
PHYS 1P91 Experiment 05
Newton’s Laws 2 : Unbalanced forces and friction

Notes

• Words in blue are links to additional reading or videos.

• Text in gray boxes are hints and things to take note of.

• Text in red boxes are important instructions or prompts that guide you to DISCUSS
some of the key RESULTS and CONCEPTS learned in the lab. These prompts may
not be the only items that need to be included in your report.

1 Lab objectives

• Use the iOLab to further study of Newton’s laws and the concept of systems of force.

• Use the iOLab to measure the coefficients of kinetic and static friction.

• Learn how the normal force relates to the amount of friction force.

2 Introduction

Consider the system of forces in Figure 1. The iOLab is traveling to the left with velocity
v. However, previously we have seen that there is friction working to slow it down. In this
case the friction force fk is acting in the direction opposite the direction of travel. Since the
friction is the only unbalanced force acting on the iOLab, then the total horizontal force is

∑F‖ = fk = ma (1)

and the acceleration a is acting opposite the velocity v, and so its actually deceleration,
slowing the cart.

Of course the vertical forces of weight W = mg and the normal force N are balanced, and
no vertical motion occurs.

∑F⊥ = N−W = 0 (2)
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Figure 1: Free body diagram of the iOLab traveling with velocity v on a level surface, with
friction f acting to slow it down.

Because the iOLab in the figure is rolling on its wheels, the friction here is kinetic friction
between the wheels and the part that holds the wheels, and probably best called “rolling
friction”. It’s not the friction between the wheels and the surface they roll on. (That’s a
greater friction that needs to exist otherwise the iOLab wouldn’t roll, it would slide.)

So if we were to measure the force of kinetic friction using the wheels, we would be
measuring how efficiently the wheels turn within the iOLab.

We could also flip over the iOLab and measure the force of kinetic friction of the iOLab
actually sliding on its felt pads. In this lab we will use two techniques to measure both
sources of kinetic friction.

2.1 Method 1 : Coefficient of friction of the felt pads.

The simple theory of kinetic friction states that the force of kinetic friction depends on the
normal force between the surfaces:

fk = µkN (3)

where µk is a constant that depends on the material of the two surfaces and is an empirical,
measured constant. This is in the form of an equation of a straight line; y = Ax.

In Figure 1, to keep the cart moving at constant speed, we need to pull with a force equal
to, and opposite direction of the friction fk. If the independent variable is the normal force
N, then we measure the dependant variable is Fpull = fk with the force sensor.

We will measure the coefficient of friction of the felt pads first.

2.2 Method 2 : Coefficient of rolling friction of the wheels.

To measure the coefficient of rolling friction of the wheels, we’ll try something more com-
plicated.
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By letting the cart roll down a ramp, such as in Figure 2, the force of gravity pulls the cart
perpendicular to the floor, but at angle with respect to the ramp. Rolling friction might try
to slow it down, but gravity is speeding it up.

Now if we define parallel (‖) and perpendicular (⊥) as being with respect to the ramp,
then the system of forces work out like this:

∑F‖ =W‖− f = ma‖ (4)

∑F⊥ = N−W⊥ = 0 (5)

Find the equations of W‖ and W⊥ as a function of the angle of the ramp, such as
Example 4.5 here. Write these equations in your report.

Figure 2: Free body diagram of the iOLab traveling with velocity v down a inclined surface,
with friction f acting to slow it down, but gravity working to speed it up. The effective
balance of the component of the gravitational force parallel to the surface (W‖) is larger
than the friction as it picks up speed down the ramp.

Let’s combine these equations to find the coefficient of kinetic friction in terms of things
we know how to measure.

Start with the unbalanced forces parallel to the ramp

W‖− fk = ma‖ (6)
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Substituting in fk = µkN, and N =W⊥ this becomes

W‖−µkW⊥ = ma‖ (7)

Next, using your equations for W‖ and W⊥ we have

mgsinθ −µkmgcosθ = ma (8)

where the acceleration is downward and parallel to the ramp. We can measure θ (we did
it in Experiment 04), we can use the wheel sensor to measure a, and we know g of course.
That leaves µk as the only unknown!

But what if the iOLab were freely rolling up the ramp (slowing down as it goes, of course)?
Then the sign of a‖ doesn’t change (think about it!). The sign of f does change, because
friction forces works against the direction of travel. Then we have

W‖+ f = ma‖ (9)

Compare this with equation 6 above, which was for rolling down the ramp. Following the
same idea as before, we have another equation to go with equation 8, this time for upward
motion:

mgsinθ +µkmgcosθ = ma (10)

Note the mass cancels in both equations 8, and 10, and if we divide both sides by g, we
have two equations with no units!

sinθ −µk cosθ =
a1

g
(11)

sinθ +µk cosθ =
a2

g
(12)

Next we subtract equation 11 from equation 12, and solving for µk, we get

µk =
a2−a1

2gcosθ
(13)

This is the equation we will use to find µk, by measuring the acceleration of the cart on the
way up (a2), and then again on the way back down (a1), as well the ramp angle θ .

3 Procedure

In this lab, you will need the ramp from the last experiment. Try to use as long and as flat
a ramp as you can find. Something without bumps or valleys. You will also need the 100g
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calibration weight used to calibrate the force sensor, and two other household items in the
100g-200g mass range. This could be something like the tape measure, your cell phone, a
TV remote, a can of tuna, etc.

Just like the last lab, set up your ramp at just one angle, more than 5◦ allowing the iOLab
to roll, but not so steep it rolls off the ramp in less than 3 seconds. You want the iOLab to
roll down without hesitating, but not so fast you won’t be able collect much velocity data.

3.1 Prepare the iOLab.

In this part, we are going to calibrate the accelerometer sensor, but only for the y-axis.
Insert the iOLab USB dongle and turn on the iOLab. If you haven’t attached the felt pads
to the back side of the iOLab do that now. Start the software. Remove any bolt or screw
from the force sensor.

Connect the iOLab device and open up the Settings menu. If your previous calibration
settings are stored, test that everything is working correctly by checking the average ay

data in both +y and -y directions. If the data does not average to±g, repeat the 6-point
calibration from Lab 04.

Then, follow the directions for calibrating the force sensor in the y-axis down orientation
from Lab 01. Calibration settings are stored in the iOLab Online software, but you may
need to repeat calibrations from time to time, especially for something like the force sensor
where calibration and orientation are very tightly connected.

Record in your lab report the weight of the iOLab after the calibration is complete.

4 Take data

4.1 Method 1 : Coefficient of friction of the felt pads.

With the eye-bolt already attached to the force sensor, you will use a paperclip or a few
centimeters of string to pull the device. Lay the iOLab on its felt pads (wheel side up) on a
level, horizontal surface. Select both the Force Gauge and Accelerometer.

The force sensor will not record exactly zero in this flat orientation, even after cali-
bration, thus a small correction will need to be made to the pulling data.
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Make sure both the force and accelerometer sensors are calibrated.

Record the average of the force sensor when left alone in a flat, z-axis up orientation,
for 2 seconds in your report. This is F0, and will be needed to adjust the values of Fpull

next.

IMPORTANT- iOLab Online has an auto shut off time of 15 minutes of inactiv-
ity. If your iOLab turns off at any point you MUST redo the force sensor cali-
bration. A simple way to avoid this shutoff is to do a 1 second data collection of
ANY sensor, the data will have no purpose other than allowing you to keep your
calibration settings.

Try very gently pulling the iOLab, increasing the force until the force overcomes the
force of static friction. Then continue to pull the iOLab across the surface, trying to main-
tain slow, constant speed for a couple of seconds. At constant speed, the pulling force
being recorded balances the kinetic frictional force Fpull = fk. The recorded data of the
accelerometer can be useful to identify the time period in which to average the force, as the
acceleration will be constant and near zero.

You will need to switch back and forth between the force and accelerom-
eter data to identify the time period were there was approximately constant
velocity motion.

• Save the force-time data on your computer.

• Include the force-time graph in your report.

• Zoom into the best period of time, and use the statistics to record the average
force and standard deviation of the pulling force (Fpull)

• Adjust the value of Fpull by subtracting F0. Calculate the uncertainty of the ad-
justed Fpull.

You should note that there is a lot of noise and variability in the average force. While
friction is a very common force, its behaviour is actually very complicated and is still not
completely understood. The textbook definition of friction is a useful approximation but
not a fundamental law of nature that can be expected to followed exactly.
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Add some mass to the iOLab by placing some objects in the 100-200 g range on top. This
will increase the normal force and change the amount of force required to overcome the
static friction.

How can you know the new normal force? You can strap these objects to the iOLab with
a rubber band and perhaps a paperclip, such as in Figure 3, and hang the whole thing from
the iOLab force sensor to measure it’s new weight.

Do not leave the added mass strapped by rubber band to the iOLab when
pulling it - you will be dragging the rubber band along the surface and mea-
suring the friction of the rubber band and not the felt pads. Detach the rubber
band and lay it on top of the object on top of the iOLab, as it contributes to
the new weight.

Figure 3: An example of adding weight to the iOLab. In the right picture, a rubber band and
paperclip are used to strap the weight to the iOLab so that the total weight can be measured
with the force sensor. In the left picture, the rubber band and paperclip are resting on top,
and the iOLab is ready to pull along its felt pads.
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Repeat the pulling experiment three additional times, with different masses affixed to
the iOLab.

• Save the force-time data to your computer.

• Report the average and standard deviation of the pulling force (Fpull) for each
run.

• Adjust the value of Fpull by subtracting F0. Calculate the uncertainty of the ad-
justed Fpull.

• Important: Before adding more weight, record the weight of the iOLab and its
extra mass by hanging the iOLab from the string on the eye bolt. This is the
normal force, N.

In the software data window, type in the four values of the normal force N (on the x-axis)
and the adjusted pulling (friction) force fk (on the y-axis).

Fit a straight line Ax+B through the data. The slope A is the coefficient of friction, and the
y-intercept B should be close to zero, because

y = Ax+B−→ fs = µsN. (14)

Include a copy of the fitted data in your report. What is the maximum coefficient of
static friction of the iOLab resting on its felt pads?

4.2 Method 2 : Coefficient of rolling friction of the wheels.

In this part, you will measure the coefficient of rolling friction for the iOLab. The rolling
friction is actually quite small, but we can see it’s effects by rolling it up and down an
incline. There are a number of important questions to answer in your report about the
motion you’ll measure.

Measure and calculate the angle of your ramp using the method of the previous Lab
04. Record the value in the lab report.

Include a picture of your setup in your lab report.
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Set the iOLab at the bottom of your ramp, +y-axis facing up the ramp. Select only the
Wheel Sensor sensor.

Give the cart a shove and let it roll up the track, and let it roll back down on its own. Try
to reach different heights of your ramp by giving it different initial speeds. Make sure the
iOLab travels straight up and down, otherwise W‖ is trying to pull the cart sideways!

Save the data to your computer for the wheel position (x,m ), velocity, (V,m/s) and
acceleration (a,m/s2) time graphs for 4 different initial velocities using the same ramp
angle each time.

Include a single example of a position-time, velocity-time, and acceleration-time
graph in your lab report. The best might be the run where the iOLab went the highest
up the ramp.

Look closely at the time period where the iOLab was in free motion. Note the accel-
eration seems constant, and is slightly negative; why is that? The value of the acceler-
ation changes slightly at the top of the motion and is different coming back down than
going up; why? Think about the direction of the kinetic friction as the cart goes up,
then down, the track. Compare that to the direction of the force of gravity.

Can you identify the point from the position graph where the maximum height was
reached? Can you identify that same point from the velocity graph?

For each of your four runs, the easiest way to find the two accelerations is from the slope
of the velocity on the upward part of the motion, and then the slope of the velocity on the
downward part of the slope.

From the velocity-time graph, zoom into the region where the iOLab was traveling up
the ramp, and record the slope of the line in your report for each run.

Repeat for the region when the iOLab was rolling back down.

Calculate the the value of µk from equation 13 for each run.

Find the average and standard deviation of the value of µk all four runs.
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A quick way of finding the the average and standard deviation of µk is to use
the data window, with the run number as the x-axis data.

Finishing Up

Now that you have completed the lab, be sure you filled out all portions of the data tables
(templates found on Sakai), include figures, and develop a robust discussion using prompts
found throughout the manual.
Ensure to give yourself enough time to complete the report and to hand it in by the due date
as late lab reports will not be accepted! If you have any questions please attend a live lab
session to get help from one of the course lab demonstrators, or email Phys1P91@brocku.ca.
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