
Lab 5. Newton’s Second Law

Goals

• To determine the acceleration of a mass when acted on by a net force using data acquired via
a pulley and a photogate. Two cases are of interest: (a) the mass of the system is fixed and
the net force is varied, and (b) the net force is fixed and the mass of the system is varied.

• To make and analyze appropriate graphs of the resulting data that test the validity of your
application of Newton’s Second Law of Motion to this system.

Introduction

Newton’s First Law states that no change in the motion of an object takes place in the absence of a
net force. In other words, the acceleration (change in velocity) of an object is zero unless there is
a net force. But how is the acceleration related to the force? Newton’s Second Law deals with this
relationship. Experimentally we will explore the relationship between the net force on an object,
the mass of the object, and the acceleration of the object due to the force. Newton’s Second Law
of Motion makes some definite predictions that you can test.

Be sure to level the track carefully before you take any data.

Accelerating a fixed mass with a variable force

Behind Newton’s Second Law is the assumption that an object (or group of objects) can be modeled
as a point with a definite mass and location, that moves along a well defined trajectory through
space with a definite velocity and acceleration. A group of objects can often be modeled as a
point if it moves together rigidly, without rotation or stretching—and if its mass does not change.
When we apply Newton’s Second Law to a suitable group of objects, we call the group “the
system.”

In this experiment, a small mass is connected to the cart by a string that hangs down over a pulley.
To apply Newton’s Second Law to this situation, the system mass (the m in F = ma) and the net
force on the object (the F in F = ma) must be clearly specified. Draw a free body diagram of the
cart, the pulley, and the slotted masses, and use it to express the net force and the system mass in
terms of the masses of each part of the system. Ignore friction for now. Check that each part of the
system has the same acceleration (the a in F = ma). This simplification is possible because both
the cart and the hanging mass move as if they were glued together (assuming that the string is not
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stretchy). Your free body diagram and any text or mathematics needed to support your expressions
for F and m must appear in your lab notes.

Using a photogate to measure how fast the pulley rotates, the computer can take the time and
displacement measurements required to compute the displacement, velocity, and acceleration of
the system as functions of time. The “Photogate with Pulley” section of the Computer Tools
Supplement at the back of the lab manual has specific instructions on connecting the pulley to the
computer. You will plot all three of these quantities and test to determine the best of two methods
for determining the acceleration (two methods explained below).

Ensure that the string connecting the hanging mass to the cart is resting in the groove of the
pulley. This string will often fall out of the groove when the masses impact the ground at
velocity.

If the acceleration is constant, the slope of the velocity-time graph will be a straight line whose
slope equals the acceleration. The slope of a straight line is easily found along with a useful
uncertainty estimate using the “Fit” tool in the toolbar at the top of the graph window. Does the
slope of the velocity-time graph yield a more precise acceleration value than simply taking an
average acceleration value directly from the acceleration-time graph? Compare the two methods
for a single data run. Explain your findings in your lab notes.

Although the computer fitting routine gives an uncertainty estimate for the slope of a graph based
on one data run, the experimental conditions are not exactly the same each time the cart moves
down the track. Therefore, the uncertainty estimate given by the curve fitting routine is a gross
underestimate (often by a factor of ten in this exercise). Below you will compare the mass of the
cart calculated from your acceleration measurements with the mass of the cart determined by an
electronic balance. Incorrect uncertainties can result in false conclusions about the consistency
of these two mass values. To measure the uncertainty due to variations in the condition of the
cart/track, repeat the acceleration measurement for a least three trips down the track. The average
acceleration value is the best estimate for the “true” acceleration, and the standard deviation of the
mean is the best estimate for its uncertainty. The Uncertainty-Graphical Analysis supplement at
the back of your lab manual defines and discusses the standard deviation of the mean.

You are going to want to vary the force applied to your cart in order to find a trend with respect
to force applied. However, adding mass directly to the hanging side of the pulley from an outside
supply would mean changing the mass of your defined system. If you change the mass of the
system while also changing the force applied, then you would need to graph a three axis plot to
track all changes (force, mass, and acceleration).

To avoid this problem, vary the total hanging mass from 60 g to 10 g in 10 g increments keeping
the mass of the system as a whole fixed by making sure that any unused hanging masses ride in the
cart. It is important that the hanging mass not exceed 60 g. The velocities achieved using larger
masses can be sufficient to damage the equipment when the cart strikes the end of the track.

Now make a graph of the force (vertical axis) as a function of the acceleration (horizontal axis).
Include error bars on your graph that correspond to the uncertainties in your measured acceleration
values.

Newton’s Second Law states that the acceleration of a system with constant mass is directly pro-
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portional to the net force and that the acceleration of an object under a constant net force is in-
versely proportional to its mass. If Newton’s Second Law is correct, then you should be able to
compute the mass of the system from the slope of your graphical analysis (Slope is rise/run, thus
force/acceleration). Ask your TA for assistance if it is not clear how to proceed.

Compare the value of the system mass determined from your data, mF/a with the total system
mass measured using an electronic balance at the back of the room, mbal . To make this compari-
son quantitative, compute the t ′-score for the discrepancy (the “error”, ∆ = |mF/a−mbal|) and the
uncertainty of this difference, u(∆). The t ′-score is described in the Uncertainty and Graphical
Analysis appendix to the lab manual. If t ′ < 3, it is fair to say that your acceleration data are con-
sistent with Newton’s Second Law and your mass measurement. If t ′ > 3, carefully examine your
procedures and analysis for sources of systematic error. Include the results of your examination in
your notes.

Accelerating a variable mass with a fixed force

By measuring the acceleration of the system as a function of net force, while holding the system
mass constant, we can study the affect of net force on acceleration. Similarly, by keeping a fixed
value of mass hanging on the string, while keeping the net force constant, we can also observed the
effect of system mass on acceleration. Hang 50 or 60 g on the end of the string for this experiment.
Additional rectangular steel bars (two maximum!) can be placed on top of the cart to increase the
mass of the whole system. Plot the acceleration (vertical axis) as a function of the system mass
(horizontal axis). Qualitatively, what happens to the acceleration when the mass increases?

Newton’s Second Law states that the acceleration of a system with constant net force is inversely
proportional to its mass. In mathematical form this looks like:

F = ma or a =
F
m

= F
1
m

(5.1)

The relationship between acceleration and mass with a constant force is trickier than the rela-
tionship between acceleration and force, with constant system mass. The mathematical relation
between the variables is hard to guess when the graph curves. On the other hand, straight-line
graphs are simple to identify and analyze. Is there a way of plotting the accelerations and mass
data that is consistent with Newton’s second law, but so that the graph is a straight line? (This is
called "linearizing" your data) You may need help from your TA. When you have sorted this out,
you should be able to compute the value of the net force applied to the system.

Use the t ′-score to compare the value of applied net force calculated from your graph to the gravi-
tational force acting on the hanging mass.

Real world effects

Are there reasons that your results might not be totally consistent with the predictions based on
Newton’s Second Law? Have we included all the forces acting on the system? What effect does
the ubiquitous force of friction have? Examine your graph of acceleration versus force carefully.
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Newton’s Second Law says that the net force and the resulting acceleration are directly propor-
tional, meaning that zero net force produces zero acceleration. Does your graph show this to be the
case? Look carefully! Explain how and why the graph might deviate slightly from this ideal. Does
the presence of friction invalidate your graphical determination of the system mass? Ask your TA
whether your explanation is reasonable.

Your acceleration versus system mass measurements are also affected by friction; however, you do
not have enough data to justify pursuing the details.

Conclusion

Is your data consistent with the predictions of Newton’s Second Law? To support your conclusion,
you must compare any observed discrepancy with your experimental uncertainty. Now a question
to just think about. How was Newton able to formulate the Second Law of motion? Did he have
access to equipment comparable to what you used today? Was he compelled to formulate the
Second Law based on his experimental results?

Grading Rubric
No Effort Progressing Expectation Exemplary

AA
Is able to
extract the
information
from
representation
correctly
Labs: 1-12

No visible attempt is
made to extract
information from the
experimental setup.

Information that is
extracted contains errors
such as labeling
quantities incorrectly,
mixing up initial and
final states, choosing a
wrong system, etc.
Physical quantities have
no subscripts (when
those are needed).

Most of the information
is extracted correctly, but
not all of the information.
For example physical
quantities are represented
with numbers and there
are no units. Or
directions are missing.
Subscripts for physical
quantities are either
missing or inconsistent.

All necessary
information has been
extracted correctly, and
written in a
comprehensible way.
Objects, systems,
physical quantities,
initial and final states,
etc. are identified
correctly and units are
correct. Physical
quantities have consistent
and informative
subscripts.

AB
Is able to
construct new
representations
from previous
representations
Labs: 1-12

No attempt is made to
construct a different
representation.

Representations are
attempted, but omits or
uses incorrect
information (i.e. labels,
variables) or the
representation does not
agree with the
information used.

Representations are
constructed with all
given (or understood)
information and contain
no major flaws.

Representations are
constructed with all
given (or understood)
information and offer
deeper insight due to
choices made in how to
represent the
information.
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No Effort Progressing Expectation Exemplary

AC
Is able to
evaluate the
consistency of
different
representations
and modify
them when
necessary
Labs: 2-10, 12

No representation is
made to evaluate the
consistency.

At least one
representation is made
but there are major
discrepancies between
the constructed
representation and the
given experimental setup.
There is no attempt to
explain consistency.

Representations created
agree with each other but
may have slight
discrepancies with the
given experimental
representation. Or there
is inadequate explanation
of the consistency.

All representations, both
created and given, are in
agreement with each
other and the
explanations of the
consistency are provided.

AE
Force Diagram
Labs: 1-12

No representation is
constructed.

Force Diagram is
constructed but contains
major errors such as
mislabeled or not labeled
force vectors, length of
vectors, wrong direction,
extra incorrect vectors
are added, or vectors are
missing.

Force Diagram contains
no errors in vectors but
lacks a key feature such
as labels of forces with
two subscripts vectors
are not drawn from
single point, or axes are
missing.

The diagram contains no
errors and each force is
labeled so that it is
clearly understood what
each force represents.
Vectors are scaled
precisely.

AF
Sketch
Labs: 1, 4, 5, 7-9, 11, 12

No representation is
constructed.

Sketch is drawn but it is
incomplete with no
physical quantities
labeled, or important
information is missing,
or it contains wrong
information, or
coordinate axes are
missing.

Sketch has no incorrect
information but has
either a few missing
labels of given quantities.
Subscripts are missing or
inconsistent. Majority of
key items are drawn.

Sketch contains all key
items with correct
labeling of all physical
quantities have consistent
subscripts; axes are
drawn and labeled
correctly.

AG
Mathematical
Labs: 2-5, 7-12

No representation is
constructed.

Mathematical
representation lacks the
algebraic part (the
student plugged the
numbers right away) has
the wrong concepts being
applied, signs are
incorrect, or progression
is unclear.

No error is found in the
reasoning, however they
may not have fully
completed steps to solve
problem or one needs
effort to comprehend the
progression.

Mathematical
representation contains
no errors and it is easy to
see progression of the
first step to the last step
in solving the equation.
The solver evaluated the
mathematical
representation with
comparison to physical
reality.

AI
Graph
Labs: 1, 2, 4-8, 10-12

No graph is present. A graph is present but the
axes are not labeled.
There is no scale on the
axes. The data points are
connected.

The graph is present and
axes are labeled but the
axes do not correspond to
the independent and
dependent variable or the
scale is not accurate. The
data points are not
connected but there is no
trend-line.

The graph has correctly
labeled axes,
independent variable is
along the horizontal axis
and the scale is accurate.
The trend-line is correct,
with formula clearly
indicated.
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No Effort Progressing Expectation Exemplary

CA
Is able to
identify the
hypothesis to be
tested
Labs: 4, 5, 7-9, 12

No mention is made of a
hypothesis.

An attempt is made to
identify the hypothesis to
be tested but is described
in a confusing manner.

The hypothesis to be
tested is described but
there are minor
omissions or vague
details.

The hypothesis is clearly
stated.

CC
Is able to make
a reasonable
prediction
based on a
hypothesis
Labs: 4, 5, 7-9, 12

No prediction is made.
The experiment is not
treated as a testing
experiment.

• A prediction is made
but it is identical to the
hypothesis OR

• Prediction is made
based on a source
unrelated to
hypothesis being
tested OR

• is completely
inconsistent with
hypothesis being
tested OR

• Prediction is unrelated
to the context of the
designed experiment.

Prediction follows from
hypothesis but is flawed
because
• relevant experimental

assumptions are not
considered and/or

• prediction is
incomplete or
somewhat inconsistent
with hypothesis and/or

• prediction is
somewhat inconsistent
with the experiment.

A prediction is made that
• follows from

hypothesis,
• is distinct from the

hypothesis,
• accurately describes

the expected outcome
of the designed
experiment,

• incorporates relevant
assumptions if needed.

CD
Is able to
identify the
assumptions
made in making
the prediction
Labs: 4, 5, 7-9, 12

No attempt is made to
identify any assumptions.

An attempt is made to
identify assumptions, but
the assumptions are
irrelevant or are confused
with the hypothesis.

Relevant assumptions are
identified but are not
properly evaluated for
significance in making
the prediction.

Sufficient assumptions
are correctly identified,
and are noted to indicate
significance to the
prediction that is made.

CE
Is able to
determine
specifically the
way in which
assumptions
might affect the
prediction
Labs: 4, 5, 7-9, 12

No attempt is made to
determine the effects of
assumptions.

The effects of
assumptions are
mentioned but are
described vaguely.

The effects of
assumptions are
determined, but no
attempt is made to
validate them.

The effects of the
assumptions are
determined and the
assumptions are
validated.

CF
Is able to decide
whether the
prediction and
the outcome
agree/disagree
Labs: 4, 5, 7-9, 124, 5, 7-9,
12

No mention of whether
the prediction and
outcome agree/disagree.

A decision about the
agreement/disagreement
is made but is not
consistent with the
outcome of the
experiment.

A reasonable decision
about the
agreement/disagreement
is made but experimental
uncertainty is not
properly taken into
account.

A reasonable decision
about the
agreement/disagreement
is made and experimental
uncertainty is taken into
account.
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No Effort Progressing Expectation Exemplary

CG
Is able to make
a reasonable
judgment about
the hypothesis
Labs: 4, 5, 7-9, 12

No judgment is made
about the hypothesis.

A judgment is made but
is not consistent with the
outcome of the
experiment.

A judgment is made, is
consistent with the
outcome of the
experiment, but
assumptions are not
taken into account.

A judgment is made,
consistent with the
experimental outcome,
and assumptions are
taken into account.

GA
Is able to
identify sources
of experimental
uncertainty
Labs: 4, 5, 8, 10, 11

No attempt is made to
identify experimental
uncertainties.

An attempt is made to
identify experimental
uncertainties, but most
are missing, described
vaguely, or incorrect.

Most experimental
uncertainties are
correctly identified. But
there is no distinction
between random and
experimental uncertainty.

All experimental
uncertainties are
correctly identified.
There is a distinction
between experimental
uncertainty and random
uncertainty.

GB
Is able to
evaluate
specifically how
identified
experimental
uncertainties
may affect the
data
Labs: 4, 5, 8, 10, 11

No attempt is made to
evaluate experimental
uncertainties.

An attempt is made to
evaluate experimental
uncertainties, but most
are missing, described
vaguely, or incorrect. Or
only absolute
uncertainties are
mentioned. Or the final
result does not take the
uncertainty into account.

The final result does take
the identified
uncertainties into account
but is not correctly
evaluated. The weakest
link rule is not used or is
used incorrectly.

The experimental
uncertainty of the final
result is correctly
evaluated. The weakest
link rule is used
appropriately and the
choice of the biggest
source of uncertainty is
justified.

GC
Is able to
describe how to
minimize
experimental
uncertainty and
actually do it
Labs: 4, 5, 8, 10, 11

No attempt is made to
describe how to
minimize experimental
uncertainty and no
attempt to minimize is
present.

A description of how to
minimize experimental
uncertainty is present,
but there is no attempt to
actually minimize it.

An attempt is made to
minimize the uncertainty
in the final result is made
but the method is not the
most effective.

The uncertainty is
minimized in an effective
way.

GD
Is able to record
and represent
data in a
meaningful way
Labs: 1-12

Data are either absent or
incomprehensible.

Some important data are
absent or
incomprehensible. They
are not organized in
tables or the tables are
not labeled properly.

All important data are
present, but recorded in a
way that requires some
effort to comprehend.
The tables are labeled but
labels are confusing.

All important data are
present, organized, and
recorded clearly. The
tables are labeled and
placed in a logical order.

GE
Is able to
analyze data
appropriately
Labs: 1-12

No attempt is made to
analyze the data.

An attempt is made to
analyze the data, but it is
either seriously flawed or
inappropriate.

The analysis is
appropriate but it
contains minor errors or
omissions.

The analysis is
appropriate, complete,
and correct.
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No Effort Progressing Expectation Exemplary

IA
Is able to
conduct a unit
analysis to test
the
self-consistency
of an equation
Labs: 1-12

No meaningful attempt is
made to identify the units
of each quantity in an
equation.

An attempt is made to
identify the units of each
quantity, but the student
does not compare the
units of each term to test
for self-consistency of
the equation.

An attempt is made to
check the units of each
term in the equation, but
the student either
mis-remembered a
quantity’s unit, and/or
made an algebraic error
in the analysis.

The student correctly
conducts a unit analysis
to test the self-
consistency of the
equation.

EXIT TICKET:
� Collect the slotted masses that were hung on the string.
� Quit Capstone and any other software you have been using.
� Straighten up your lab station. Put all equipment where it was at start of lab.
� Report any problems or suggest improvements to your TA.
� Have TA validate Exit Ticket Complete.


