in Newton’s 
law of gravitation, which expresses the 
force between two masses in terms of 
the distance between them. Or, 

F = (G M1M2) / R
2

If we substitute the values for G, the 
speed of light, and the mass of the sun, 
we find that R has a value of just 3 km. 
This means that if the entire mass of the 
sun was packed into a sphere with a 3 
km radius, it would become capable of 
trapping light. Since the actual radius 
of our sun is about 700,000 kilometres, 
there is no danger of it trapping its own 
light in its present state!
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interferometry. In this technique, radio 
waves arriving at two (or more) radio 
telescopes are compared to measure 
the difference in arrival times of the 
crests and the troughs. One can then 
infer the direction and strength of 
the source from these measurements. 
This is similar to how we, and most 
other animals, determine the direction 
of sound waves using two ears and 
the appropriate hardware/software 
in the brain. The same principle — of 
receiving and accurately comparing 
signals at telescopes separated in space 
— underlies most of radio astronomy 
today, and is the foundation of the EHT 
effort (see Box 5).

Around the beginning of this century, 
some of the bolder scientists realized 
that radio telescopes and the techniques 
of radio astronomy had reached a stage 
where viewing the surroundings of a 
black hole was just about possible. Since 
the technology (using millimeter waves) 
required to do this is quite demanding 
(see Box 6), the EHT project required 
the co-operation and collaboration of 
eight different telescopes (see Fig. 3). 
Many of these observatories are located 

Box 4. Visualizing the wave front:
To give an analogy, the wavefront is like 
a person who is running upwards on a 
downward moving escalator at the same 
speed but in the opposite direction. 
Viewed from above, he is standing 
still, but viewed by someone on the 
escalator who is moving downwards, he 
is travelling outward! 

Fig. 2. C. V. Vishweshwara's cartoon illustrating the behaviour of observers around a 
rotating black hole, and drawing a parallel with ‘Alice in Wonderland’.
Credits: This image is derived from C. V. Vishweshwara's article “Black Holes for Bedtime” in the volume 
“Gravitation, Quanta and the Universe; proceedings of the Einstein Centenary Symposium held on  
29th January—3rd February, 1979, in Ahmedabad, India.” Edited by A. R. Prasanna, J. V. Narlikar, and C. V. 
Vishveshwara. A Halsted Press Book, published by John Wiley & Sons, New York, 1980, p154-167. Image 
reproduced here courtesy Prof. Sarawathi Visweshwara. 

scientist Pierre-Simon Laplace in 1799. 
Both Michell and Laplace based their 
calculations on the idea of escape 
velocity (see Box 3). 

A more comprehensive understanding of 
black holes came in 1915 from Einstein’s 
general theory of relativity (abbreviated 
to GTR) based on the curved geometry of 
space and time. Because its mathematics 
was so unfamiliar, it took the physics 
and astronomy community nearly four 
decades to agree that this theory could 
be used to describe a black hole. GTR 
describes the spherical surface of a black 
hole as a wave of light that is unable to 
travel outwards because of gravity.

Does this contradict Einstein’s special 
theory of relativity, proposed in 1905, 
which suggests that all observers will 
see light travelling at the same speed 
(c = 300,000 km/s)? This apparent 
contradiction can be resolved since the 
spherical wavefront that represents the 

Fig. 1. The image of a ‘black hole’ at the heart of galaxy M87. This image was made by 
combining radio waves received from dishes (antennas) distributed over the entire globe.
Credits: Provided by Event Horizon Telescope (https://www.eso.org/public/images/eso1907a/) and uploaded 
by BevinKacon, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Black_hole_-_
Messier_87_crop_max_res.jpg. License: Public Domain.

Box 1. M87:
The galaxy M87, an abbreviation of Messier 
87, gets its name from its position (the 
87th) in an astronomical catalogue (The 
catalog of nebulae and star clusters), 
first published in 1771 by the French 
astronomer Charles Messier. The catalogue 
listed 110 nebulae and star clusters, that 
have since come to be known as the 
Messier objects. 

When Galileo looked at the Milky Way 
with his telescope, he saw individual stars. 
It was gradually recognized that we live 
in a galaxy — a collection of around one 
hundred billion stars. It then took nearly 
300 years for astronomers to realize 

that many of the diffuse objects were 
galaxies outside our own, and were 
also made up of stars. One of the early 
defenders of this view was the American 
astronomer Heber Curtis, who was 
finally proved right when Edwin Hubble 
was able to see individual stars in our 
neighbour the Andromeda galaxy. 

In 1918, Curtis photographed an unusual 
sharp line like object, apparently coming 
out on one side of the centre of the 
galaxy M87. Although it was later given 
the name of ‘jet’, suggesting some outflow 
of material and energy from the centre, its 
nature remained a mystery for 50 years.

M87 jet: a modern image taken with 
the Hubble space telescope.
Credits: NASA Hubble Space Telescope, 
Flickr. URL: https://www.flickr.com/photos/
nasahubble/27305559127. License: CC-BY. 

Box 2. Giant black holes:
The existence of black holes of this 
size was first suspected in the mid-
20th century. After many unsuccessful 
attempts to explain the energetic 
radio waves and other forms of 
electromagnetic radiations that the 
earth received from distant galaxies 
like M87, a mechanism for this energy 
output was generally accepted. The 
primary source of these radiations is 
now believed to be a disc of hot gas 
with a strong magnetic field, which is 
in orbit around a ‘giant’ black hole at 
the centre of each of these galaxies. 

Box 3. Escape velocity and the 
idea of black holes:
This is the minimum speed required by 
a body to escape the gravitational field 
of a massive object so that it does not 
fall back. Newton's theory of gravity 
shows that the square of the escape 
velocity is proportional to the mass, and 
inversely proportional to the radius of 
the body. If we consider a body with a 
mass M, a radius R, and with an escape 
velocity equal to the speed of light (c): 

R = (2 G M) / c2

Here, G is the constant in Newton’s 
law of gravitation, which expresses the 
force between two masses in terms of 
the distance between them. Or, 

F = (G M1M2) / R
2

If we substitute the values for G, the 
speed of light, and the mass of the sun, 
we find that R has a value of just 3 km. 
This means that if the entire mass of the 
sun was packed into a sphere with a 3 
km radius, it would become capable of 
trapping light. Since the actual radius 
of our sun is about 700,000 kilometres, 
there is no danger of it trapping its own 
light in its present state!
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very elaborate mathematics and/or 
computer programmes are needed 
to make predictions that can be 
compared with actual observations. 
When the observations are limited, 
many different models may work. 
With improvements in the quality of 
observations (for e.g., by observing 
an object at different wavelengths, or 
making images with higher resolving 
power), many of these models get 
rejected. If all goes well, the one model 
that survives is generally accepted as 
being the most plausible one.

It is this kind of process, over nearly 
half a century, that has given us a 
model that explains what is happening 
around the black hole to produce the 
powerful radio emissions we receive 
on earth. The black hole is surrounded 
by gas, which orbits it. The different 
gas streams at different radii and 
orbiting with different speeds results 
in friction. This has two consequences. 
One, the gas in the inner region spirals 
inwards into a lower orbit, in the same 
way that artificial satellites descend 
into lower orbits due to the friction 
of the earth’s atmosphere. Two, this 
friction heats up the gas. Ultimately, 
the energy generated is accounted 
for by the potential energy lost while 
descending to lower orbits. As a very 
simple example, a stone falling towards 
the earth picks up kinetic energy, 
which becomes thermal energy when 
the stone hits the ground. At these 
high temperatures, the electrons in 
the gas ring get separated from the 
nuclei of the atoms, turning the gas 
into an electrical conductor. This carries 
electrical currents which produce a 
magnetic field. Electrons moving in 
curved orbits in a magnetic field emit 
radio waves. The rapidly rotating gas in 
the centre acts like a pump, and some 
of the gas is flung out and away from 
the black hole along the magnetic field 
lines. This too has a parallel — many 
borewells have a rapidly rotating 
‘centrifugal pump’ at the bottom, which 
gives the water enough energy to climb 
to the surface. 

While this model may seem very 
general, it was backed by large-scale 
computations to explain the energy and 
wavelength of the observed radiation 
even before the EHT work. The recent 
image allows astrophysicists to compare 
their model with actual observations to 
solve for some quantities which were 
unknown before. These include the 
mass of the black hole, how rapidly it is 
rotating, the amount of gas falling into 
it, and the strength of the magnetic 
field. Therefore, the recent image not 
only allows us to observe the black 
hole, but also learn more about its 
surroundings.

But, why is the central region of the 
image in darkness? The radiation coming 
from the orbiting gas is bent by the 
strong gravity of the black hole, creating 
the ring-like shape of the radio image. 
Rays which go too close to the black 
hole fall in (see Fig. 4). Since we do 
not receive them, this central region 
appears to be dark. This means that 
while the black hole continues to remain 
unseen and invisible, it produces a clear 
signature in the rays that just missed 
being captured by it. 

To conclude
The excitement about the ring is 

justified. This image provides direct 
evidence for the existence of black holes 
— first offered as mere speculation more 
than two centuries ago. While it was 
worked out by astrophysicists in some 
detail even 50 years ago, the evidence 
was always indirect — calculations that 
were based on the assumption that a 
black hole seemed to agree with the 
observations. This was true both for the 
end states of massive stars and for the 
energy sources at the centre of galaxies. 
Clearly, astronomers were waiting for a 
more direct confirmation of the role of 
black holes. LIGO in 2016, and the EHT 
in 2019, have provided this long awaited 
evidence.

To a physicist, black holes are a 
fascinating aspect of gravitation, with 
properties like the event horizon, and 
the dragging of objects by a rotating 
black hole. Even more fascinating, but 
still unsolved, is the problem of what 
happens to matter once it crosses the 
event horizon. These recent astronomical 
discoveries will undoubtedly result in 
more work — both in terms of theory 
and observation. We can look forward to 
a better understanding of some of the 
most unusual objects in our universe.

Fig. 4. Radiation originating near a nonrotating black hole. The dashed line is called the 
photon sphere.  Any radiation crossing it falls into the event horizon. Rays that just miss it are 
bent and can reach a distant observer, forming a ring-shaped image. No rays are seen 
emanating from this sphere, which lies outside the event horizon.
Credits: Rajaram Nityananda. License: CC-BY-NC.

at high altitudes since the water vapour 
in the lower atmosphere blocks these 
millimetre waves.

Significance of the ring 
shaped image of a black 
hole
Unlike laboratory physicists, 
astrophysicists do not control the 
systems they study. They have to work 
with radiation received on earth, 
and images which do not reveal the 
finer details of the object they are 
studying. Therefore, astrophysicists 
create ‘models’. A model is a guess 
as to what kind of material, at what 
temperature, moving in what manner, 
will explain the limited observational 
information that astrophysicists have. 
Of course, any model has to obey 
the known laws of physics. Often, 

Box 5. Interferometry:
Data from many radio telescopes is 
needed to obtain a complete image of 
more than one source, or a complex 
source like a ring. The ‘resolving power’ 
of such an array of radio telescopes 
is defined by the minimum angle 
θmin between two sources of radio 
waves (or light, or any other form of 
electromagnetic radiation) which the 
instrument can distinguish as being 
separate. If the two sources are closer 
than this angle, then they appear as one 
blurred image in the picture made by this 
instrument. 

The formula for θmin is particularly 
simple if the angle is expressed in 
radians (remember: 1 radian = the angle 
subtended by an arc of unit length at the 
centre of a circle of unit radius = ~ 57.3 
degrees). Since the arc and the chord 
are equal for much smaller angles, we 
can simply divide the size of an object 
by its distance to get the value of the 
angle. For e.g., an adult finger at arm’s 
length (about 60 cm) and 2 cm width 
subtends 2/60=1/30 radians or about 2 
degrees. Thus, the resolving power of a 
telescope of size D using a wavelength λ 
is expressed as θmin ≈ λ/D radians. 

The image above shows the limits to 
resolution of an array of radio telescopes. 
The blue dashed line shows a plane 
wavefront, originating from a distant 
astronomical source of radiation. The 
associated rays are shown as lines 
perpendicular to the wavefront, and 
the lens focuses them to give the image 
corresponding to this source. The red 
dashed line is a wavefront coming from 
another source, separated by the angle 
θmin in the sky in radians. This tilt leads 
to an extra path length of Dθmin between 
the rays reaching the top and the bottom 
of the lens. If this is much less than one 
wavelength, then the two sources cannot 
be seen as separate. This leads to the 
relation θmin ≈ λ/D radians. 

Box 6. Using radio telescopes to 
view black holes:
The radius of the event horizon of the 
black hole in M87 was estimated to 
be about 50,000 light seconds. The 
distance to M87 was known to be 50 
million light-years, or about 1.5 x 1015 
light seconds. Therefore, the angle 
subtended at earth by the radius of the 
event horizon (θmin) = ~3 x 10-11 radians. 
To achieve this angle, one would need 
a wavelength of approximately one 
third of a millimeter. Fortunately, 
matter surrounding the black hole 
emitting the radio waves is expected 
to be several times the event horizon 
radius. Therefore, a wavelength of 
1.3 mm, which is available at many 
radio observatories, would suffice. 
These estimates assume a telescope 
separation of 10000 kilometres.

Fig. 3. The eight radio telescopes contributing to the EHT and their locations.
Credits: Adapted from an image by © APEX, IRAM, G. Narayanan, J. McMahon, JCMT/JAC, S. Hostler, D. 
Harvey, ESO/C. Malin, Max Planck Institute for Radioastronomy. URL: https://www.mpifr-bonn.mpg.de/
pressreleases/2019/4.
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very elaborate mathematics and/or 
computer programmes are needed 
to make predictions that can be 
compared with actual observations. 
When the observations are limited, 
many different models may work. 
With improvements in the quality of 
observations (for e.g., by observing 
an object at different wavelengths, or 
making images with higher resolving 
power), many of these models get 
rejected. If all goes well, the one model 
that survives is generally accepted as 
being the most plausible one.

It is this kind of process, over nearly 
half a century, that has given us a 
model that explains what is happening 
around the black hole to produce the 
powerful radio emissions we receive 
on earth. The black hole is surrounded 
by gas, which orbits it. The different 
gas streams at different radii and 
orbiting with different speeds results 
in friction. This has two consequences. 
One, the gas in the inner region spirals 
inwards into a lower orbit, in the same 
way that artificial satellites descend 
into lower orbits due to the friction 
of the earth’s atmosphere. Two, this 
friction heats up the gas. Ultimately, 
the energy generated is accounted 
for by the potential energy lost while 
descending to lower orbits. As a very 
simple example, a stone falling towards 
the earth picks up kinetic energy, 
which becomes thermal energy when 
the stone hits the ground. At these 
high temperatures, the electrons in 
the gas ring get separated from the 
nuclei of the atoms, turning the gas 
into an electrical conductor. This carries 
electrical currents which produce a 
magnetic field. Electrons moving in 
curved orbits in a magnetic field emit 
radio waves. The rapidly rotating gas in 
the centre acts like a pump, and some 
of the gas is flung out and away from 
the black hole along the magnetic field 
lines. This too has a parallel — many 
borewells have a rapidly rotating 
‘centrifugal pump’ at the bottom, which 
gives the water enough energy to climb 
to the surface. 

While this model may seem very 
general, it was backed by large-scale 
computations to explain the energy and 
wavelength of the observed radiation 
even before the EHT work. The recent 
image allows astrophysicists to compare 
their model with actual observations to 
solve for some quantities which were 
unknown before. These include the 
mass of the black hole, how rapidly it is 
rotating, the amount of gas falling into 
it, and the strength of the magnetic 
field. Therefore, the recent image not 
only allows us to observe the black 
hole, but also learn more about its 
surroundings.

But, why is the central region of the 
image in darkness? The radiation coming 
from the orbiting gas is bent by the 
strong gravity of the black hole, creating 
the ring-like shape of the radio image. 
Rays which go too close to the black 
hole fall in (see Fig. 4). Since we do 
not receive them, this central region 
appears to be dark. This means that 
while the black hole continues to remain 
unseen and invisible, it produces a clear 
signature in the rays that just missed 
being captured by it. 

To conclude
The excitement about the ring is 

justified. This image provides direct 
evidence for the existence of black holes 
— first offered as mere speculation more 
than two centuries ago. While it was 
worked out by astrophysicists in some 
detail even 50 years ago, the evidence 
was always indirect — calculations that 
were based on the assumption that a 
black hole seemed to agree with the 
observations. This was true both for the 
end states of massive stars and for the 
energy sources at the centre of galaxies. 
Clearly, astronomers were waiting for a 
more direct confirmation of the role of 
black holes. LIGO in 2016, and the EHT 
in 2019, have provided this long awaited 
evidence.

To a physicist, black holes are a 
fascinating aspect of gravitation, with 
properties like the event horizon, and 
the dragging of objects by a rotating 
black hole. Even more fascinating, but 
still unsolved, is the problem of what 
happens to matter once it crosses the 
event horizon. These recent astronomical 
discoveries will undoubtedly result in 
more work — both in terms of theory 
and observation. We can look forward to 
a better understanding of some of the 
most unusual objects in our universe.

Fig. 4. Radiation originating near a nonrotating black hole. The dashed line is called the 
photon sphere.  Any radiation crossing it falls into the event horizon. Rays that just miss it are 
bent and can reach a distant observer, forming a ring-shaped image. No rays are seen 
emanating from this sphere, which lies outside the event horizon.
Credits: Rajaram Nityananda. License: CC-BY-NC.

at high altitudes since the water vapour 
in the lower atmosphere blocks these 
millimetre waves.

Significance of the ring 
shaped image of a black 
hole
Unlike laboratory physicists, 
astrophysicists do not control the 
systems they study. They have to work 
with radiation received on earth, 
and images which do not reveal the 
finer details of the object they are 
studying. Therefore, astrophysicists 
create ‘models’. A model is a guess 
as to what kind of material, at what 
temperature, moving in what manner, 
will explain the limited observational 
information that astrophysicists have. 
Of course, any model has to obey 
the known laws of physics. Often, 

Box 5. Interferometry:
Data from many radio telescopes is 
needed to obtain a complete image of 
more than one source, or a complex 
source like a ring. The ‘resolving power’ 
of such an array of radio telescopes 
is defined by the minimum angle 
θmin between two sources of radio 
waves (or light, or any other form of 
electromagnetic radiation) which the 
instrument can distinguish as being 
separate. If the two sources are closer 
than this angle, then they appear as one 
blurred image in the picture made by this 
instrument. 

The formula for θmin is particularly 
simple if the angle is expressed in 
radians (remember: 1 radian = the angle 
subtended by an arc of unit length at the 
centre of a circle of unit radius = ~ 57.3 
degrees). Since the arc and the chord 
are equal for much smaller angles, we 
can simply divide the size of an object 
by its distance to get the value of the 
angle. For e.g., an adult finger at arm’s 
length (about 60 cm) and 2 cm width 
subtends 2/60=1/30 radians or about 2 
degrees. Thus, the resolving power of a 
telescope of size D using a wavelength λ 
is expressed as θmin ≈ λ/D radians. 

The image above shows the limits to 
resolution of an array of radio telescopes. 
The blue dashed line shows a plane 
wavefront, originating from a distant 
astronomical source of radiation. The 
associated rays are shown as lines 
perpendicular to the wavefront, and 
the lens focuses them to give the image 
corresponding to this source. The red 
dashed line is a wavefront coming from 
another source, separated by the angle 
θmin in the sky in radians. This tilt leads 
to an extra path length of Dθmin between 
the rays reaching the top and the bottom 
of the lens. If this is much less than one 
wavelength, then the two sources cannot 
be seen as separate. This leads to the 
relation θmin ≈ λ/D radians. 

Box 6. Using radio telescopes to 
view black holes:
The radius of the event horizon of the 
black hole in M87 was estimated to 
be about 50,000 light seconds. The 
distance to M87 was known to be 50 
million light-years, or about 1.5 x 1015 
light seconds. Therefore, the angle 
subtended at earth by the radius of the 
event horizon (θmin) = ~3 x 10-11 radians. 
To achieve this angle, one would need 
a wavelength of approximately one 
third of a millimeter. Fortunately, 
matter surrounding the black hole 
emitting the radio waves is expected 
to be several times the event horizon 
radius. Therefore, a wavelength of 
1.3 mm, which is available at many 
radio observatories, would suffice. 
These estimates assume a telescope 
separation of 10000 kilometres.

Fig. 3. The eight radio telescopes contributing to the EHT and their locations.
Credits: Adapted from an image by © APEX, IRAM, G. Narayanan, J. McMahon, JCMT/JAC, S. Hostler, D. 
Harvey, ESO/C. Malin, Max Planck Institute for Radioastronomy. URL: https://www.mpifr-bonn.mpg.de/
pressreleases/2019/4.
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(twanight.org), Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:APEX_Stands_Sentry_on_Chajnantor.jpg. License: CC-BY.

Rajaram Nityananda is currently teaching at the Azim Premji University, Bengaluru. Prior to this, he was at the Raman 
Research Institute (RRI), Bengaluru. He has been the Chief Editor of Resonance, journal of science education, for one term 
(~three years). Much of his research work has been theoretical — in areas of physics relating to light and to astronomy and, 
hence, involving mathematics and/or computation. Rajaram enjoys collaborating with students and colleagues — many of 
them experimenters, and many outside his own institution.

• In April 2019, astronomers managed to obtain an image of a black hole for the first time. This 
black hole resides in a distant galaxy called M87. 

• The idea of a black hole as a body which traps even light is more than 200 years old. It 
received proper mathematical form in Einstein’s theory of gravity.

• In 2016, the LIGO observatory found empirical evidence for the existence of black holes 
formed by the collapse of a star, after it has exhausted its source of energy, that was >20 
times heavier than our sun. 

• The image that was in the news this year was made by combining radio waves received from 
dishes (antennas) distributed over the entire globe, and the combined efforts of a large team 
of >300 authors (Event Horizon Telescope or EHT collaboration). 

• This image provides conclusive evidence that the source of the energetic radio waves that 
the earth receives from the centre of M87 and similar galaxies is a disc of hot gas (carrying a 
strong magnetic field) that is orbiting a central black hole.

Key takeaways



100 — Rediscovering School Science  Aug 2019

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 

AL
GE

BR
A TechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91 ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38 Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 

W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76 Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31 Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 

AL
GE

BR
A TechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91 ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38 Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 

W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76 Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31 Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 

AL
GE

BR
A TechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91 ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38 Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 

W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76 Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31 Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Note: Image used in the background of the article title — The Atacama Pathfinder Experiment (APEX) telescope at Chajnantor. Image credit: ESO/B. Tafreshi/TWAN 
(twanight.org), Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:APEX_Stands_Sentry_on_Chajnantor.jpg. License: CC-BY.

Rajaram Nityananda is currently teaching at the Azim Premji University, Bengaluru. Prior to this, he was at the Raman 
Research Institute (RRI), Bengaluru. He has been the Chief Editor of Resonance, journal of science education, for one term 
(~three years). Much of his research work has been theoretical — in areas of physics relating to light and to astronomy and, 
hence, involving mathematics and/or computation. Rajaram enjoys collaborating with students and colleagues — many of 
them experimenters, and many outside his own institution.

• In April 2019, astronomers managed to obtain an image of a black hole for the first time. This 
black hole resides in a distant galaxy called M87. 

• The idea of a black hole as a body which traps even light is more than 200 years old. It 
received proper mathematical form in Einstein’s theory of gravity.

• In 2016, the LIGO observatory found empirical evidence for the existence of black holes 
formed by the collapse of a star, after it has exhausted its source of energy, that was >20 
times heavier than our sun. 

• The image that was in the news this year was made by combining radio waves received from 
dishes (antennas) distributed over the entire globe, and the combined efforts of a large team 
of >300 authors (Event Horizon Telescope or EHT collaboration). 

• This image provides conclusive evidence that the source of the energetic radio waves that 
the earth receives from the centre of M87 and similar galaxies is a disc of hot gas (carrying a 
strong magnetic field) that is orbiting a central black hole.

Key takeaways



Recurring sections:

The Science Lab Tried-and-tested thought/practical experiments to teach a concept 

Life in your Backyard Concepts and activities to use one’s immediate surroundings for ecological literacy

Science Online Ideas and activities to use an open-access online resource as a teaching aid

Annals of History The history of one major scientific idea/innovation/concept

Biography of an Environmental 
Scientist

Her life and times through the prism of her contribution to science 

The Science Educator at Work Narratives of your experiences as a teacher in the science classroom

Book Review Review of a book that can contribute to the teaching/learning of school science

Hot off the Press Why recently reported scientific/educational research has grabbed headlines

Printed and published by Manoj P on behalf of Azim Premji Foundation for Development.

Printed at Suprabha Colorgrafix (P) Ltd., No. 10, 11, 11-A, J.C. Industrial Area, Yelachenahalli, Kanakapura Road, Bengaluru 560062.

Published at Azim Premji University, Pixel B Block, PES College of Engineering Campus, Electronics City, Bengaluru 560100. 

Editors: Ramgopal Vallath & Chitra Ravi

Write for us

Proposals for articles for our theme section need to reach us latest by 1st December 2019, while those for our recurring 
sections are accepted throughout the year.

A special invitation to practicing science teachers and teacher 
educators: we are looking to feature methods, activities, and examples 
you’ve tried and tested in your classrooms to engage the curiosity and 
imagination of your young learners.

Ideas for POSTERS (< 600 words) or ACTIVITY SHEETS that teachers can 
directly use in their classrooms are particularly welcome!

We invite 
submissions 
of proposals 
for our theme — 
TEACHING AS IF THE  
EARTH MATTERS

If you have an idea for an article, send us (at iwonder@apu.edu.in) a brief 
overview (<500 words) with your bio (<50 words). We accept a variety of formats 
— perspective piece, biography, a collection of activities, the transcript of an 
interview, teaching reflections, a photo-essay, or even a story. 

Can’t find a match? Get in touch with us. We’ll help identify the section that your article fits best.

Have a short (200-400 
words) SCIENCE SNIPPET 

on some funny, fascinating, 
mysterious, or inspiring facet 
of science or scientists? Send 
it to us with a short bio and 
a photo of yourself — the 

five best submissions will be 
published in our next issue.

103— Rediscovering School Science  Aug 2019

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 
AL

GE
BR

ATechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 
W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 
AL

GE
BR

ATechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 
W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 
AL

GE
BR

ATechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 
W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications



Recurring sections:

The Science Lab Tried-and-tested thought/practical experiments to teach a concept 

Life in your Backyard Concepts and activities to use one’s immediate surroundings for ecological literacy

Science Online Ideas and activities to use an open-access online resource as a teaching aid

Annals of History The history of one major scientific idea/innovation/concept

Biography of an Environmental 
Scientist

Her life and times through the prism of her contribution to science 

The Science Educator at Work Narratives of your experiences as a teacher in the science classroom

Book Review Review of a book that can contribute to the teaching/learning of school science

Hot off the Press Why recently reported scientific/educational research has grabbed headlines

Printed and published by Manoj P on behalf of Azim Premji Foundation for Development.

Printed at Suprabha Colorgrafix (P) Ltd., No. 10, 11, 11-A, J.C. Industrial Area, Yelachenahalli, Kanakapura Road, Bengaluru 560062.

Published at Azim Premji University, Pixel B Block, PES College of Engineering Campus, Electronics City, Bengaluru 560100. 

Editors: Ramgopal Vallath & Chitra Ravi

Write for us

Proposals for articles for our theme section need to reach us latest by 1st December 2019, while those for our recurring 
sections are accepted throughout the year.

A special invitation to practicing science teachers and teacher 
educators: we are looking to feature methods, activities, and examples 
you’ve tried and tested in your classrooms to engage the curiosity and 
imagination of your young learners.

Ideas for POSTERS (< 600 words) or ACTIVITY SHEETS that teachers can 
directly use in their classrooms are particularly welcome!

We invite 
submissions 
of proposals 
for our theme — 
TEACHING AS IF THE  
EARTH MATTERS

If you have an idea for an article, send us (at iwonder@apu.edu.in) a brief 
overview (<500 words) with your bio (<50 words). We accept a variety of formats 
— perspective piece, biography, a collection of activities, the transcript of an 
interview, teaching reflections, a photo-essay, or even a story. 

Can’t find a match? Get in touch with us. We’ll help identify the section that your article fits best.

Have a short (200-400 
words) SCIENCE SNIPPET 

on some funny, fascinating, 
mysterious, or inspiring facet 
of science or scientists? Send 
it to us with a short bio and 
a photo of yourself — the 

five best submissions will be 
published in our next issue.

103— Rediscovering School Science  Aug 2019

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 
AL

GE
BR

ATechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 
W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 
AL

GE
BR

ATechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 
W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications

Issue 03   Feb 2017

REDISCOVERING SCHOOL SCIENCE

A publication from Azim Premji University

Page 4

LISTENING TO
BLACK HOLES

Page 25

Where do we 
come from?
What are we? Where are 
we going?

A publication from Azim Premji University

Half-Yearly   Bengaluru

Issue 04   January 2018

Rediscovering 
School Science

P
U

LL
O

U
T

IN
TR

OD
UC

TI
ON

 T
O 
AL

GE
BR

ATechSpace

»  A Cyclic Kepler Quadrilateral & 

The Golden Ratio

»  The Elementary Cellular Automata - A 

Journey into the Computational World

91ClassRoom

»  The Conjecturing 

Classroom

»  Misconceptions in 

Fractions

38Features

»  Triangular Numbers

»  Ramanujan and Some Elementary 

Mathematical Problems

»  The Power Triangle

05

Volume 7 ǀ Issue 1 ǀ March 2018
Triannual ǀ Bengaluru

Azim Premji University

SEE THE MATHS

Volume 6, No. 3 November 2017

music lov
er

television 

presenter

trave�er

playwright

author

story-te�er

Nerd?

geek? 

head in the 

clouds? 

unworldly?

Bookish?

P
U

LL
O

U
T

TH
E 
W
OR

LD
 O

F 
IN

TE
GE

RS
Tech Space

»  Teaching Concepts of Calculus

»  Desmos Activity Builder - Create 

Your Own Interactive Activity

76Class Room

»  A Triangle Problem 

and Three Variants

»  Divisibility By 7

31Features

»  Sums of Powers of Natural 

Numbers - Part 1

»  Tonic Ambiguity

»  Napoleon's Theorem- Part 2

05

i wonder...

Learning Curve

At Right Angles

A theme-based publication focussing on topics 
of current relavence to the education sector

A resource for school mathematics

Rediscovering school science

www.azimpremjiuniversity.edu.in/
i-wonder
 iwonder@apu.edu.in

www.azimpremjiuniversity.edu.in/
learning-curve
learningcurve@apu.edu.in

www.azimpremjiuniversity.edu.in/
at-right-angles
atrightangles@apu.edu.in

Rich resource material 
for educators

Download Free

Azim Premji  University Publications





SWATI SIDHU



How many of these trees can you 
spot in and around your school 
campus, home, or neighbourhood? 

Do you know their local names? Have you 

noticed when they flower or fruit? What 

animals visit them and why? What do we 

(humans) use them for? 

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.

Jackfruit
Tamarind
Pongam
Peepal
Neem
Indian Laburnum
Sal
Babool
Teak
Purple Bauhinia

4
6
8

10
12
14
16
18
20
22
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The tree with fruits 

Jackfruit
Scientific name 

Other names

Flowers in
Fruits in

Artocarpus heterophyllus
Katahal (Hindi), Palaa (Tamil), 
Halasu (Kannada)
December-March
April-May

:
:

:
:

Leaves 
4

Have you seen flowers on a jackfruit tree? This tree has male and female 
flowers, and they both look like miniature fruits. The male flowers have 
smooth surfaces and are produced on younger branches. You can also see 
yellow pollen dust on these flowers. Female flowers have a bumpy surface 
and grow mostly on the main trunk or larger branches. Female flowers 
develop into fruits, while male flowers turn black and drop off the tree.

Male inflorescence Female inflorescence 

Fruit 
5
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Male inflorescence Female inflorescence 

Fruit 
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Tamarind
Scientific name 

Other names

Flowers in
Fruits in

Tamarindus indica
Imli (Hindi), Puliyamaram (Tamil), 
Hunse (Kannada)
May-July
December-March

:
:

:
:

The tree 

Leaves 6

This large tree has a wide, feathery crown. You must have relished eating the ripe 
sweet and sour fruits of this tree. But did you know that this tree is originally not from 
India? Where is it from? Try finding out!  

Flowers 

Fruit 7
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Leaves with a leaf spot in one Leaf galls 

Flowers 

Pongam
Scientific name 

Other names

Flowers in
Fruits in

Pongamia pinnata
Karanj (Hindi), Ponga maram (Tamil), 
Hongay maram (Kannada)
March-May
April-June

:
:

:
:

8 Ripe fruit 

Unripe fruit 

This tree has a short trunk but a large, dense crown. It is most remarkable when the 
appearance of fresh, new leaves (in March-April) is quickly followed by flowers. Have you 
noticed that the mature leaves of this tree may sometimes develop brown or white spots, 
show white worm-like markings, or look disfigured? The damage to the leaves can be due 
to fungal infection that cause spotting, or by insects, such as leaf-miners, that tunnel under 
the leaf surface or result in galls.

9



Leaves with a leaf spot in one Leaf galls 

Flowers 

Pongam
Scientific name 

Other names

Flowers in
Fruits in

Pongamia pinnata
Karanj (Hindi), Ponga maram (Tamil), 
Hongay maram (Kannada)
March-May
April-June

:
:

:
:

8 Ripe fruit 

Unripe fruit 

This tree has a short trunk but a large, dense crown. It is most remarkable when the 
appearance of fresh, new leaves (in March-April) is quickly followed by flowers. Have you 
noticed that the mature leaves of this tree may sometimes develop brown or white spots, 
show white worm-like markings, or look disfigured? The damage to the leaves can be due 
to fungal infection that cause spotting, or by insects, such as leaf-miners, that tunnel under 
the leaf surface or result in galls.

9



Peepal
Scientific name 

Other names

Flowers in
Fruits in

Ficus religiosa
Peepal (Hindi), Arasu (Tamil), 
Arali (Kannada)
April-May
October-November

:
:

:
:

The tree

Fresh leaves 10

Have you seen the flowers on this tree? Open up a fruit-like green fig and you will 
see hundreds of flowers inside. These flowers are pollinated by a tiny female wasp 
that enters by drilling a hole through the fig’s skin. Once inside, she pollinates the 
fig flowers and lays her eggs. Open a ripe red-coloured fruit and check how many 
insects you see inside.

Fruit

Mature leaves1 1
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Neem
Scientific name 

Other names

Flowers in
Fruits in

Azadirachta indica
Neem (Hindi), Veppa maram 
(Tamil), Kirubevu (Kannada)
April
May-June

:
:

:
:

The tree

Leaves 1 2

This common tree provides dense shade. Did you know that the neem tree 
has compound leaves? Each leaf is made up of 4-9 pairs of toothed leaflets. 
It’s flowers are small and white, and open in the afternoons.

Unripe and ripe fruit

Flowers1 3
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The tree

Scientific name 
Other names

Flowers in
Fruits in

Cassia fistula
Amaltas (Hindi), Kondrai 
(Tamil), Kakke (Kannada)
April-May
May-June

:
:

:
:

Indian Laburnum

Leaves 1 4

Flowers

This small to medium-sized tree has a thin, spreading canopy. The bright 
yellow flowers of this tree are arranged in tapering bunches, much like 
chandeliers. It’s fruit is in the form of a long, cylindrical, chocolate-coloured 
pod that doesn’t appear edible, but is loved by bears and monkeys in forests. 

Unripe fruit Ripe fruit1 5
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The tree 

New leaves and flower buds 

Sal
Scientific name 

Other names

Flowers in
Fruits in

Shorea robusta
Saal (Hindi), Ashvakarna 
(Kannada) 
March-April
June-July

:
:

:
:

1 6

Mature leaves and flowers 

Spinning fruit 

This large tree can grow to a height of 40 m. Each fruit has a single seed attached 
to five wings. These wings help the fruit to spin when it falls. On windy days, the fruit 
detaches itself from the parent tree and travels away like a tiny helicopter. 

1 7
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The tree in bloom 

Babool
Scientific name 

Other names
Flowers in

Fruits in

Acacia nilotica
Babool (Hindi), Karuvelam (Tamil)
During rains
April-June

:
:
:
:

Leaves and spines 1 8

Flowers

Fruit 

This tree is often seen growing near village tanks. It has a large, roundish crown 
covered in feathery leaves. Also, look out for white spines, nearly as long as your 
thumb, that grow in pairs along its branchlets. Did you know that each yellow 
pom-pom flower is a collection of hundreds of tiny flowers bunched-up together? 

1 9
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Teak
Scientific name 

Other names
Flowers in

Fruits in

Tectona grandis
Sagon (Hindi),Thaekku (Tamil)
July-August
November-January

:
:
:
:

The tree Leaves, flowers and fruit

Flowers in close-up 20

This is a reasonably tall tree with very large leaves. The crown of the tree is 
elongated and not very wide. The leaves can be as long as 60 cm and are 
sandpaper-like to touch. Have you tried rubbing some young leaves between 
your hands? They leave a blood red stain.  

Fruit

Leaves eaten by teak defoliator larvae21



Teak
Scientific name 

Other names
Flowers in

Fruits in

Tectona grandis
Sagon (Hindi),Thaekku (Tamil)
July-August
November-January

:
:
:
:

The tree Leaves, flowers and fruit

Flowers in close-up 20

This is a reasonably tall tree with very large leaves. The crown of the tree is 
elongated and not very wide. The leaves can be as long as 60 cm and are 
sandpaper-like to touch. Have you tried rubbing some young leaves between 
your hands? They leave a blood red stain.  

Fruit

Leaves eaten by teak defoliator larvae21



Leaves and flowers

The tree

Purple Bauhinia
Scientific name 

Other names

Flowers in
Fruits in

Bauhinia purpurea
Kaniar (Hindi), Nilattiruvatti (Tamil), 
Devakanchan (Kannada)
October-January
February-April

:
:

:
:

22 Ripe fruit

Unripe fruit

This is a small to medium-size tree. The leaves have two equal lobes joined at one end 
– shaped like a butterfly. Its flowers have non-overlapping petals with different patterns. 
The fruit is a long pod that, when ripe, opens with a ‘pop’ sound to release seeds.

Flowers in close-up

23
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9) – Dinesh Valke. URL: https://www.flickr.com/photos/dinesh_valke/2206104423. License: CC-BY-SA. Ripe fruit (Pg 9) – Dinesh Valke, Wikimedia Commons. 
URL: https://commons.wikimedia.org/wiki/File:Kanugu_(Telugu-_%E0%B0%95%E0%B0%BE%E0%B0%A8%E0%B1%81%E0%B0%97%E0%B1%81)_
(3666692337).jpg. License: CC-BY-SA. 
Peepal tree (Pg 10) – Vinayaraj, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Ficus_religiosa_at_Valliyoorkavu.jpg. License: CC-BY-SA. 
Fresh leaves (Pg 10) – Challiyil Eswaramangalath Vipin, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Ficus_religiosa.JPG. License: 
CC-BY-SA. Mature leaves (Pg 11) – Eric Guinther, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Ficus_religiosa_Bo.jpg. License: 
CC-BY-SA. Fruit (Pg 11) – J.M.Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Coppersmith_Barbet_(Megalaima_haemacephala)_
feeding_on_Ficus_religiosa_W_IMG_8204.jpg. License: CC-BY.
Neem tree (Pg 12) – Abhiriksh, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Bull-Cart_under_Neem_tree_in_a_farm_1.jpg. License: 
CC-BY-SA. Leaves (Pg 12) – Thendral Muthusami, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Neem_Tree_Thendral.JPG. License: 
CC-BY-SA. Unripe & ripe fruits (Pg 13) from https://pixabay.com/photos/flower-neem-azadirachta-indica-2205653/. Flowers (Pg 13) – Jimmy tikhak, Wikimedia 
Commons. URL: https://commons.wikimedia.org/wiki/File:Neem_seed.jpg. License: CC-BY-SA.
Indian Laburnum Tree (Pg 14) – J.M.Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Cassia_fistula_(Amaltas)_in_Hyderabad_W_
IMG_8170.jpg. License: CC-BY. Leaves (Pg 14) – J.M.Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Amaltas_(Cassia_fistula)_
leaves_in_Hyderabad,_AP_W_289.jpg. License: CC-BY-SA. Flowers (Pg 15) – Anand Osuri, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/ 
File:Cassia_fistula_flower_masinagudi_1.jpg. License: CC-BY-SA. Unripe fruit (Pg 15) – Asit K. Ghosh Thaumaturgist, Wikimedia Commons. URL: https://
commons.wikimedia.org/wiki/File:CassiaFistula02_PalmaSola_Asit.jpg. License: CC-BY-SA. Ripe fruit (Pg 15) – J.M.Garg, Wikimedia Commons. URL: https://
commons.wikimedia.org/wiki/File:Cassia_fistula_(Amaltas)_fruits_in_Hyderabad_W2_IMG_7487.jpg. License: CC-BY.
Sal Tree (Pg 16) – Biswarup Ganguly, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Shorea_robusta_–_Simurali_2011- 10-05_050369.
JPG. License: CC-BY. New leaves (Pg 16) – J.M.Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Sal_(Shorea_robusta)-_new_
leaves_with_flower_buds_at_Jayanti,_Duars_W_Picture_120.jpg. License: CC-BY-SA. Mature leaves (Pg 17) – Ashitaka. URL: https://www.flickr.com/photos/
iwahige/41703834254. License: CC-BY-NC-SA. Spinning fruit (Pg 17) – T. R. Shankar Raman, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/
File:SpinningSal.jpg. License: CC-BY-SA. 

Resources:
1. Pradip Krishen, Jungle Trees of Central India for species related information.

2. India Biodiversity Portal for vernacular names.

Contributed by: Swati Sidhu who works with SeasonWatch, a citizen science project that monitors tree 
phenology in India. She can be contacted at swati@ncf-india.org.
Designed by: Vidya Kamalesh

Babool tree (Pg 18) from the URL: https://pixabay.com/photos/babul-tree-acacia-nilotica-2872022/. Leaves and spines (Pg 18) – Dinesh Valke. URL: 
https://www.flickr.com/photos/dinesh_valke/517656711. License: CC-BY-SA. Flowers (Pg 19) – Dinesh Valke. URL: https://www.flickr.com/photos/dinesh_
valke/517670602. License: CC-BY-SA. Fruit (Pg 19) – J.M.Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Plum-headed_Parakeet_
(Psittacula_cyanocephala)_feeding_on–Acacia_nilotica_W_IMG_4501.jpg. License: CC-BY-SA. 
Teak tree (Pg 20) – Thamizhpparithi Maari, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Teak_tree_of_Salem.jpg. License: CC-BY-
SA. Leaves, flowers and fruit (Pg 20) – J.M.Garg, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Teak_(Tectona_grandis)_flowers_in_
Anantgiri,_AP_W_IMG_8803.jpg. License: CC-BY-SA. Flowers in close-up (Pg 20) – Dinesh Valke, Wikimedia Commons. URL: https://commons.wikimedia.
org/wiki/File:Teak_(3522254046).jpg. License: CC-BY-SA. Fruit (Pg 21) – Marco Schmidt, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/
File:Tectona_grandis_MS6388.jpg. License: CC-BY-SA. Leaves eaten by teak defoliator larvae (Pg 21) – Jenis Patel, Wikimedia Commons. URL: https://
commons.wikimedia.org/wiki/File:Teak_tree_tectona_grandis_leaves.jpg. License: CC-BY-SA.
Purple Bauhinia tree (Pg 22) – Abhiriksh, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Bull-Cart_under_Neem_tree_in_a_farm_1.jpg. 
License: CC-BY-SA. Leaves and flowers (Pg 22) – Thendral Muthusami, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Neem_Tree_
Thendral.JPG. License: CC-BY-SA. Flowers in closeup (Pg 23) from https://pixabay.com/photos/flower-neem-azadirachta-indica-2205653/. Unripe fruit (Pg 23) 
– Jimmy tikhak, Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Neem_seed.jpg. License: CC-BY-SA. Ripe fruit (Pg 23) – Dinesh Valke. 
URL: https://www.flickr.com/photos/dinesh_valke/9229556602. License: CC-BY-SA.
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"...As buds give rise by growth to fresh buds, and these, if vigorous, branch out and overtop on all sides 
many a feebler branch, so by generation I believe it has been with the great Tree of Life, which fills with 
its dead and broken branches the crust of the earth, and covers the surface with its ever-branching and 
beautiful ramifications.''

— Charles Darwin

Catch the next issue of i wonder... to revisit Evolution.


