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1.1 String and Sticky Tape Experiments 1

Experiment 1.01 Measurement and Error
We will start our experiments by measuring accuracy. Lord Kelvin said:

"I often say that when you can measure what you are speaking about, and express
it in numbers, you known something about it; but when you cannot express it in
numbers your knowledge is of a meagre and unsatisfactory kind: it may be the
beginning of knowledge, but you have scarcely, in your thoughts, advanced to
the stage of Science, whatever the matter may be."

Many schools avoid the analysis of errors - yet, in fact, it is often the most
important part of the experiment - sc it is dealt with here first.

Materials: paper or styrofoam cup, ruler.

Procedure: Physics is concerned with measurement. The most fundamental quan-
tities we measure are mass, length and time. The most important feature of such
measurements is their accuracy. No measurement can be perfectly accurate. Ffor
example, we can measure the speed of light to better than cne part in 1,000,000%,
but the age of the Universe (20 x 10° years) we only know to about a factor of
two. lLay a ruier along the line helow. Do not put zero against one end of the
line, but put the ruler down along the line at random, paying no regard to where
the ends are. (If you have no ruler, cut out the scale on page 4 M

* 2.997925 £ 000003 x 108 m/sec

Read each end of the ruler to .01 cm and put down the measurements in the table
on the following page. Repeat nine times, displacing the ruler each time.

Do all the measurements agree? The difference between the separate measurements

is called the error of the results. A1l measurements have some degree of error

in them. The best value for the length is the average, which you get by adding

all the results together and dividing by the number of measurements. If you add
together all the differences between the average and each of the results chtained,
taking all of the differences as positive, we have a measure of error. Divide this
sum by the number of measurements and multiply by 1.25 (cbtained from the theory of
errors) to get the "standard error" for each individual measurement, which
estimates how close an individual measurement will come to the mean. There is

an even chance a single measurement will lie closer to the mean, or farther away
from the mean, than .67 of the standard error. A class obtained an average of
10.23 cm with a standard error of .03 cm for a line similar to that above. Is

your standard error close to this?

A typical example of the standard error for five measurements is shown
overpage ,the experimenter must have had good eyesight!
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Left Right Difference Squares of
end cm end cm Differences From Average Difference
2.00 12.25 10.25 0 0
2.69 12.95 10.26 .01 L0001
3.32 12.58 10.26 .01 .0001
4. 34 14.58 10.24 .01 .0001
4.25 14.48 10.23 .02 . 0006
Sum = 51.24 ISum of Differences = .05 Sum of Squares = .0007

Average = 10.25 Average = 0.00014
Standard error = 1.25 x .05/5 = .012.|Square Root = Standard Error = .012

DG NOT USE THIS
COLUMN UNLESS
CALCULATING ROQT
MEAN SQUARE

Left
End cm

R
E

ight
nd cm

Right End
-Left End

Difference
from average

Squares of
Differences

WO~ U1 b

Sum =

Divide sum by 9 = Average =

Divide sum of differences by 9 and
multiply by 1.25 (1.25/9 = .139)
to get the Standard Error =

Sum of
Differences

Sum  of
Squares

Divide by 9 =
Mean Square

Take Square
Rooct = Standard
Error
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The mean itself is not the true value, and if we divide the standard error or
standard deviation as it is sometimes called, by the square root of the number
of measurements, we obtain the standard deviation of the mean, which is what
you see written after physical results behind the % sign e.qg.

5.4 inches # .1 inch

which means, a length is 5.4 inches, accurate to .1 inch - it could be as much

as 5.5 inches or as small as 5.3 inches, but 5.4 inches is the bhest value.

Divide your standard error by 3. You will now have the standard deviation of

the mean since you obtained 9 results. Look at the picture of a meter dial
(p.4). What does the pointer read? After guessing, use a ruler to check up -
and show you are probably wrong. Optical illusions frequently mislead. Accurate
measurement is the only way to go, and tells you how accurate any result is.

Random errors such as those above occur through the statistical fluctuations
of measurements, as with throwing dice (unloaded). Systematic errors are
predominantly of one sign, e.g. drift of the zero of a meter--and they affect
each observation equally--as with loaded dice. If they can be determined, they
can be eliminated.

The resuit of an observation should never be expressed to more figures
than the error would suggest. For example, whereas 5.4 £ 0.1 inch is meaningful,
5.4278 £ 0.1 inch is not. The number of digits, two in the example given, is
called the number of significant figures.

The conventional way of finding the standard error {or standard deviation
s.d.) is to take the root mean square deviation. This is more tedious, but
gives a better estimate, and should be done if you use a calculator that takes
square roots. Simply square each number individually in the last column (the
difference from average), add them together and divide by the number of
measurements to get the mean square deviation. Take the square root of this to
. give the standard error for a single measurement, which we found before. The
values found using the two methods will differ, but not by much.



4 String and Sticky Tape Experiments [R1]]

The VYernier Scale
It is difficult to estimate a fraction of a millimeter on a ruler by
eye. In order to facilitate this a Vernier scale is used. 3uch a scale,
enlarged, is shown below.

object Vernier
being third scale

measured | _dIvViSion 9cms

' n hine
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You will see, that if the Tower scale is in millimeters, the upper

scale has ten divisions to nine millimeters -- i.e. each division is 8/10mm.

This means that, on moving from one divisicn to the next on the upper scale

we move along by one millimeter, but drop back aiso by 1/10mm. So, if the

zeroth upper division is .3mm from the nearest division of the. bottom scale,

the first division will be .2, the second .1 and the third division will be

exactly over the lower division--so the upper and Tower scales are aligned.

It is easy to see this, and hence to state that the length shown is 2.3mm.

Now, cut out the scale below, and use it to measure the jength of the line

given above, by laying the zero of the millimeter scale at the zero of the

line, and sliding the cut out vernier along, as shown in the picture below.

it
UpﬂqHHWgwHWgwHW!wHWEWHwgwHwgwHwgwHwgwHwngwqﬂﬂwggﬂwumﬂwgwﬂwuﬂﬂwgHWHHM

Vernier scale 10 be cut out

]'Mll'
This line is 1294 mm long.

Remove the scale compietely from the line, then reset it, and repeat
the measurements five times. Do your measurements agree? Are they better
than if you try to measure the length of the line using a millimeter ruler,
estimating fractions of a millimeter, as you did previously?

$ti11 greater accuracy can be obtained by using the same vernier to
read both ends of the line, since there is an "end correction" necessary
because there is an erraor which arises by measuring one end of the Tine in
one way, and the other the other. If we lay the ruler along the line, slide
the vernier to one end and read it, then to the other and read that, both
ends are read in the same way, and the end effect cancels out. For example,
if both ends were read .1mm too large, the difference would still be the
same in spite ¢of the incorrect absclute value.

HﬂwgwﬂwngWEWngwHWQWHWEPHWEWHWEWHW!mequwggWﬁmﬁmH!wHwQEHWQEWHEM'

113
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AREA

lLength is a fundamental dimension. We can derive areas from length, for ex-
ample

————_ this is one square inch, since
each side is one inch.

«— and this is 12 sq. cm.
(count them)

Add up the squares to find sut how many square centimeters the cross-
hatched area below is. Measure it to a fraction of a square and put down
the results. Repeat twice.

e
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Do you get the result to the same fraction of a square each time?

What is the error? Is the percentage error of the area measured
greater than the length measured previously? Why?
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Vernier Caliper
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Although it is measured in square centimeters, an area can be any
shape. Are the two areas below the same?

They are, although an optical illusion makes one seem larger --
only measurement can tell.

We see we can add squares to get area, but Tooking back, you will
see that the area 6 on by 2 ¢m gives 12 square cm. AEea is length
times length -- so a square 5 cm by 5 cm totals 25 cm™.

VOLUME

~ Now consider volume. On page 9 is a drawing with instruc-
tions how to fold it into a cube. If you look, each side is § cm
by 5 cm, so the number of squares on each side is

5x5=25

So each layer of the cube has 25 smail 1 cm cubes in it, of

volume lcc and since there are 5 layers, this amounts to 125
cubic centimeters. So the volume is 5 x § x 5 = 125 -~ three
dimensions of Tength multiplied together. But again, the volume
does not have to be a cube or rectangle. Fill the Tittle cube
with water and empty it into the Dixie cup. Has the volume changed
when the water pours into the Dixie cup? Make a mark on the side
of the cup to which the water fills it, and repeat with another
cubeful., This will be 125 + 125 = 250 cc and you have a 250 cc
graduated vessel. Since 1 cc of water weighs 1 gm, your cup will
have a mass very nearly 250 gms, and you can use it as a calibrated
mass as well as volume. You could weigh your marbles against this
to find their mass. The whole point is, using just the sheet of
paper, and a little water, we end up with standards of mass and
volume.

The volume of a paper or styrofoam cup is “; (ri? + rirg+ rp?)

where ri and r, are the inside radii of top and bottom and b is
the length., Most styrofoam cups have a volume of about 200cc
when filled level with the brim, Some cups are labeled on the

bottom 6 oz. or 180cc, and hold this much when filled just below
the brim.
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A sheet of paper 8%" square makes a box which holds 180 cc. Fill and empty the
box rapidly - unless you use wax paper, the water quickly makes it soggy.

Masses - The following table was obtained by the Bureau of the Mint. Note before
1964, when clad coins were introduced, the mass of a half dollar was twice that of
a quarter, which was 2.5 times that of a dime, whose mass was half that of a nickel

A dollar bill has a mass close to 1 gm.

Penny before 1942 3.110 g
1943 2.700 g
1944-1982 3.110 g
1982 2.500 g
Nickel 5.000 g
Dime before 1964 2.500 g
1965-date 2.268 g
Quarter before 1964 6.250 ¢
1965-date 5.670 g
Except the silver-clad
Washington Bicentennial 5.750 g
Half-doliar before 1964 12.500 g
1965-1970 11.500 g
1971-1974 11.340 g
1977-date 11.340 ¢
Silver-clad Kennedy
Bicentennial 11.500 g
Cupruo-nickel-clad
Kennedy Bicentennial 11.340 g

The marbles used in our experiments vary in mass from 4.8 to 5.8 gm. Marbles taken
from one packet rarely vary by more than 10% in mass.
probably a good choice.

An average of 5.4 gm is

Now that we know how to measure length and mass, how do we measure time? We
can do so in terms of length through some standard derived unit such as velocity

) or acceleration (l%DHEQ).

(

length
time

ime
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TIME

Light has a constant velocity in all systems, so it provides the best standagd --
but it is incoveniently fast -- the time 1light takes to travel a foot is 10
seconds, a nancsecond, so we could call a foot a light - nanosecond. The most
convenient standard is the earth's gravitational field, which provides an
acceleration, g, of 981 cm/sec®. A simple pendulum has a period (the time for
the pendulum to swing to and fro) of T given by

T=2[L
g

where L is the length of the pendulum. So a pendulum 99.4 cm long takes one
second for half a complete oscillation, i.e. from one side to the other. One's
edar js very sensitive to frequency - so using a rhythmic song ("onward Christian
Soldiers" has been used by photographers who must time in the dark) one can

time quite accurately.
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1. Fold along line A. Cut along
line B.

3. Open up paper, turn it over and
fold along line D. Then unfold
the paper. Now turn the paper
over again., Bring the two X marks
together and then bring the
two Y marks together. Your paper
should now look like the two
diagrams below.

LA
/’ E \\
’ N
P AN
s ‘I “
’ N
‘ F F \\
FRONT VIEW

4. You now have two symmetrical sides,
sides 1 and 2, as shown in the side
view diagram. THE REXT PAGE OF
INSTRUCTIONS PERTAIN 7O SIDE 1.
AFTER COMPLETING EACH INSTRUCTION
TURN THE PAPER QVER ARD DUPLICATE
THE IKSTRUCTION FOR SIDE 2.

2. Open up paper and fold along
line C.

SIDE VIEW
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., fold leafs marked I into

REMEMBER TO DUPLICATE THE INSTRUCTIONS FOR SIDE 2.

A\
’( E N ’1,
’, \\ ’
0 . <
Fs 1 \\ \\
s AY AN
/.f F F \\ b
FRONT VIEW
. Fold points F to point E............... Your paper should look like this.

I .1
J \»<W\J

R
Y,

”
”
-

.

slots marked J. Your paper
should look Tike diagram 8.

8. Blow into K to make a cube.
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A-BOX. MADE FROM THIS SHEET HOLDS 125 cc
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EXPERIMENT 1.02. Probability and the normail curve of error. It is

important to know not merely the average error, but also the distribution.
Materjals: Eight coins

Procedure: Unless you have a double headed penny, each coin has two different
sides. If you toss one coin, what is the chance, or probability it
will come down heads?

Now toss two coins together. [s there the same chance they will come
down both heads, both tails, or one head and one tail?

Both heads:; the chance of one head is 1/2, so the chance of two
is 1/2 x 1/2 = 1/4. HH - one chance in four or a probability
of 1/4. - _

Head and tail - not 1/4, but 1/2, since HT is the same as TH,
i.e. the order doesn’t matter.

Both tails (1/4)

In practice, you rarely get exactly one guarter of the throws to be
both heads, but the more tosses you make the closer it gets to the
expected value.

Now, toss eight coins together. Count the number of heads and put
an X in the corresponding column of the table below. Repeat this a
large number of times, making an X in_the next square above if there
is already an X in the column, thus

X

Frequency of # of 7
heads

number of heads
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More advanced students note that the binomial expansion, whose
terms give the number of heads and tails for the eighth row, takes
the form

8x7

B = =0
(1+1) 1+8+ 0

Generally

N N(N-1) . N(N-1)(N-2)
L+ 1) " =1+ N+~ 253

where there are N rows (or N coins to be tossed).
The sum of the number of trials is 25 = 256 for the eighth row

(in general ZN). I[f we let N become very large, the distribution

takes the form that the number of times we get g - n heads and g +n
tails is given by

2n?
_ NV (-5 )
S$=2 N © N
2
where the standard deviation o2 = X §%— = N.

This approximation is good for large N, but very poor for small
N. For example, in the case where N = 8, it gives 13, 20, 27, 36,
34, 27, 20, 13 which does not agree with the previous results, however
as N becomes greater than 100, the distribution sharpens very rapidly,
and the approximation becomes very much better for very large N.

_ 2x2 —¥)2
A distribution % JE e a2 AX where g2 =3 iﬁﬂﬁl— (not necessarily N)

is called a Gaussian distribution, or "normal curve of error", and
represents the probability an event is between X and X + AX.
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Experiment 1.03. Vectors

Materials - Pencil, ruler, scissors
Procedure - PART 1: Distance

Quantities such as mass are called "scalars." They can be defined by a
simple number, telling us how much we have - if we have 2 kg, we have twice as
much as 1 kg. However, some quantities, such as Tength, require a direction as
well to specify them. For example, if we say we walked a mile, we might well
be asked where, or in which direction - East, West, North or South. We might
have walked half a mile north, and half a mile south, and arrived back at the
same spot - or walked one mile north - so clearly we must specify direction
together with distance. Direction must be carefully specified too. - For
example -

A man walked one mile south, one mile west, and one mile north, arriving
back at the place he started, where he saw a bear. What color was it?

Answer - White. The only place you can walk one mile south, west and north, and arrive
back where you started is the north pole, so it must be a polar bear. But

note, this could only happen on a sphere, such as the earth - it would be

impossible on a plane.

Now, scalars add arithmetically ,» but vectors do not - if we walk one
mile, and then another mile, we may be two miles from where we started, walking
in the same direction, or back at the start, if in opposite directions.

The easiest way to talk about vectors is to draw a diagram. Ffor example,

if we let one inch equal one mile, our two walks might lock as follows

r A

1 mile

opposite direction

|
l
]
|
| 1 mile
I
v

same direction
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A

from where you started is AC.

Measure it.

You walk two miles north and two miles west.

this one out yourself.
but use a scaie where 1 cm represents 1 mile.

The answer should be about 2.8 cm.

you started?
Unless we are walking N, S, E or W, it is generally easier to taik about direction
Cut out the protractor printed below, which is graduated in degrees.

We measure three
Then the distance

Now, suppose you walk three miles north, and four miles east.
inches north AB on the paper, as shown, and four inches east BC.
How far are you from where you started?
Now try

Draw it below,

You are five miles, which is not the arithmetic sum of three plus four.
How far are you from the place where

in degrees.
A I ilyFFI!!ffff;
T
®§§S§>\ 0 N 10 /éQZ%?V
\\\\‘\\ © B o ////////
N 00 90 g % 7
\\\\\\\\\ S WO 0 ‘% ///////
\§\\ O '\7-0 6p 2 //;///
\\\%'\\ %\'50 J‘OJO ///////
A Pe s
§§§L ) () ?2%%
s 78 ° Z
--“‘i::-.\‘:‘: S o - /f%
= "€ 3% =
= o8 o3 =
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Now, suppose we walk one mile, turn 120° to the left, walk another mile, turn
120° left, and walk a third mile. We draw a map or scale diagram of this as

shown below - and you will see you are back at the origin.

120°

finish 120°

start

On the following page is a "sectional map" which airmen use to navigate. The
scale of miles is given along the top of the chart, and may be cut off for
measurement. If you start from Owens, the airport marked at the top of the

map (33°59' 81°),and fly due south 22 statute miles, then due west 40 miles, at

which airport will you be?

Notice there is a circle of angles marked around the Columbia VOR (which is a

radio beacon used for navigation}. Suppose you fly over the VOR, head to 249° and

travel 39 statute miles; which airport will you be over?
If you fly 138° from north, starting at Columbia Metropolitan Airport, and

travel 39 miles, which private airport will you be over?
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PART 2: Velocity

Net only displacements are vectors, but anything associated with distance, such as

velocity, or acceleration. Since force is mass times acceleration, force is also a
vector quantity. This we can see morg intuitively, since the direction an object

moves depends on the direction we push it--the direction the force acts.

To see how velocities add, let us take the example of an airplane flying

between two points A and B.

It might seem reasonable, once in the air from A, to point the ajrplane
at B - but this might be very bad, for if there is a side wind, as shown below,
a plane would not end at B, but somewhere else.
wind

A '\ s B

—
TN
v
direction plane flies \'I—F
with respect to the air ———> S~

L direction plane flies

‘\hu“ﬁi with respect to ground

We must arrange that the velocity of the plane plus the velocity of the air

takes it to B. For example, if there is a twenty mile an hour cross wind, as
shown above, and the plane flies at sixty miles an hour, we make a scale

drawing in which one inch represents ten miles an hour. First we draw the
A

cross wind
Then we draw a 1ine in the direction we 2"
wish to travel
w \L )

Then, we mark off a distance from C equal to the planes velocity, that just meets

the direction of travel
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g Wind
o

pran®

Headi“g °

Direction of Travel JE

As with distance, the vector sum of the two velocities is the direction we wish to
travel. Measure the Tength D E. This represents the velocity with respect to the
ground and is 55 mph.

To summarize: If you know the crosswind, the direction of the plane on the ground,
and its ajrspeed, proceed as follows:

1) Draw a Tine in the direction of ground travel.

2) Draw a second line starting from the first, in the direction from which the
wind comes, of length representing the speed of the wind.

3) Starting from the far end of the wind line, draw a line of length representing
the airplane speed, to meet the Tine of ground travel at a point p.

4) The distance from p to the point where the wind line starts represents the
ground speed of the plane,

5) The direction of the line joining the ground line and the wind line represents
the plane's heading in the air.

Now try this example, using 1 c¢m = 10 mph.

Wind from the south of 40 mph

Plane's airspeed is 100 mph

Direction of travel with respect to ground - east

What is the plane's heading and ground speed?
A simple example arises if you are given the plane's direction in the air, airspeed,
and the windspeed. Then you draw a line of length and direction the speed and heading
of the plane, from the end of which draw a Tine of length and direction the windspeed,
and the third side of the triangle is the ground speed and direction of the plane on
the ground.

If a plane flies at sixty miles an hour intc a headwind of sixty miles an hour,

what is its velocity with respect to the ground? Well, it wouldn't travel very far,

I can assure you.
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You are cleared to runway 9 of Barnwell County Airport (runway heading, i.e.
the direction the plane faces, is in tens of degrees from north, so runway

9 1is 900). What is your ground speed just after takeoff (at 50 ft. altitude)
if the gross weight of the aircraft is 2,000 1b. with a head wind of 15 knots
(use the takeoff data to find indicated air speed, i.a.s., the speed of the
plane with respect to the air),

Immediately after takeoff, you head for Orangeburg. What is the bearing
(direction from North} of Orangeburg from Barnweii?

If you fly your aircraft at an altitude of 10,000 ft., what heading should
you have to arrive at Orangeburg, at an air speed of 108 mph?

How far is Orangeburg from Barnwell?

If you leave Barnwell at 12:00 noon, at what time will you arrive in Orangeburg?
Should you refuel in Orangeburg to arrive in Columbia? Show your calculation.
(The plane had 42 gal. of fuel and consumes 6 gal./hour.)

I1.A.S. ({Indicated Air Speed) for take off

Gross wt. I.A.S.
1700 75 mph
2000 79
2350 84

This is the air speed read in the plane before it can 1ift off the ground
carrying the weight shown.

What is the bearing of St. Matthews from Crangeburg?

You fly the rail track to St . Matthews. At what angle to the rails should

you fly, if your air speed is now 90 mph? (wind speed and direction

10 knots at 100°%)

You turn over St. Matthews and make for the Columbia VOR 33 052, 8’3", What

is your heading, and groundspeed, if the airspeed is 90 mph?

Flying directly to Columbia Airport, how many minutes would it take from the VOR?
The ground wind at Columbia is now 10 mph from the northwest. You make a
downwind approach to runway 29. What angle to the runway should you fly if your
airspeed is 80 mph?

What is the total time for the trip, exclusive of the time on the ground?



1

String and Sticky Tape Experiments

1.04

Experiment 1.04.

Materials needed:

Proceduyre:

of the ruler.

end by another paper clip.
centimeters, putting 0 ¢cm at the top.

~

\E\
?

Add marbles, one by one, to a

-
-..—-.-—.__.__

RULER

PAPER OR FOAN CUP

Put the length for each marble on the table.
An exampie is given below.

PAPER CLIP

The Rubber Band Balance {Hooke's Law) and Stored Energy

ruler, several marbles, rubber band, twec paper c¢lips, cup

Support the rubber band by a bent paper clip, as shown from the top
cup, attached to the other
Measure the length of the rubber band each time in

number of
marbles

reading
on ruler

difference from
0 marbles reading

0

5

EXAMPLE
number |reading jdifference
of on from
marbles | ruler [0 marbles
0 15.1 e
5 15.6 2.8
10 16.4 1.1
15 18.0 1.6

10

15

20

25

30

35

40

45

50
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Plot the difference (which is the extension of the rubber band) on the graph
over, wihere a sample plot is also given. Are your results similar to the sam-
pie? Can you draw a straight line through your points? What does this show?

Quaiitatively: The rubber band stretches uniformly with the increase in weight,
which is the force of gravity on the board (mass x acceleration due to gravity).
j.e. the extension js proportional to the number of marbles, and the plotted
points lie on a straight Tine. This proportionality is known as Hooke's law.
However, as the load increases, the extension becomes greater than predicted

by this law, and the points diverge from a straight Tine. Hooke's law is no
Tonger obeyed. Do you get the same values for the extension when you repeat the
experiment? Probably not--rubber bands are not very reproducible.

Quantitavely: We can use the rubber band to weigh objects, now we have calibra-
ted it with a graph--see how many marbles are in the cup by reading the scale,

Does this agree with counting the marbles? How accurate is your weighing machine?
Do not be too surprised if it is not very accurate--rubber bands behave differently
after they have been stretched. The effect that the band does not recover imme-
diately after being stretched is called "hysteresis".

Stored Energy: The marbles do work in extending the rubber band, Work is force
times distance. However, since the force is mg, and the number of marbles in-
creases as the rubber band extends, the work done to extend the band the first
centimeter is much less than that required to extend it the fifth. This work

is stored in the form of potential energy of the rubber band. We would like to
piot the energy stored against the extension of the rubber band. The force
required to extend the rubber band a small distance is reasonably constant--the
work done will be the force times this extension.

In our plot of number of marbles against the extension, the force times a small
extension will be proportional to the area under the curve which lies above this
extension (see figures) since this is the number of marbles times the extension.

The Number of little squares for each increase of a centimeter is plotted in figure
below. Do the same for your curve. HNow, since there are 4 little squares for 1

cnt and 1 marble, and one marble weighs approximately 5 gm, so the work represented
by these squares is .005 x 9.81 Joules, and one little square represents .0123
joules. Hence, we can replace the scale of number of little squares by one of
Joules, as shown. L -~

THIS AREA IS

THIS NUMBER OF
MARBLES X

{ THIS EXTENSION
= WORK DONE

SOOI

NMMBER OF MARBLES

' 4

EXTENSION
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Experiment 1.05. Elastic Forces

Materials: ruler, piece of card, book support, paper cup, marbles, pencil.

Procedure: Attach a paper cup by a string to the end of the ruler. Hold
down the other end of the ruler, by its last two inches, to the book support
very tightly as shown.

_card to measure
- =""deflection
!
\

!
A
\

et = (] marbles
table ™1 marble
Cup~ _
-~ - =~ 2 marbles
marbles.-= "

Now using a piece of card, mark on the card the deflection of the end of
the ruler with different number of marbies in the cup. A second ruler can be
used instead of the card, or the scale palow.

Qualitative Questions: Dces the ruler go back to its original position when the
marbles are removed? What would happen if you kept on adding marbles? Does the
deflection go up or down with the number of marbles?

Quantitative: Plot the deflection against the number of marbles. Can you draw
a straight 1ine through all the points?

Experiment 1.32 shows how gravitaticnal mass, measured in this experiment,
is related to inertial mass.

HIEJLW HHlHE | H}HMH“HII IIIH‘HMH‘[HHMHLIEW‘IUII QII‘HIIIEH]H!
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Experiment 1.05. Elastic Forces

Materials: ruler, piece of card, book support, paper cup, marbles, pencil.

Procedure: Attach a paper cup by a string to the end of the rulier. Hold
down the other end of the ruler, by its last two inches, to the book support
very tightly as shown.

_card to measure
- =—""1deflection
1

e =} marbles
table cup~ _ 1 marble
~ - ™~ 2 marbles

marbles.—-~"

Now using a piece of card, mark on the card the deflection of the end of
the ruler with different number of marbles in the cup. A second ruler can be
used instead of the card, or the scale palgw.

Qualitative Questions: Does the ryler go back to its original position when the
marbles are removed? What would happen if you kept on adding marbles? Deoes the
deflection go up or down with the number of marbles?

Quantitative: Plot the deflection against the number of marbles. Can you draw
a straight Tine through all the points?

cxperiment 1.32 shows how gravifaticnal mass, measured in this experiment,
is related to inertial mass.

I

i Cl
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What does this show?

A force for which the deflection is proportiocnal

to the magnitude of the force is called an
“elastic force". The "spring constant" is the
constant of proportionality between the forces
and the deflection. If we use the unit of
mass as 1 marble, what is k?

force = k x deflection

g = gravitational constant = 9.81 m/sec?

- g x_number of marbles x mass of marbles
deflection

k

k generally turns out to he about 39 N/m.
You can go on to Experiment 1.38 for another
method of finding k.

Number
of Marbles

Deflection

1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
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Experiment 1.0&  Tarsion Balance

Materials needed: Two drinking straws, marbles, dixie cups, string,
paper clip.

Procedure: - Bend about two inches of a drinking straw through

a right angle, and tape it so that about three inches overhang the table,

\ straw—y
second straw «
paper ﬁ%?

Bend at right angles, so the end lies along the edge of the table, cut

as shown,
_ tape \

——— table

the end of the second straw, and sTip it in the first. Tape a piece of
paper against the table edge. Hang the cup from the end of the
straw as shown. Add marbles, one by one, and mark the paper where the
end of the straw Ties. You can now tell how many marbles are in tha

bucket by reading the scale you have made.

STRAW

TABLE EDGE

Ny /"//
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EXPERIMENT 1.07. The Modulus of Rigidity of a Drinking Straw.

Materials needed: Three straws, marbles, cup, string, sticky tape.

Procedure: We wish to measure the torque (moment of the force) which
produces a given rotation of the drinking straw.

Attach the straw to the table, as in experiment 6, but now stick two
other straws as shown, to measure the rotation over a fixed length, say
10 cm of the straw.

tape
? =R
straw .
L\ _tape

paper

The mass of the marbles should be known. The information we need is:

——

the mass of marbles in the cup m
2. C, the couple rotating the straw, mge, where 2 is shown in the

figure.
3. The angle rotation of the more distant straw, 81 found by marking
a card placed behind it, before and after adding weights to the

cup. The torsion constant for the straw, k, is given by couple =
k x angle of rotation,
4. The angle of rotation of the nearer straw, 82, found similarly

after bgfor‘e
3

n/
S __card

M
|

tap straws
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5. The length between the marker straws, L. The"torsional rigidity"
can now be found which is defined as
C
%279
6. The diameter of the straw Zrmust now be found, using a millimeter
ruler. The straw can be slit, as shown, for more accurate measure-
ment of the circumference, 2nr.
siit
4
Vi \
A !/
circumference
7. The thickness of the straw material must be found, by superposing

several layers, and using a millimeter ruler

layers of opened-
VA out straw

measure
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Now the modulus of rigidity of the straw can be found.

P

T

The cross-sectional area of the straw is a, at a distance r from the
axis of the straw, which is fixed at one end a distance L from a. The
external couple C twists o through an angle 6. If the tangential force
on & is F, the couple is given by

C=Fr

If the angle of shear is ¢

re = L¢

The modulus of rigidity n is given by

tangentijal stress . _Fla CL
angular deformation @ 8

rzea
Since the area of cross section of the straw is 2nrt where t is the
thickness of the straw,

N = CL - mgal
2nrt 2nr t

Hence the modulus of rigidity of polyethylene siraws may be determined.
The value should be approximately: 10" dynes/cm™.
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Experiment 1.08. Equal armed balance

Materials needed: - Two paper cups, soda straw, marbles, paper
clips.

Procedure: - Poke 2 hole through the soda straw at each end, and
push a paper clip through, to support two cups as shown. Either

poke a hole midway between the other two, or, in order not to reduce the

strength of the straw, make a support as shown by bending a paper clip.

foam or
paper
cup

Now you have an equal-armed balance. Try weighing marbles against one
another. Change the marbles from one cup to the other, keeping the number
ﬁugéﬁﬁggén$kﬁﬁﬂiﬁ?nt'
Qualitative: Even with the same number of marbles, the balance is
never exact, but you can tell approximately when balance occurs.
Quantitative: You can get a closer balance by adding paper clips
to one cup or the other of the balance. How many paper clips balance one
marble? When you have two marbles in each pan, how many additional paper

clips are required to balance? Do different marbles weight the same?

How big is the difference?
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Experiment 1.09. Levers - the steelyard.
Materials - soda straw, cup, paper clips, string and marbles.
Procedure: - Poke two holes through the straw with the paper clips,
one about 1/2 inch from the end, the other about T 1/2 inches from the end.
Attach a marble to a paper clip with sticky tape, or by bending the clip
as shown. HNow, support the cup by the paper clip clase to the end,
and slide the marble along the arm until it balances. Then add a marble
to the cup, and balance again. Do this for several marbles and mark on
the straw where the balance marble is using a marking pen or piece of sticky tape.
You can use the steelyard to count marbles.
What does this show?
Qualitatively: -~ You can 1ift several marbles by one marble if you
move it far enough away from the pivot or fulcrum. If you had a Tong

enough (and strong enough) straw, you could 1ift the whole world with one

marble.
Quantitatively: - Notice that the distance you must move the balance
marbie every time you add another marble to the cup is always the

same, This confirms the relation: -

clip ——

four times the distance for gne marble
in the dixie cup

ocooy)—4 marbles in

paper or styrofoam cup

force (1)} x distance to axis = force (2) x distance to axis
for equilibrium.

The steelyard was used to weigh objects in the days of the Greeks and

Romans. It is still used today for some accurate weighing machines.\
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3

A very simple balance may be made by placing a coin gn the end of a
ruler, and pushing it over the edge of the table until it overbalances.

RULER
COIN~—_ \H::fhhhk

)
-E. :"T
\ \ \ \ \ \ \ L, \l

TABLE
(—BALANCE POINT
— >
© :
4
< A > -
< B -

If the mass of the ruler is M, and of the coin m, then taking moments
about the balance point

mge = Mg (B/2 - A)

Find the mass of the ruler from the masses of coins given in experiment 1.01,
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1.10

Experiment 1.10 The letter balance

The letter balance is convenient for weighing small objects. Cut out

the diagram shown , folding one side over the cther, to provide more strenath.

Stick one penny on each side of the paper, in the marked spaces, if you wish
to use the gram calibration, or two pennies on each side (four pennies in
all) for the ounces. Push a paper clip through tne hole marked ¥, and hang
the letter to be weighed from it. Another paper clip provides the pivoet P
as shown in the diagram, and a straightened paper c¢lip, B in the diagram,
hangs vertically to provide the pointer.

The letter balance is calibrated by taking moments about the pivot P.
The line joining the center of mass of the balance, complete with pennies
and paper clip, to the pivot must be at 90° to the line joining the pivot
to the point W from which the weight hangs.

If the distances are as shown in the diagram, at equilibrium
mgb cos 8 = Mga sin @
where M is the mass of the balance, and m is our unknown. Hence

m = Ma tan 8
b

Since a penny weighs 3 gms, the scale may be drawn directly on the card.
This has been done for the two scales shown.

Stick three pennies on the balance in place of the two or four, and
calibrate it yourself by hanging dollar bills (each weighing 1 gm) or other
objects from the weighing ¢lip, and making a mark where the pointer hangs
with no mass, or one or twe dollar bills.

Check whether the tangent of the angie you measure is proportional to
the mass of the object being weighed.
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Pointer

Pennies

ounces
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Experiment 1.11.The microbalance
Materials: - Soda straw, paper clips, sticky tape, paper.
Procedure: - Only in sensitivity does this differ from the previous
experiment. With this experiment, it is easily possible to weigh a human
hair.

Take a soda straw and push the narrow part of two paper clips into
one end. Balance it roughly on another straw, and poke a hole at the point

of balance with a pair of scissors or a needle.
poke hole here

l

() o3
]
clip balance
point

Unfold one end of a paper clip and push it through the hole, as shown.

B
A

through
hole

Make sure the region from A to B remains perfectly straight.

The balance must now be placed on frictionless bearings. The best

we can do is to use two more paper clips. Tape these, as shown

& (G

- )

tape"’;’ N N
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Experiment 1.12., Stresses in beams

Materials needed - several plastic drinking straws, sticky tape,
string marbles, foam or paper cup.

Procedure: Hang a cup from a straw by string and a paper clip

8 STRAW
cup é PAPER CLIP

STRING

as shown

— CHAIRS ~

Support the straw as close to each end as possible. Add marbles to the
cup hung from the middie, until it gives way. Do the same with the

cup hung about a quarter from one end. Why do you think it needs more
marbles close to the end? You wili need a lot of marbles!

Now, take three straws, fasten the ends of two straws together, and
fasten the outer ends using tape to the other straw, as shown. Tape a
piece of string round the top, fastening it with tape to be sure, loop
it round the lower straw, and again, see how many marbles break this
girder. You probably won't have enough marbles, and it will take a book

or two, hung from it to break it.

RSTRING

TAPE « TAPE
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Qualitatively - a narrow girder, like the straw, breaks easily - a
large girder distributes the force and can withstand a heavy load.

Quantitatively - the hending torque at the center is very large

& L ]
mg. COMPRESSION =
2 F iy e F
I d
A - —> Al
tension
o
torque = mgl force at top F = mglL
4 4d
With the weight a quarter from the end, the torque becomes Q%g X %
i.e. % of what it is in the center.
For the girder. MG/2 SIN 8 = 0.6 Mg if & = 60°
/ ‘
MG

o

A simple example of the strength of

corrugation.

Place a piece of paper the size of
a dollar bill over a cup. A guarter
placed on the paper will fall into the

cup. If the paper is corrugated, however,

with half inch pleats as shown, many
quarters (or pennies) may be piled on

without it breaking.
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Experiment 1,13 The triangle of forces.

Materials needes: - three rubber bands {as much alike as possible),
three paper c¢lips, sheet of paper, pencil, string.

Procedure: Fasten the three rubber bands tagether as tightly as
possible, as shown, using a piece of string. Now, hold two down on a
sheet of paper, and stretch the third, so that they spread out under
tension. Mark the point they are joined, and the ends of the rubber bands,
on the sheet of paper.

Qualitative: The rubber bands are under tension, that is, they
are exerting a force on one another, but they are in equilibrium - so
the forces balance one another in order that there is nc motion.

Quantitative - Subtract the unstretched length of each band from the

stretched length.

mark . 3 . )
ar JEL--Th1s distance is proporticnal

to thig
unstretched 8
length C
C
- - .mark

Make a diagram of the forces. You can represent each force by a 1ength,.and
since the extension of each bhand is proportional to the force extending it,
that length can be the extension itself. Now, the three forces, placed head

to tail, should form a triangle, whose sides are parallel to the forces, as
shown in the figure, This is the triangle of forces, determining the magnitude

and direction of the forces for equilibrium,
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Unfortunately, because it is rare to get three comparable rubber bands,
about 20% agreement is all that can be expected of this experiment. However,
you can use one band as standard. Leave one band loose, and extend the other

by pulling it against the standard, as shown. The extension of the standard

S
c’r( pa
R

for the extension of the other band in the experiment can then easily be found

and used in the experiment.

Another interesting experiment s to hang a cup of marbles from two rubber

Ex Fessirt
u

The resultant of the forces in the two rubber bands is found. The force of the

bands, as shown.

marbles in the cup can be found by hanging from one band. Is this the same
as the resultant? As the bands are stretched more and more, what happens to

the cup?

Another problem with this experiment is that the rubber bands do not obey

Hooke's law--hence large extensions should be avoided.
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Experiment 1,14 Application of couples and torque.

Materials: - Two foam or paper cups. sticky tape, and string
Instructions: Attach the bottoms of the cups together as shown.
tape joint

————string
The string is taped to the joint and wrapped around it several times. Now,

place the cups on the floor herizontally, hold the string level with the

floor, and pull. Which way do the cups move?

L
rd

Hold the string at an angle of about 80° and again pull.

r pull

Quantitative: A couple consists of two parallel forces, equal and opposite,

which tends to rotate a body, as shown.
Force F

couple
Fd

Equal and opposite
force ——

|
j
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) rotation

L mg ~7 } couple
&

The couple acts to roll the cup toward the observer.

couple
P

A

l rotation
m

I
v

In the above position, the couple rotates the cup in the opposite sense,

In the position shown, no rotation
is possible because the direction
of the string passes through the

point of contact with the floor. The

cups, when pulled, will skid, without

rolling, along the floor.
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Experiment 1.15. Center of mass (gravity)
Materials: scissors, paper, pencil, string, paper clip, marble, cellotape
Procedure:

When an object is supported from a frictionless pivot, the center of
mass lies directly below the pivot. Cut out the shapes aver (and any others
you would Tike. Open up a paper clip, tie one end of a piece of fine cord
to the clip, and cellotape a marble to the other. Punch a hole, as shown,
through one of the points in the cutout and hang it vertically. Mark where
the string lies against the paper.

Hold here Should swing freely about
this pivot.

\
Mark this line

O

Repeat about another point of suspension. Where the Tines cross is the center

of mass. (C of M. or C of G.)
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Qualitative Questions:

Object A: Why would you expect to find the center of mass near the middle?
Object B: Can the center of mass lie outside the object?

Quantitative Questions: Calculate where the center of mass of object C should

be. Cut out C and check whether you are right. Then cut out the map of the US and
C find out where its center of mass is.
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Why is the center of mass of a body so important? Stand with your back
to the wall and try to touch your toes. You fall over because your center
of mass lies ahead of your toes.

Cof M

CofM,

This is also why race cars have a low center of gravity so they won't turn
aver, where as a stagecoach will.

O0PS.

Or a tall lampstand is unstable.
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An interesting experiment on balancing may be carried out using a marble
and two straws. Fasten the marble half way up one straw, and try balancing

it on one finger. .

a

e

Now, push the end of one straw into the other (this is most easily done by
removing the end of one straw by pushing it in with the thumbnail, as shown,)
attach the marble at the end, and again try. It is much easier. Why?

The mass is essentially the same in both cases, but the second case is
easier, because the moment of inertia about the finger is larger, so it takes
Tonger to accelerate the marble, and you can move your fingers under the

ek

center of mass more easily.

& end
@_ made

narrower
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Some interesting center of mass experiments can be performed using the
human bodyl, hence Tending themselves to class participation (see Chapter 14).

In the first demonstration (Fig. 1) a student is asked to stand on
her toes normally, then with her toes against a wall. On her toes normally,
the student automatically maintains the position of her center of mass
directly above an axis of rotation through the toes. The torque acting
on the student due to the force of gravity is then zero, and unstable
rotational equilibrium results (the torque due to the force expected of
the student by the floor is, of course, zero too). When the student
stands against the wall, it is impossiblie to bring the center of mass
far enough forward so that it lies above the toes. Hence, rotaticnal
equilibrium cannot be achieved, i.e. a person cannot stand on tiptoes
with the toes against the wall.

A similar experiment is shown in the same figure. In each case
the student can maintain equilibrium standing away from the wall, by
positioning his center of mass above a rotation axis through a foot, (or
feet) but cannot do so when standing adjacent to the wall.

Another demonstration (sometimes used as a party trick)2 shown in
figure 2, demonstrates the difference in position of the center of mass of a
female and male student. A kneeling student first places her elbow, arms
and hands together (as if "praying") with the elbows touching the knees
and the forearms along the floor. A matchbox or other cbject is placed
at the students fingertips. The student then clasps her hands behind her
back, and is instructed to knock the matchbox over with her nose without her

entire body falling over. 1In general, female students can perform the task
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whereas males cannot. Egquilibrium in the kneeling position can be maintained
as long as the center of mass does not move forward beyond a point above

the knees, or backward beyond a point abcove the toes. Because the C of M

of a male is closer tc the head than a female, a typical male cannot knock
over the matchbox without moving his center of mass forward of the knees,

thereby tripping over.

1. Ernie McFarland, Physics Teacher 21, 42 (1983).
2. J. Watson and N.T. Watson Phys. Teach. 20, 235 (1982).
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Experiment 1.16 Friction and the Climbing Monkey
Materials: Card, Tape, Straw, String

Akio Saitoh of Nara-Ken Japan provided this delightful experiment on
friction which he calls "going up a tree." Figure 1 shows how to construct
this apparatus. -

1. Cut the sticky tape, attach it to the drinking straws, and fix them
to the cardboard with an angle of about 20° between them,

2., Pass the string through the two straws, and hang the string on the
nail as shown in Fig. 2,

3. Hold both ends of the string taut, pull on each end of the string
alternately, and the cardboard will ¢limb the string. You can draw a picture
of a monkey as shown in Fig. 3 on the other side of the cardboard, and it
looks quite amusing to see the monkey climbing.

When we pull on the left hand string, as shown in Fig. 4, the cardboard
tilts to the left and the force normal to the straw on the right hand side,
Np, is larger than that on the left hand side N_ (Fig. 5). The left hand
straw can slide up along the string, whereas that on the right cannot because
the maximum force of static friction is proportional to the normal force.

What is the minimum tension in the string so that the monkey just begins
to climb? If we assume that the string passes through the Teft hand straw
without friction because the card is tilted, then the weight of the card is
supported by friction with the right hand straw, so that mg/2NR = u where m
is the mass of the card and u is the coefficient of friction. But Np/T =
sin 6 where 8 is the angle between the straws, if we assume the left hand
straw in line with the string. So

T= g
214 sin B

}i" }1. Cardboard

) \m-& \ /w’i

raw
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— Fig. 2,

L Fig, 3.
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— Fig. 2,
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Experiment 1.17 Friction
Materials: cup, paper, marbles, books.
Procedure: Place four marbles in the styrofoam or Dixie cup. Put the cup

on a book, and gradually tilt the book until the cup slides down it.

Draw 1ine on pad of paper
/,»aiong top edge of book

Pad of paper

Repeat this several times, drawing a line along the top edge of the book
placed against a pad of paper as shown each time. You can now measure the
angle of tilt at which the cup starts to slide 95 using the protracter

shown at the beginning of this book. The tangent of this angle is the coef-
ficient of static friction. This is the ratio of the force causing the cup

to start sliding to the force holding it down on the surface as shown.

N Frictional reaction
Mg of table on cup





















































































































































































































































































































































































































