
Lab 2: Equilibrium

Note: This lab will be conducted over 2 weeks, with half the class working with forces while the
other half works with torques the first week, and then switching the second week.

Description

In this lab, you will learn how to correctly add forces both graphically and component-wise and
show through experiment that the methods work. Then, you will learn what torque is and how to
balance torques to create a system in rotational equilibrium.

Equipment

Part I: Forces

• Force Table

• 3 Pulleys

• 3 Mass hangers

• Set of Masses

• String

• Center Loop

• Bubble Level

• Meter Stick

Part 2: Torques

• 1/2 Meter Stick

• Rotational Equilibrium Set

• Set of Masses

Introduction

Note: the Vector Review from the beginning of this book should be read and understood prior
to coming to class!

Forces

In the everyday world, a force is a push or a pull, like the push a basketball player gives the ball
when making a shot, the pull of the rope between a water skier and his boat, or the push you give
a car in neutral to get it started. You know that you can vary the amount, or the magnitude, of
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force that you apply to the car, as well as the direction in which you apply that force. Quantities
which have both magnitude and direction are called vectors. Velocity, acceleration, and force are
all vector quantities; whereas, time, temperature, and volume are not. Quantities such as these
latter three, with only magnitude, are called scalars. Vectors, like scalars, can be added, but not
with ordinary arithmetic, because vectors have direction. Consider again the example of pushing
a car in neutral. If you and your friend are side by side, pushing the car in the same direction,
your forces will add to some net force in that direction. However, if you are at one end of the car,
pushing it forward, and your friend is at the other end of the car, pushing it back in your direction,
such that the forces you apply are parallel but oriented in the opposite directions, your forces will
sum to a net force of zero, and the car will not move. Finally, if both of you push on the car in
various directions, your forces will sum to a net force somewhere between zero and the maximum
net force when you both push in the same direction. Thus, two vectors of the same magnitude can
sum to a new vector with a different magnitude and direction, depending upon the directions of
the original vectors, as shown in Figure 2.

The vector sum of two or more vectors is called the resultant, and there are two basic methods
used to find the resultant: the graphical method and the component method. Both are discussed
in the Vector Review at the beginning of this book. This section should be reviewed before doing
this experiment.

In this experiment, you will be using both the graphical and the component method to determine
the resultant of two vectors. You will keep the magnitude of each the same, but you will position
them in different directions. The force on an object is equal to its mass times its acceleration:

F = ma (1)

Therefore, for a system to remain at a constant velocity (in our case, 0 velocity, or stationary)
the total force on the object must be 0. This may be the sum of no forces, two forces, or many
forces. In this lab you will explore adding two and three forces to find equilibrium.

Torques

In addition to linear motion (motion along a line), an object can spin, or rotate about an axis
in what is called rotational motion. When considering rotational motion, there exist rotational
analogs to all the quantities discussed in curvilinear motion and mechanics, and the one examined
in the following experiment is that of torque, the rotational equivalent of a force.

In order to produce rotational motion, several factors come into play. When using a wrench,
for example, the distance from your hand to the bolt is important, as is the direction you push and
the magnitude of the force you apply. Torque is a vector quantity, much like force. The magnitude
is defined as:

τ = Fr (2)

where the quantity r is called the lever arm, and is the perpendicular distance from the applied
force to the center of rotation, and is the Greek lower case letter tau, the symbol used to indicate
torque. Thus, a larger force applied at a farther distance from the center of rotation produces
greater rotation than does a smaller force applied at a lesser distance from the center of rotation.

Because force is expressed in units of [N], and distance in units of [m], torque has units of [N
m], which is similar to the units of energy or work. However, the two represent completely different
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concepts. While work denotes a change in energy through or over some distance, torque denotes a
rotation produced as a result of a force acting at some distance.

Just as we did for forces, we can use Newton’s Second Law with torques to say that the sum of
the individual torques acting on a system is equal to the net torque acting on a system:

∑
τ = τnet (3)

It is necessary to consider torque, rather than force, in rotational motion, because two equal but
opposite parallel forces on an object would produce no translational motion since they sum to zero.
It is possible, however, for two equal but opposite parallel forces to produce a net torque that is not
equal to zero. Consider the following diagram, where two parallel forces of equal magnitude, but
opposite direction, are applied to a rectangular block. The yellow arrows indicate the direction of
rotation caused by the application of both forces. If we curl our fingers in the direction of rotation,
the direction our thumb points is the direction of the torque vector. In Figure 1, because both
forces cause rotation in the same direction, both torques are in the same direction, and though the
net force of the block is zero, the net torque is not.

Figure 1: Rotational Disequilibrium

In order to distinguish a positive torque from a negative one, we use the right hand rule, where
the fingers are curled in the direction of rotation. When your fingers curl in a counterclockwise
direction, we call this a positive rotation, and thus, a positive torque. Similarly, when your fingers
curl in a clockwise direction, we call this a negative rotation, and thus, a negative torque. Both
torques in Figure 1 are negative.

All of Newton’s laws of motion apply to rotational motion. For example, an object which is
not rotating will continue not to rotate as long as the net torque on it is zero, and likewise for an
object rotating with constant speed will continue to rotate with a constant speed unless acted on
by a torque.

Procedure

Part 1: Equilibrium of Forces
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Figure 2: Force table apparatus

The apparatus you will be using in this experiment is called a force table, and consists of a round
metal plate with angle markings mounted on a vertical rod. Three or four radial forces are applied
to a small ring at the center of the table by masses hung over pulleys. Until the forces applied by
the masses at the ends of the strings are in balance, the ring is held in position by a vertical pin in
the center of the table. In this experiment, you will use the two methods of determining a resultant
vector and verify your calculations with experiment.

When summing forces, we are dealing with Newton’s Second Law. If a system is at rest, as is
your force table when attaching masses, the vector sum, or resultant, of the forces acting on the
system must be equal to zero. This state is called static equilibrium, since the system is at rest.
When a set of forces is not in equilibrium, there is a single, unique vector, the equilibriant, which
will bring the system back into equilibrium, i.e. the sum of it and the other forces is equal to zero.
Therefore, the equilibrant has the same magnitude but opposite direction as the resultant. When
two vectors are in the opposite direction of one another, they are 180 apart. In this experiment,
you will calculate the resultant force from two vectors on your vector force table, and then apply
that magnitude force in the opposite direction to your force table. When you apply the equilibrant
vector to your force table, the pin in the center of the table should be at the center of the ring.

The magnitudes of your force vectors will be provided by the weights of your mass hangers plus
additional mass which you hang over the pulley. Thus:

F = W = mg (4)

where m will be the mass of the hanger plus any additional mass. The direction of each of your
force vectors is given by the angle scale on the round face of the table. For the purposes of this
experiment, we will consider the positive horizontal direction (+ x) to be at an angle of 0◦, the
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negative horizontal direction (- x) to be at an angle of 180◦, the positive vertical direction (+ y) to
be at an angle of 90◦, and the negative vertical direction (- y) to be at an angle of 270◦.

1. Before beginning, make sure the force table is level, and adjust each string so that it is level
with the force table and aligned correctly on its pulley. Check the center knot on each string
to make sure that each string is pointing toward the center of the ring, and adjust this over
the course of the experiment as need be. Finally, orient the force table with the 0◦ angle on
the right side.

2. Measure and record the mass of each hanger.

3. Add a total of 300 [g] to one mass hanger which runs over a pulley at 0◦. Add a total of 400
[g] to another mass hanger which runs over a pulley at 90◦. Calculate and record the weights
of these masses in your lab book. These will be the same masses and the same forces you will
use throughout this experiment, so they only need to be recorded once in a table in your lab
book. Your table should include the mass of each hanger, mhanger, the mass hanging on each
hanger, mweights, the total mass of the hanger plus the hanging mass,mtotal, the total weight,
wtotal, and the initial angles for each mass in equilibrium.

4. In your lab notebook, draw an axis system that takes up an entire page. Use a protractor
and ruler to draw vector arrows head to tail for both forces on the force table. Make sure you
label each. Choose a length scale to draw the vectors, such as 1 [cm]=10 [N], and record your
scale on your graph paper. Make sure your diagram is large enough to read easily! Draw and
label the components of each vector. Record these components in a table in your lab book.
Properly add components to determine the resultant and equilibrant and record in your table.
Your table should have a row for each force, the sum of the forces, and the force needed to
attain equilibrium. The columns should include the x and y components found graphically
and the x and y components found mathematically.

5. Draw the resultant vector and determine its magnitude using your length scale. Use your
protractor to determine the angle of the resultant from the positive horizontal direction.
Record these values in your lab book. This is your graphical resultant.

6. Calculate the components of each vector, ~F1 and ~F2, and record them in your table from step
4.

7. Calculate the components of the resultant vector, and record them in your table.

8. Use the Pythagorean theorem to calculate the magnitude of the resultant vector. Then,
calculate the direction of the resultant vector. Record these values in a table in your lab
book. This is your mathematical resultant.

9. Calculate the percent difference between your graphical and your mathematical result, and
record it in a table in your lab book. (What should it be?)

10. Use the force calculated mathematically to determine the amount of mass needed on the third
mass hanger to cancel the effect of the resultant vector. Add this mass to the mass hanger
over the third pulley in the opposite direction of the angle of the calculated resultant vector.
Adjust the mass and the angle of the third pulley until the center pin is centered in the center
ring. Calculate this weight. Record these values.
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11. Calculate the fractional difference between the experimental result and the mathematical
result and record it. (What should it be?)

12. Repeat steps 3-10 twice more, once for the 300 [g] mass at an angle of 30◦, and the 400 [g]
mass at an angle of 60◦, and once for the 300 [g] mass at an angle of 240◦, and the 400 [g]
mass at an angle of 70◦.

Part 2: Equilibrium of Torques

In this experiment, you will consider torques in static rotational equilibrium. The apparatus
you will use is depicted in Figure 3. It consists of a meter stick with a clamp on a support stand,
and masses hanging from movable mass hangers.

Figure 3: Rotational Equilibrium Apparatus

In this case, the forces on the meter stick producing the torques are the weights of the masses,
mg, as shown in Figure 4. Thus, Equation 2 can be written as:

τ = mgx (5)

where we have not only replaced F = W = mg, but we have also replaced r with x, where x is
the distance from the mass hangers to the balance point of the meter stick.

Once again, the rotations caused by the forces are indicated with vertical arrows, while the
torque vectors are indicated using the following symbols:

⊗
indicating out of the page and

⊙

indicating into of the page. Note that throughout this experiment, the torque vectors will be
pointing either toward or away from you, as here, where τ1 is out of the page, and τ2 is into the
page.

Before working your way through the procedure of this experiment, you will need to balance
the meter stick. Once done, record the balance point, x0. Also, measure the mass of the mass
hangers and include it in your masses on the meter stick.

Two Unequal Masses in Equilibrium

1. Hang a 100 [g] mass, m1, at a position approximately 45 [cm] from x0 on either side of the
meter stick. Record this position, x1, in a table. Be sure to record your error associated with
each measurement!
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Figure 4: Rotational Equilibrium

2. Hang a 200 [g] mass, m2, on the opposite side of the meter stick from m1. Adjust the position
of m2 until static equilibrium is found. Record the position, x2, of m2 from x0.

3. Calculate the torques, τ1 and τ2, around x0 due to the weights of m1 and m2, and record
them in your data table.

4. Calculate the percent difference between τ1 and τ2. (If the meter stick is in static equilibrium,
what should this value be?)

5. Make a sketch of the system like Figure 4, indicating masses, distances, and torques in the
space indicated.

Three Unequal Masses in Equilibrium

1. Hang a 50 [g] mass, m1, and a 100 [g] mass, m2, at two different positions on the same side
of the meter stick. Record their positions from x0 as x1 and x2 respectively.

2. Hang a 200 [g] mass, m3, on the opposite side of the meter stick from m1 and m2. Adjust
the position of m3 until static equilibrium is found. Record the position, x3, of m3 from x0.

3. Repeat steps 3, 4, and 5 from the Two Unequal Masses section. Remember that the percent
difference is taken between the quantity (τ1 + τ2) and τ3. (Why is this?)

Unknown Mass in Equilibrium

1. Hang an unknown mass, m1, on one side of the meter stick, near x0, and record the position,
x1, of m1 from x0.

2. Hang a 100 [g] mass, m2, on the opposite side of the meter stick from m1. Adjust the position
of m2 until a static equilibrium is reached. Record the position, x2, of m2 from x0.
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3. Calculate τ2 in the same manner as in the previous two sections. Because the meter stick
is in static equilibrium, τ1 should be equal to τ2. Solve for the unknown mass, m1, in this
manner.

4. Use a triple beam balance to find the mass of m1, and record it in your data table.

5. Calculate the percent difference between the value obtained for m1 using the triple beam
balance and the value obtained in step 3. (What may be sources which would have contributed
to the two values being unequal?)

Analysis

Part 1

• Were your resultants obtained graphically and component wise consistent with each other?
If not, why might they be different?

• What was the largest source of error? How could it be reduced?

Part 2

• How might systematic errors have played a part in your results?

• What was the largest source of error? How could it be reduced?

Questions

1. In your own words, explain the similarities and differences between rotational motion and
linear motion.

2. The variables in linear motion have analogies in rotational motion and vice versa. State the
analogous variable for each of the following:

• Force

• Angular Velocity

• Torque

• Mass
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