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Abstract
Many simple experiments can be performed in the classroom to explore the
physics of vision. Students can learn of the two types of receptive cells (rods
and cones), their distribution on the retina and the existence of the blind spot.

L A Spanish translation of this article is available online.

The eye is an optical system made up of two lenses
(the cornea and the eyelens) and a diaphragm
(the iris), which casts an image on the retina,
the membrane containing a layer of light-sensitive
cells. Two more layers of nerve cells pick up
and process the signals. The axons of these cells
join the optic nerves, which are connected to
the lateral geniculate nuclei in the middle brain.
Then, the pathway carrying the information leads
towards the primary visual cortex, where the
signals are distributed to other areas. The level
of abstraction increases as the analysis progresses
along the pathway, so that four attributes of the
image are processed separately (shape, colour,
distance and movement). Finally, in a way as
yet unknown, these attributes are combined into
a single perception again [1].

Simple experiments on the optics of the eye
were described in a previous article [2]. The
aim of the present article is to discuss some
more experiments to show the response and the
distribution of the light-sensitive cells in the retina
[3–5], without further analysis of what happens
in the following stages of the processing of visual
information.

Structure of the retina
The retina (figures 1 and 2) is made up of three
layers of cells [6], the innermost layer containing

two sorts of light-sensitive cells (cones and rods).
There are around 5 million cones and 120 million
rods in each eye. The middle layer of the retina
contains bipolar and horizontal nerve cells, and the
external layer contains ganglionar and amacrine
cells. The axons of the ganglionar cells make up
the optic nerve.

Amazingly, the light has to cross these two
layers of cells, as well as the blood vessels running
on the surface of the retina, before hitting the light-
sensitive cells, which in the human eye rest above a
black pigmented epithelium that prevents the light
being reflected back.

• Experiment: Seeing the blood vessels on the
retina

Despite the blood vessels running on the surface of
the retina and the two layers of nerve cells above
the light-sensitive cells, their shadows are not seen
when we look at a white sheet of paper or at the
blue sky. As we rarely look at a point source, the
shadows cast are not sharp and they are always at
the same position, being ignored by the brain in the
treatment of the visual information. If we want the
brain to pay attention to them, sharp and moving
shadows are required.

Against a brightly lit background (such as
the blue sky or a white screen illuminated by an
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Figure 1. Structure of the retina. The light has to cross over two layers of cells and blood vessels before reaching
the light-sensitive cells (cones and rods). Adapted from [4].
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Figure 2. Angiograph showing the surface of the
retina seen from the pupil. On the left, the blood
vessels and the optic nerve leave the eye in the area
called the optic disc. In the centre, the area around the
fovea—the most sensitive part of the retina—appears
black in the picture since the blood vessels have been
dyed with a fluorescent substance.

overhead projector) a pinhole made in a small
piece of black cardboard (4 × 4 cm) is a point

source of light. If we observe through the pinhole,
using only one eye and with the cardboard very
near, we can see only the globular or elongated
shapes of the floaters drifting against the clear
background [2], but if we make the cardboard
vibrate horizontally with a small amplitude (1 mm
or so) a network of fine and irregular dark lines
appear. It can be checked that if the direction of
vibration is horizontal the observed direction of
the lines is vertical.

These lines are the shadows of the blood
vessels on the surface of the retina. The small
amount of light passing through the pinhole casts
well-defined and moving shadows of the obstacles
over the layer of light-sensitive cells. When the
cardboard is moved horizontally, only the shadows
of the blood vessels running vertically move. If
the vibrations are vertical we can see the horizontal
blood vessels and, with enough skill, if the pinhole
is moved in a circle, we can see all the vessels.
There is a simple alternative for observing the
blood vessels on the retina—using a torch with
a tiny bulb (Maglite or similar, with its mirror

326 P H Y S I C S E D U C A T I O N July 2005



Simple experiments on the physics of vision: the retina

Figure 3. Use of a Maglite-type torch to observe the
blood vessels on the retina. A dark background is
observed when moving the small bulb up and down
(the actual size of the bulb is much smaller than it
appears here).

removed). Looking at a dark background with
only one eye, the torch is moved up and down
at several centimetres from the side of the eye, as
shown in figure 3. Amazingly, a large network
of shadows of the blood vessels can be observed
against the background. Take care not to look
directly at a very bright light source so as to avoid
damage to the eye.

Distribution of the light-sensitive cells in
the retina
There are two complementary systems of detection
of light in the retina. The system made up by
the cones works at normal levels of lighting,
as in sunlight. There are three types of
cones with sensitivities centred in the frequencies
corresponding to red, green and blue colours. A
small pit in the retina near the optic axis, the
fovea, contains only cones and is the area of
highest resolution of the retina. In a dim light
the system based on the rods works; this is much
more sensitive but is unable to detect colours, is
slower and has lower resolution [6].

Central vision: cones

The distribution of both types of light-sensitive
cells is non-uniform. At the fovea, in an area
of about one square millimetre, there are only
cones; the bipolar and ganglionar cells that receive
their inputs are displaced to the sides leaving a
small pit so that the light hits the cones without
hindrance. The whole area is called macula lutea
and its deterioration (macular degeneration) means
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Figure 4. The cones are concentrated in the area
corresponding to the fovea. Their density decreases
sharply towards the periphery of the retina.

an inability to discern details. When we fix
our gaze on an object its image is produced in
the fovea. Since the density of cones decreases
sharply with the distance from the fovea (figure 4),
we can only appreciate fine detail in the small area
towards which we are directing our gaze. Without
moving our eyes the resolution decreases quickly
as the images fall farther from the fovea.

• Experiment: The fovea is the high resolution
area in the retina

A row of letters is written on the blackboard. One
in the middle is underlined (figure 5). The students
are asked to fix their gaze on the underlined
letter and to determine, without moving their eyes,
which letters are on either side. Only a few
letters can be recognized because of the decreasing
resolution with increasing distance from the fovea.

• Experiment: Evaluation of the distance
between two cones in the fovea [7]

Prior to the experiment, some sheets of paper are
prepared containing two parallel black lines with
a width and gap between lines ranging from 1 to
3 mm. This is easy if a software drawing package
is used. The gap has to be measured and written

P Q S D G E B A D L P B Q X Z

Figure 5. The fovea is the high resolution area in
the retina. When we fix our gaze on the underlined
letter only a few letters on either side can be
recognized because of the sharp decrease in
resolution.
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Figure 6. The relationship base/height of two similar
triangles allows an estimation of the distance between
two cones in the fovea.

on each sheet. The students are asked to move to
a distance greater than 10 m. The sheet of paper
is hung on the wall in front of them and they are
told to move closer until the two lines can just be
distinguished. If the students are seated in a big
classroom, they can be asked to raise their hands
if they can distinguish two separate lines on the
sheet. The distance to the sheet of paper from
which the resolution is just enough to detect the
gap between the lines can be determined.

Seeing two black lines separated by a white
space means that at least three cones are being
used. If we consider two similar triangles, as
shown in figure 6, we get the relationship

D/L = d/l

where L is the greatest distance at which the lines
can be distinguished, D is the gap between the
lines on the sheet of paper, l is the distance from
the centre of the optic system of the eye to the retina
(roughly 20 mm) and d is the distance between the
centres of three adjacent cones in the fovea (twice
the diameter of a single cone; in the fovea the cones
are densely packed).

The results of the experiment give a value of
around 1.5 µm, which is the actual diameter of a
cone. If we consider that the area of the fovea is
about 1 mm2, the number of cones in the fovea
can be estimated to be 500 000. This number of
sensitive ‘pixels’ is much lower than that in digital
cameras (in the most recent models this number is
about 10 times bigger: 5 Mpixels); however, when
we look at a landscape we feel that the resolution
of our vision is much better than the best printed
digital picture.

In a photograph the whole image has to have
equally high resolution (if we do not want to see
graininess). Whereas in our vision only the small
central area has high resolution. If we want to have
this resolution in another area we simply turn our
gaze towards it. As we can quickly change our

centre of attention in the visual field we perceive
all objects with high resolution.

• Experiment: Seeing the fovea

If the above experiment ‘Seeing the blood vessels
on the retina’ is repeated and the gaze is fixed on
a small spot on the bright screen (if an overhead
projector is used, a small piece of paper or a coin
can be projected to have a spot in the screen), it
can be seen that just at this spot there are no blood
vessels. They are distributed around a grey area
free of them that corresponds to the fovea.

If the experiment is done with the torch it is
convenient to look at any kind of spot, allowing the
gaze to fix. The distribution of the blood vessels
around the fovea can be clearly observed.

Peripheral vision: rods

The rods are distributed across the entire retina,
as shown in figure 7, so that we can detect
objects even at the periphery, at large angles
from the fovea. Not only does the density of
rods decrease towards the periphery, but also
they are increasingly associated in groups (up to
one thousand) that send their information to a
single ganglionar cell in an upper layer. The
cell integrates all this information and sends the
result through a single fibre of the optic nerve.
Thus, towards the periphery the shapes of objects
are hard to detect because of the low resolution;
however, movement can easily be perceived.
Unlike cones, there is only a single type of rod,
hence they do not allow colour vision.
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Figure 7. Distribution of rods in the retina. The
density decreases gradually towards the periphery so
that even at large angles there is a rather limited
detection ability. At 17°, where the optic nerve exits
(only in the equator of the retina), there are no rods.
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• Experiment: Lack of colour and low resolution
in peripheral vision

A volunteer sits looking at a spot far in front of
him. He must be told not to move his eyes to try
to look at the sides. Behind him another volunteer
moves a hand at large angles near the ears. The first
volunteer can easily detect on which side the hand
is moving but, at large angles, it is very difficult
to perceive the number of fingers extended. If
coloured objects, such as board-pens, are moved at
the periphery it is difficult to identify their colour.
We can perceive movement but no colour.

Two systems in the eye: cones in normal
lighting and rods in dim light
In normal lighting our vision works using the
system of cones, which allows colour vision and
high resolution in the fovea. In dim light, after
a period of adaptation, the system of rods is
activated. This system is sensitive, slow, lacks
colour vision and has low resolution, particularly
towards the periphery.

• Experiment: Low resolution and lack of colour
of the system of rods.

Coloured pieces of newspaper, preferably with big
headings and small columns of text, are distributed
among the students. The curtains are drawn, the
lights are switched off and in near darkness they
are asked to read the text. Though this seems
impossible at first, after a while the headings can be
read, although the colours cannot be distinguished.
The low resolution of the rod system does not allow
small letters to be read, even after the eyes are fully
adapted, which takes more than 15 minutes.

• Experiment: Response time of the system of
cones and the system of rods

A ruler is held vertically and a student has his
fingers ready to seize it when it is released as shown
in figure 8. This classic experiment on reaction
time [8, 9] usually gives a fall of around 17 cm,
corresponding to a reaction time of about 0.18 s
(according to x = 1

2gt2). If the experiment is
repeated in dim light there is a remarkable increase
in the reaction time due to the slowness of the
system of rods; sometimes, the student is unable
to seize a ruler 40 cm long because of the increase
in reaction time.

Figure 8. A student places his fingers around one end
of a ruler, ready to seize it when it is released. The
reaction time measured in this experiment includes the
time of delay in the vision. This delay increases in dim
light because the system of rods is slower than the
system of cones that works in normal lighting.

An area of the retina without
light-sensitive cells: scotomas
The layers of bipolar and ganglionar cells that
pick up and transmit the information sent by cones
and rods also contain horizontal and amacrine
cells, which interconnect the cells in the same
layer (figure 1). This allows the signals from
several light-sensitive cells to converge to the same
ganglionar cell, particularly towards the periphery
of the retina. Each cone in the fovea sends its
signals to a single ganglionar cell, but far from this
area one ganglionar cell can receive inputs from up
to 1000 rods.

Such connections are responsible for some
processing of the visual information (particularly
contrast detection) in the retina. From 125 million
light-sensitive cells, only about one million axons
of ganglionar cells (i.e. only 1/125th) leave the eye
in the optic nerve, joined by the blood vessels in
the area of the retina called the optic disc (figure 2).

The optic disc lacks light-sensitive cells;
therefore we are unable to see any image formed
in this area of the retina, and it is called the blind
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spot [10]. However, we are usually unaware of the
existence of this insensitive part of the retina or of
other scotomas, which are the areas of the visual
field where we have no vision because of the lack
of sensors (as in the optic disk) or due to local
damage in the areas of the visual cortex responsible
for the processing of the visual information, as
happens temporarily in some migraine sufferers.
The amazing thing is that, usually, the brain refills
the areas corresponding to scotomas using the
visual information from neighbouring areas.

• Experiment: Blind spot

Two coins are placed on a table and, using the right
eye (with the left eye closed), the coin on the left
is observed. The other coin is moved slowly to the
right, perpendicular to the line of vision (figure 9),
until it reaches a position where it cannot be seen
(as long as the gaze remains fixed on the first coin).
This happens because the image of the fixed coin
falls on the fovea whereas the image of the invisible
one falls on the optic disc, the area of the retina
lacking light-sensitive cells (figure 10).

This experiment shows that the position of
the optic disc is on the side of the eye nearer
the nose. Thus, in normal vision using two eyes,
an object within the visual field cannot form an
image on both optic discs simultaneously. If the
distance from the open eye to the fixed coin and
the distance between the coins are measured, the

Figure 9. A fixed coin is observed with the right eye
so that its image is formed on the fovea. Another coin
is moved until its image is projected onto the blind
spot, where it cannot be seen because of the lack of
sensors in this small area of the retina.

optic nerve

blind spot

fovea

Figure 10. The image of the black circle is formed on
the fovea. If we observe using a single eye, those objects
(the black square, in the figure) whose image is formed
on the optic disc cannot be seen.

angle of separation between the optic disc and the
fovea can be calculated. Its value is around 17◦.

• Experiment: Filling in the scotomas

If the previous experiment is repeated with the
coins on squared paper, it can be observed
that where the coin cannot be seen the squared
background looks continuous. We do not see
a hole where the coin should be: the brain
fills in the scotoma using the visual information
corresponding to the surrounding area.

• Experiment: Beheading a student

Edme Mariotte (1620–1684) discovered the blind
spot after dissecting a human eye. When King
Charles II heard about it, it seems that he amused
himself by ‘beheading’ some members of his court
simply by looking, with one eye closed, at a point
a bit to the side of their head.

A student can be beheaded with a similar trick
to that king used to practise. First, the students
must be gathered together to give a narrow range
of angles of vision. Two volunteers of similar
height must stand together as far in front of the
group as possible (10 metres or more). The other
students use their right eyes to look at the head
of the volunteer on the left. Slowly, his partner
moves to the right up to the position where the
image of his head falls at the blind spot of the
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observers. This is easy if the students are well
grouped, otherwise the angle corresponding to the
direction of the blind spot will not be the same
for all of them. It is amusing to complete the
experiment in the following way: when the head
of the student is no longer seen he is asked to flap
his arms like wings. The images of the arms, on
either side, are out of the blind spot and can be
clearly seen, but the head remains invisible.
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