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Abstrac@umﬂ describe the construction of a Cavendish Balance‘@aﬂd.e froml\chea-p materials,

for demonstration in high school physics class.
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The-deviee-that we wﬂ-l—-be constructihyy isseaded a torsion balance. The torsion balance W 4 \}K
was first developed to micasure the force of gravity by John Mitchell before 1783 (Clotfelter, 4 45
[

1987). Mitchell borrowed ideas from Coulomb’s experiments to measure the force between two ‘

Ky charged spheres (McCormmach & Jungnickel, 1996). Mitchell died (1793) before completing his

work and Henry Cavendish finished his work and reported his findings in 1798(Cavendish). The
Mitchell/Cavendish experiments were or1g1nally d681gned to measure the Earth’s density. Their

results were later used to determine the universal constant Qf gravity (G). (Clotfelter, 1987)
- Wevkes
‘The balance consists of ari ged beam suspended from a fiber attached at the center; at i)u 3
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either end of the beam are two equal masses. The masses are composed of a material much
denser than the beam. Since gravity acts on both the masses equally the effect of gravity
downwards is canceled by the upward force of the beam leveling the balance. The balance is
then allowed to come to equilibrium so no torsion force is present in the fiber. Large masses are
then placed on opposite sides of the masses hung from the balance. The force of gravity between yi« i<
the large and suspended masses is opposed by the torque from twisting the fiber. When the
balance reaches a new equilibrium with the large masses in place the angle of deflection of the
beam can be measured. By measuring the amount the balance twists to caneetthe force of
gravity the magnitude of the gravitational attraction can be measured. ( 1agram1)\‘ 1 A alt
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VAQ"};‘-S The Force of gravity is extremely weak and this fact leads to sevéral major difficulties in

doing this expcrlment. The balance must be very sensitive to be able to measure the force;
because of this you must isolate the device from outside influences as much as possible. Air
currents will cause the balance to swing back and forth and mask any effect of gravity. Other
forces such as electro static and magnetic forces can also overcome the effect of gravity. Finally
any large masses around the device may skew the results. In the directions for construction I will
address all of these concerns.
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The design that I { Stibeds intended to be a demonstration of Newton’s law of

Universal Gravitation. Newton’s law states that all objects with mass attract all other objects
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ithey see the device in action they are more likely to bridge the gap between large massive objects
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with mass. This is often difficult for students to visualize because the only mass that they have
encountered that is large enough to create a noticeable force is the Earth. Most people think that
only the Earth causes gravity and no other objects. Some students will accept that large objects
like the Sun and Moon will cause gravity, but few will accept that the force is truly universal.
This demonstration is intended to show them that even small objects exert a force of gravity on
each other.

-
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[t is very important that the students start thinking about the forces of gravity between

ordinary objects. Camp and Clement, in their book “Preconceptions in Mechanics”, developed
two units on gravitational forces. In the lessons they suggest that a video of a working Cavendish—
balance be shown (Camp & Clement, 2008). The authors also suggest that the instructor build a
mock-up balance to show their students (Camp & Clement, 2008), with the device that is
described in this paper a teacher can construct a working balance with virtually no budget. The
introduction of a video will cause some of the students to doubt the universality of gravity, but if
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Creating gravity to the idea that all objects with mass generating a gravitational field.
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The main focus of this design was to produce a usable device as cheaply as possible. All //
of the materials are readily accessible and affordable. Time should be taken to set up the
apparatus and some modifications may be necessary. /
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List of Materials A c«ﬁb & ec‘z ;FA—
e Meter Stick a v"i“d‘, o0 O
° 30 pound test (or stronger) fishing line qoul OV
e 2 1Kg masses (preferably made from brass or iron) ? _ ix
° 2 small mirrors, or flexible plastic mirrors that can be cut into small pieces &~ ? e
*  Aluminum Can

e Bowl ‘
° Electrical tape Pt W 5
*  Aluminum foil

° 1 eye hook (to attach line to ceiling) other methods are possible

e Two buckets filled with water/dirt/sand

e Laser pointer and stand to hold it.

Tools you may need

Clamps, hot glue gun/ glue sticks, drill, utility Knife, electronic scale (for advanced projects),
knife balance (optional), level

Steps for construction




Setting up balance

The first step is that you need to find the balance point of the meter stick. Due to

that the balance
point is at the S0cm mark on your meter stick. I did this by placing the metgr stick on a knife \
balance and adjusting it till the meter stick was level (photol). I then marKed the ruler at this

point (photo 2). On the meter stick that I used the balance point was at the 48.5cm mark This
point is important for when you hang the balance. It will be used to helfoh levehng the balance and
to determine the turning point of the balance.

inconsistencies in the material (mine are made from wood) you cannot assur

Hanging the balance from one point requires that the exact balance point be found (the
knife balance will be close, but there will be some error) and attaching the line to that point. It
will create a balance that will be very difficult to balance and will be subject to oscillations in the ~
vertical direction. Instead of this we will use a two point contact on the balance and a line that L‘M
will form a triangle with the pivot line attached to the vertex of the triangle (diagram 2). I will

call this setup the A frame setup from now on. To construct the A frame you first mark two

points the same distance from the balance point of the meter stick. I marked mine 20cm from the
balance point in either direction. My points were at 28.5¢cm and 68.5cm (photo 3). You want to
mark the points towards the top of the meter stick, I chose to hang the meter stick so that the
numbers were upright (arbitrary, but it helps to keep the top and the bottom easy to distinguish).
We will be drilling a hole slightly larger than the fishing line you want to put the hole as close to
the edge without splitting the wood. Drill the holes in the meter stlclf/ (photo 4b
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We will hang the masses from the bottom of the meter stick; both of these steps are to

ensure that the balance will not rotate so the wide side is perpendicular to the vertical. We want /)
the meter stick to remain with the narrow side (edge) per icular to the vertical. The main !
reason for this is because a wooden stick is much mo e ridged hen oriented this way. The ’
natural tendency is for the stick to rotate at which point it will bend. The meter stick is much
more likely to break in this orientation. This will also affect the horizontal distance between the
masses and make the moment of inertia more difficult to calculate. The moment of inertia will be E
needed for the more advanced uses of this device. The mirrors are also much easier to attach to %
e

the wide sides of the ruler, the mirror need to be perpendicular to the floor to bounce the laser off
of.

Once the holes are drilled, you should cut a piece of fishing line that is approximately
twice the distance between the two holes. Put end of the line through the hole and tie off both
ends. (Photo 5) The next step is to mark off two points the same distance from the ends of the g, 55 iﬁ")
balance. These points should be located as close to the ends and as close to the bottom as is v
practical, again we will be drilling holes at these points and we do not-want the wood to split. I lei"’"
chose a point that was .5cm from the ends and near the botto (Photo 6)) Cut two lengths of
fishing line the same length, approximately 20 4@ng Tie aloop in oiie end to hang the masses
from and tie the other end through the hol(%;?to 7) Tie them so that the two masses hang the
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same distance below the meter stick. We do this so that the masses will be at the same height so

that when we use the balance the forces will all be as close to parallel as possible.
R AsS
For the small masses I used 1Kg lab masses. I did this for two reasons-first lab masses are
very accurate so there is no need to welgh them and second ‘éhey generally are made from brass

or iron. Kfetallic masses will not accumulate any gfa{}é ¢hatftéon them. My masses were made
of brass. Brass is preferable to iron because the iron masses may be affected by the Earth’s -
magnetic field. If this occurs you will have constructed a compass and not a Cavendish balance.
If no lab masses are available you can use liter bottles filled with water or sand. If you use bottles
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you will have to find there mass if you want to do experiments with the apparatus, and you w3t

shoutd-cover them with aluminum foil to prevent static build up. Larger masses can be used but
keep in mind the strength of the fishing line. Find the weight of the balance plus weights and
then add 40% to that to see if the fishing line will hold. The 40% is added to take into account
Joss of strength due to the knots in the line and as a safety margin (citation 8). The strongest
fishing line that I found was 301b test, stronger line is certainly available but cost may become an

e ——————samie

issue. ﬁa; imm,j ? ol % N(!/L y,,iz‘.

[ then hung the balance from a hook in the ceiling to see that it was balanced and that the

knots helck. \E:Photo 8)@")

Once the balance is tested attach the mirrors and water brake. We will use the mirrors to
bounce a laser off of to measure the rotation of the balance. The water brake is used to try to
minimize the effects of air currents that would otherwise disrupt the balance. First the mirrors are
cut to size. They should be about Scm across by the width of the meter stick. I used thin flexible
plastic mirrors, because they are much easier to cut to size. The plastic mirrors do not resolve as
clear an image as a glass mlrro,n,Jcmt'T“E@gzl that this short coming is far out weighted by not
having to cut a glass mirror,/(Photo 9) Once the mirrors are cut to size [ used a hot glue gun and
some clamps to attach them

the center of balance, I und: ~the mirrors top to bottom so that I could still see where the

The water brake is made of a strip cut from an aluminum can and attached to the bottom
of the meter sfu”“ K i\\ water will be held in a soup bowl. First I cut a strip from the can with a

X (Photo 11)\Be careful not to cut yourself and be aware the edges of the strip will
i # will clean up the edges with a scissors at the end. Be sure to cut a strip

utility knife!
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r~“b Am balance to hang freely for a one to
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understanding that the larger that you make the brake the less it will be affected by air currents,

but the slower it will rotate. Through some trial and error (the pictures are of a smaller water

brake than [ actually used) I found that a brake about 5.5 cm wide and about 6¢m tall works well.
W——.__—__

</Itlgave a rotation time of around 10-20 minutes anthwas not greatly affected by small air currents

in the 100M0 account that a section of the height is folded over
for an attachment surface to the bottom of the meter stick. [ measured the thickness of the ruler’s
edge and marked that distance on the brake. I then put the brake in a vice and folded it over to
form an L. shape (Photo 13+ 14). To attach the brake to the balance I used glue again and
clamped, try to center the brake on the center line. I added electric tape later to help hold both the
water break and the knots in the line that passed through the holes (Photo 15).

You will need to find a room that is free as possible from air currents. Find a locgtion that
is far from windows and the door. If the experiment will be done in the winter, turn off heating
system if practical. [ used a small store room that had only one small window that I sedted off (
Photo 16). To attach the pivot line to the ceiling using an eye hook that you can screw into the
ceiling. If this 1s not possible find a suitable attachment point that can support the balance. Cut a
length of line that will extend from the ceiling to a point about 0.5m off the floor. This allows the
line to stretch once the balance is attached, with room for the balance to swing freely. Tie one
“end of the line to the eye hook (Photo 17) and the other to the A frame line on the balance. Do
this without the masses attached to prevent the masses from falling. Tie the pivot line to the A
frame with a knot that can be slid along the A frame line (Photo 18). Hang the masses at the
same time, you may require a second set of hands for this, or support one end of the balance
while you hang the first mass. The line will stretch quite a bit when the masses are hung.(Photo

19) R L~ E SM M&JJ—\

Place a level on the balance and slide the knot of the pivot line back and forth till the
balance 1s level. At this point the knot should be directly over the center line and the level will

from beilg wi apped around spool to unwind. Once th arfce has reached an equilibrium point
placed Styrofoam blocks on either side of one

pivot around the center line (Photo 20).
e o '_\-\ ~——

mark the po3t “the two masses on the

of the masses to prevent it from swinging wide while [ set up the water brake and the laser. If
you bump the balance or just the air currents that you create while walking around are enough to
set the balance oscillating for over an hour. Once the blocks are in place, use a sma/ljgst/a;d/
(toolbox in my case) and several shims to raise the water bowl up to the balance. It/ important
that you get as much of the brake into the water as possible but you need to leave room for the
balance to swing freely without hitting the top of the bowl. Once you have the bowl in place, fill

the bowl with water. This water should damp out any swinging from small air currentsz(Photo
21) —
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