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Inexpensive Construction and Operation of Cavendish Balance Experiment for High School Demonstration
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Abstract:  The Cavendish balance is an appropriate tool providing tangible evidence of gravitational force between two ordinary room-scale objects.  Here I review appropriate High school literature on design, operation, construction and, making quantitative measurements of G with an inexpensive Cavendish balance.   Also discussed are characteristic problems and possible solutions for this type of apparatus.
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Introduction:  Bofore Henry Cavendish perfomed his powerful experiment in 1798, the apparatus he used was simply called a torsion balance.  It was invented some decades before him by a French physicist Charles-Augustin de Coulomb.  Coulomb’s intentions for the experiment were to measure the small electrostatic forces between small objects.  Though the torsion balance had quite a different funtion from describing gravitaional forces, his studies layed the ground work in analyzing the data taken from it, reguardless of the force being measured.  Some years later, a geologist John Mitchell independantly invented the torsion balance in 1783 with the mind to measure the density of the earth.  Not much was known about the solar system at that time, but it was clear that if the mass and density of the earth was known, it would be possible to calculate the rest of the bodies in the system as well. The idea was: if one could measure the force between two ordinary objects of known mass and size, and compare it with the force of gravity between one of the masses and the Earth, a proportion could be used to solve for the unknown mass and desity, namely, the Earth.  Mitchell never lived to see his work completed and eventually the apparatus was passed down to Henry Cavendish (Carlson, 1989).  Cavendish also intended the experiment to measure the density of the earth and succeeded (Clotfelter, 1987).  It has since been found that this experiment is a very reliable way to calculate an important constant in nature, the gravitaional constant, G.  It is interesting that Cavendish never made any mention of a gravitational constant in his reports of on the torsion balance as it was not realised as an important idea (Clotfelter, 1987).  

Never-the-less, it was discovered that the experiment is a reliable way to measure the gravitational constant and is described in most textbooks this way. Of course in most high school classrooms it may seem a bit excessive and time consuming to challenge students to confirm this value through experimentation.  However, the demonstration of the gravitational force between objects of mass, other than the earth, can be accomplished with a fair amount of effort and within a class period.  Moreover, the experiment can be done rather cheaply and with items available at you local hardware store.


Physics text books will tell you that everything that has mass has a gravitational attraction to every other thing that has mass.  Well, this is hard to believe because the force is so small for ordinary objects that it is never noticed.  The only gravitational force most people recognize is the one between an object and the Earth.  A torsion balance is a piece of equipment that makes this force not only measurable, but also visually apparent.

Torsion is the twisting of something by an applied torque. A torque is a force applied about an axis perpendicular to its displacement from it.  Call it a twisting force.  Take a thread, wire, or any other long flexible object and if it is twisted, it will tend to want to oppose this twisting force to restore its original shape.  The more you twist it the more strongly it opposes this force.  The strength of this torsion spring depends on several factors, one of which is length.  The longer the spring, the weaker it is. If we use a torsion spring to demonstrate the gravitational forces between two small objects, we want the spring to be very weak thus making it very sensitive to extremely small forces. (Insert Figure 1: Torsion Balance Diagram)  The mass must be offset from the axis of rotation for there to be any torque.  Since a string is not rigid, we cannot expect to put a bend in the string at a right angle to achieve this. The mass can be offset from the axis of rotation if it is “balanced” by an object with an identical mass and separated with a rigid object.  The string hangs down attaches to the rigid object in the center and the masses balance on either end.  Now the string can conceivably be twisted by an attractive force on one or both of the two objects. (See figure 1)


This balance is very sensitive so it is imperative to set this up in a room with no wind currents. This is where a temporary wall partition comes in handy if you have one around.  This helps to block any small wind currents that might be circulating around the room. Building and encasement in plexi-glass is ideal but greatly increases the cost of the apparatus.

Constructing the Balance:  For this, two lengths of VHS tape, long enough to extend from the ceiling support to about chest level, were cut.  This was the torsion medium for the balance.  These were sandwiched between two small blocks of wood at each end.  The tapes between the two pieces of wood were glued and clamped.  A place on the ceiling that would be sturdy enough to affix one end of the tape and block assembly and hold several pounds was found.  Then, a hole was drilled in the meter stick at the 30cm and 70cm mark in order to tie the string through it and keep it from sliding.  (Insert Picture 1: Balance Hanger) (Insert Figure 2: Balance Hanger Diagram)  The string was roughly double that of the distance between the two holes.  By placing a pen between the hanging VHS tapes, this makes a convenient place to hang the string from which the meter stick was attached. 

A 1” square mirror on the 50cm mark of the meter stick was glued.  String was used to hang two full 20oz. Soda bottles from the ends of the meter stick so it balances.  The soda bottles acted as the small masses in the experiment.

The Motion Damper and Stand for the Stationary Masses: A 4’ board was layed flat on top of the stool so that it balanced.  This allowed smooth and easy movement of the large masses, as they were set on top.  The turntable and the two-gallon bucket were set on top of the board and stool.  The board and turntable was clamped to the stool for safety.  The ring stand was set up next to the center bucket and clamped to the turn table to ensure that it did not move. (Insert Picture 2: Large Mass Assembly)  

Careful consideration was taken when placing the stand as it could have gotten in the way when swiveling the large masses. In order to keep things symmetrical, three square wooden boards were placed flat at each end to raise the two buckets that were set at each end.  Then, the whole assembly was slid underneath the hanging balance and adjusted to the height of the stool so that the center bucket was just under the 50cm mark of the meter stick.  The center bucket was filled with water and the end buckets with sand.  It was wise to fill the sand buckets while they were off of the boards and have some help to place them back on at the same time in order to avoid a very annoying mess.  Finally, the plexi-glass was attached to the center of the balance to act as the vane in the motion damper.

Laser and White Board: The purpose of the laser and white board is to amplify and record measurements as the balance is displaced from its equilibrium.  By bouncing a laser beam off of a mirror that is attached to the balance to a screen with incremental markings, it was possible to quantify the displacement of the balance.  It is probably ideal to have a screen that is curved so that displacement angles can be accurately measured, but since this is mostly for demonstration purposes the white board worked fine.  The angle that the balance is displaced by is not very large anyway so the difference is negligible. 

Operation: Temporary wall partitions can be set up around the experiment to act as baffles for wind currents that exist in the room.  It is extremely important to do this in a room that is not drafty. It is also important to limit ones personal movement to a minimum as this will cause wind current that will disturb the balance. 

The apparatus must start off in a neutral position. The sand buckets were kept at ninety degrees from the balance.  This ensured that there was equal torque in both directions so this will cancel their effect on the balance.  It takes several minutes for the balance to settle, that is to stop swaying back and forth from air currents or from touching it.  Note was taken of where the neutral position is of the laser on the white board screen as shown in the picture below.  (Insert Picture 3: Neutral Position Balance)
Once this was achieved, the buckets of sand were swiveled, slowly and carefully, into position where they are close to the hanging bottles of water.  The exact distance to place buckets was difficult to determine and took some trial and error, but a distance of a few inches was good to start off with.  It is undesirable to allow the hanging masses to touch the larger masses at any time.  The idea is to balance torque and gravitational force.  On the order of several minutes, the balance was displaced from neutral position, continued to swing back and forth, and finally settled on a displaced position.  This position can then be noted for calculations or just simply recognized for demonstration. 

(Insert Picture 4: Displaced Balance)

Calculations:  Though this apparatus is mainly for demonstration purpose, if done carefully, measurements can be taken and reasonable results for the value of G can be obtained.  The formula for gravitational force is:
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Solving this for G yields:
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The only quantity that can not be measured directly is the gravitational force F.  This can be derived from the torque on the balance:
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The force is doubled because there are two sets of forces on two sets of masses.  R is the distance from the axis of rotation to the hanging mass.  Solving for F gives:
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Torque can also be found by:
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It should be noted that ( is the angle that the balance is displaced in one direction from equilibrium.  Also, the angle between the incident and reflected laser beam is 2x the angle that the balance is displaced.  To get more accurate results in angle measurement, it is suggested to measure the change in angle from one direction to the other and dividing this value in half.  Ultimately this makes ( one quarter that of the change in the angle between the incident and reflected laser beam. The torsional constant is ( which must also be determined indirectly.  Rearranging the formula for a torsional pendulum we get:
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Here T is the period of swings of the balance and I is the moment of inertia.  The moment of inertia for the balance can be calculated as:
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Finally, the calculations can be worked back to find the gravitational force to solve for G.  All calculations are from Carlson (1989). A sample calculation could not be provided because accurate measurements could not be obtained.  There are many possibilities for the cause of this.

Pitfalls:   It cannot be understated how much air motion can disrupt this experiment.  Even in a room that has the door closed to the outside, drafts that come in from under the door, through vents, or even from a person moving in the room will have noticeable effects on the balance.  The wall partition, as seen in the pictures, is essential in baffling the wind currents in the room.  If a partition is not available an old sheet or blanket can be a cheap substitute.  It is not advisable to put anything around the door as this hinders exiting in the event of an emergency.  If you are to remain in the room while the experiment is going, you must remain completely motionless and even breathe lightly.  With a classroom of children, this is a near impossibility.  This may be an opportunity to teach from outside the room if the experiment is set up near a window and the classroom is on the first floor.


Another problem that is inherent of the design is the placement of the mirror.  The mirror must be place at the center of the meter stick.  The constant bombardment of a high intensity laser beam can cause the balance to displace much like the vanes in a radiometer if the mirror is placed anywhere other than the rotating axis of the balance.  This could be the best illustration of the sensitivity of the experiment.


Finding the most appropriate medium to get the desired torsion can be difficult.  Most experiments call for wire or string.  Since this experiment is hung from a tall ceiling, two strips of videotape are used.  Wire allows the balance to oscillate far too much.  The videotape supplies the added torque that is needed.  What material is used depends heavily on the height the balance is hung from.


One problem that the experiment does not compensate for is electrostatic forces that arise from charge build up on any of the masses.  These forces can easily become greater than that of gravitational forces destroy any hopes of getting any real data.  Some suggestions for correcting for this are: Only run the experiment on days of high humidity, Paint the entire apparatus with a conductive paint, Use more conductive materials when constructing the experiment and ground the entire thing. 

Conclusion:   Carful consideration of many problems that can arise has been taken to help the builder avoid them or come up with better ideas.  One must be mindful of this particular design’s limitations.  Nothing was done to reduce the likelyhood of electrical forces from contributing to the results.   Also, it was nearly impossible to calm all of the air currents in the room which terribly interfer with any hopes of calculating G.  This is not a precision tool. 

However, when the objective is to show what cannot be directly observed and cost is an issue, this aparatus is far from useless.  It has the advantage of being affordable, available and extraordinarily demonstrative of gravitaional force.  Seeing is believing and students are far more apt to understand if they can see the effect first hand.  Students have been awed by this demonstration as they watch it happen before there eyes.  Since it does take a while for the desired effect to occur, some lecture while the experiment was running helped to keep their young minds from wandering and provided some background information for a fuller understanding.  The experiment can be performed in real time, recorded and played back, or both. Operation is simple and easy.   Though the set up is senitive, when done carefully, desired results can be obtained.

One might also want to look at some video taken of a similar experiment done on the web site titled bending spacetime in the basement:  http://www.fourmilab.ch/gravitation/foobar/
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