[PRECISION
MEASUREMENTS
OF FORCE AND
IMPULSE]

And the elegance of a mathematical world



Introduction

Amazingly, mathematics governs most
all natural phenomena in the universe, from the
subtlest chemical reaction to the birth and
death of massive galaxies. It is often challenging
to conceive of something humble like a math
problem as of great authority in the natural
world. However this simplicity is one of the
universe’s aspects which make is so beautiful.

We designed this experiment with the
intention of testing the durability of numbers in
the physical world. To the naked eye, many
natural phenomena appear too rough to
exemplify governance by something as
elegantly organized as mathematics. Following
this assumption we hope to evaluate the
accuracy that numbers hold when applied
pragmatically to realistic physical situations

This experiment deals specifically with
the mathematical relationship between force
and momentum. Specifically, a momentum
versus time graph is considered the anti-
derivative of a force versus time graph. Through
empirical trials, we sought to properly assess
the effectiveness of this mathematical
description of nature.

Underlying this experiment lies the
desire to honor the timeless tradition of the
scientific method. It is important that, for the
sake of the preservation of knowledge,
individuals continue testing scientific theories of
all ages and calibers. This both perpetuates a
sacred tradition and keeps the spirit of scientific
creativity and discovery alive.

Note: This report assumes a basic knowledge of
such physical principles as force, momentum,
and impulse. For a review of these topics, visit
the People's Physics Book.

General Hypothesis

An object’s momentum p can be described as a
relationship between mass m and velocity v:

mv=p

Moreover, a function relating momentum with
time can be described as the anti-derivative of a

function relating force with time. By this logic,
the integral of a force versus time function over
a given period of time will yield the change, or
lack thereof depending on the function, in
momentum. This change in momentum is called
impulse J.
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Materials

The following list details the materials used in
this experiment:

1. Three brass weights of 1 kg, all used for
calibration and one studied in the
actual experiment.

2. Book or some other durable flat object,
for resting the brass weight so as to
decrease unnecessary hand movement.

3. Vernier Lab Pro© computerized
measuring program with associated
tool:

a. Force Plate, a square-shaped
device of approximate area 600
cm” used to measure the
normal force of the object(s) it
is in contact with (Figure 1).
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Figure 1
Pre-experimental Procedure

The following list details the steps taken to

prepare for the experiment:

1. Calibrate the Force Plate. Using the program
Logger Pro ©, set up the Force Plate
interface. So that the Force Plate properly
measures the normal force, the device must
be calibrated. A 1 kg brass weight and an
assortment of three 1 kg brass weights, for a
total of 3 kg, were used in calibration. The


http://www.siprep.org/science/physics/documents/07-MomentumConservation_004.pdf

reasoning for such a difference in mass
values lies in the Force Plate’s inability to
distinguish between the normal forces of
nearly similar masses. Only a 1kg weight was
used in the actual experiment. By Newton's
Second Law, the gravitational force (weight)
acting on the weight should be equal to the
Force Plate’s normal force while the weight
is at rest on the device. Moreover, 1 kg
weight should be experiencing gravitational
force 9.8 N and thus normal force of 9.8 N*.
After calibration, the Force Plate read 9.269
N, an error of 5.42%”, by the percent error
formula. Although this may seem a
significant calibration error, it is important to
note that the Force Plate has difficulty
creating exact measurements. The error
mentioned here will also be taken into
consideration in the post-experimental data
analysis.

2. Measure dropping-height. It is important
that the weight be dropped from the same
height every time. Otherwise, the
hypothesized speed of the weight will be
different, since by the equation %mv*=mgh,
the speed v will be greater with a greater
height h, and vice versa. This experiment
designated the dropping height at .1 m,
although because of the universality of
conservation laws, a different height may be
used. It is also important to remember that
the Force Plate is not an unbreakable device,
so an extraordinarily large height coupled
with a large mass should not be used. For
simplicity later in the process, it helps to
indicate with pen the dropping height.

3. Configure the data collection rate. Since the
Force Plate cannot attain the same precision
as a smaller device like, say, the Force Probe,
it is important that its data collection rate be
higher to increase accuracy. This experiment
used a rate of 250 samples per second.

Pre-experimental Data

The following table lists the values recorded
during the Pre-experiment (Table 1).

1(1)(9.8)=9.8
2 (100)((9.8-9.269)/9.8)=5.42

Drop Height |2 S A 3 K (i { G-Force (as
inm Mass in kg measured by
Force Plate) in
N
Am 1 9.269
Table 1
Specific Hypothesis

A specific hypothesis may be made combining
the assertions made in the general hypothesis
and the empirical data recorded during the Pre-
experiment. By the principle of conservation of
energy, the potential energy mgh while the
weight is held at rest will translate into kinetic
energy %mv® at the moment of collision with
the Force Plate. With a height of .1 m, mass of 1
kg, and gravitational constant of 9.8 m/s, the
speed at collision should be approximately 1.4
m/s>. By the momentum equation mv = p, the
momentum at collision should be 1.4 kg*m/s. It
is assumed that, given the physical nature of
the brass weight, the collision will be largely
inelastic. In other words, the weight will collide
once with the Force Plate and come nearly
immediately to rest. As such, the impulse
delivered to the weight will be of magnitude 1.4
kg*m/s, or the final momentum minus the
initial momentum?®. Returning to the assertion
made in the general hypothesis, the integral of
a force versus time function over a period of
time should equal the change in momentum.
Therefore:
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Experimental Procedure

1. Ready the system. One individual
should hold a book, or some other
durable and flat object, in place at the
dropping height. Another individual
should hold the weight at this height,
resting it atop the flat surface. The

*/2(9.8)(1)=1.4

41.4-0=1.4




person holding the flat surface may
then remove the flat object, preferably
with the first motion being a downward
one so that it does not affect the
weight’s position. A third individual
must activate the program Logger Pro
© and begin data collection of the
Force Plate (Figure 2).
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Figure 2

Release the weight. The individual
steadily holding the brass weight may
now release it. Data collection may be
ended after 3 seconds.

[ £ OdzZf I S G .R&urning’ Lddzt

to the hypothesis, calculus should
dictate that integral of a force versus
time function produces the change in
momentum, or the impulse J. In other
words, ftt: F(t) - dt = J(t). Analysis of
the Logger Pro’s ©force versus time
function of the Force Plate as it acts on
the weight provides information about
the impulse delivered to the weight.
The region of the graph where the force
spikes to high regions and dips to low
regions is the area where the impulse is
delivered. This is because an increasing
force over a period of time is necessary
to change the weight’s momentum
from some number to zero. The first
step in calculating the impulse is to
perform Logger Pro’s © integral
function on the region where the force
is spiking. It is important that the
integral be performed with as accurate
a domain as possible. In other words,
the bars indicated the integrated region
should be as close as possible to where
the force-spiking begins and where it
ends. However the raw integral
calculated by Logger Pro © does not

display the impulse. It displays all forces
acting over the period of time including
the gravitational force, which had
always acted and will always act on the
weight, and as such should be excluded
from integration. Since the goal of
integration is to find the change in
impulse, it is irrelevant to include the
gravitational force since this is a
constant and does not therefore
contribute to finding the change.
Therefore, the integral of the weight’s
gravitational force must be subtracted
from the value calculated by Logger Pro
©. It is important to recognize the
nearly linear function describing the
weight’s gravitational force, which
appears farther along the positive x axis
than the region of impulse. The average
value of this region, in other words the
gravitational force acting on the weight,
must be multiplied by the A t elapsed

&S 0 guringdbe region of impulse. This

strategy emerges from the definition of
an integral as the area under a curve,
here the x base (time) multiplied by the
y height (gravitational force). To find
the A t, one must know the amount of
data samples collected by Logger Pro ©
per second. This experiment set the
data collection rate at 250 samples per
second. Applying a statistical analysis of
the impulse region displays the amount
of data samples in that region. Dividing
this value by the data collection rate
will yield the A t. Subtracting the value
of the of the gravitational force
multiplied by the A t from the original
integration value will provide the
change in momentum, or impulse.

Experimental Data

The following table records the empirical data
acquired through the experiment (Table 2). The
following figure displays the force versus time
graphs created by Logger Pro © with the
appropriate analysis boxes to calculate the data
recorded in Table 2 (Figure 2)



Removable Impulse Delivered
Samples in At (Sample Measured Gravitational (Raw Integration - Data Mass of
Raw Integration in (Impulse number/Collection  |Gravitational |Information (At*F<) |Removable Collection |Weight
kg*m/s Region rate) ins Force in N in kg*m/s Integration) in kg*m/s Rate in 1/s |in kg
Trial 1 6.807 137.000 0.548 10.260 5.622 1.185 250
Trial 2 4.360 70.000 0.280 9.934 2.782 1.578
Trial 3 4.047 71.000 0.284 10.270 2.917 1.130
Mean 5.071 92.667 0.371 10.155 3.774 1.298
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Data Analysis

Upon completion of the experiment, the
recorded value for impulse was 1.298 kg*m/s, a
deviation of -7.29%" by the percent error
formula from the hypothesized 1.4 kg*m/s.
This deviation more likely dignifies an error in
the experimental process rather than an error
in the mathematical relationship between force
and impulse. The following section discusses
several quantifiable factors that may have
contributed to the recorded value’s -7.29%
deviation from the hypothetical value.

1. Calibration error, +5.32%. As noted in the
Pre-experimental Procedure, the weight’s
calibrated normal force was 9.269 N, a 5.42%
deviation from the projected 9.8 N. This
alteration affected the weight’s mass value
in the calculation of momentum. Dividing the
recorded 9.269 N normal force by the
gravitational constant at the Earth’s surface
9.8 m/s” yields a new mass value of 0.95 kg®.
Although this is not the actual mass of the
weight, it is important to remember that this
experiment relies on a device, the Force
Plate, which cannot attain an impeccable
degree of accuracy. Thus, the new “mass” is
acceptable for the calculation of momentum
within this system. With the weight’s mass
0.95 kg, the hypothesized impulse would
have been 1.32 kg*m/s’.By the percent error
formula, this accounts for a 1.97% error®,
moving the recorded value closer to the
hypothesized by 5.32%". It may seem
inconsistent to make this adjustment solely
for the Pre-experiment and not to adjust the
obviously mis-calibrated normal force values
recorded during the experiment. However
one must remember that the calculations
made during the experiment hold the end
purpose of analyzing the impulse, not the
normal and force. Whatever error expressed
in the normal force region of a functionin a
given trial is likely also expressed in the
impulse region. Thus, the normal forces in

> (100)((1.4-1.298)/1.4)=7.29
®9.269/9.8=.95

7 .95(1.4)=1.32

% (100)((1.32-1.298)/1.32)=1.97
%7.29-1.96=1.32

each trial act as “constants” in that their
information pertains to the specific
calculation of that trial but does not hold
significance in calculations outside the trial.

2. Error in graph manipulation, <+0.36%. When
selecting the region on which to perform the
integral of the force versus time graph, it is
important to make the endpoints of the
domain as close as possible to the point
where the impulse ceases. This cessation
point is designated by a general linearization
of the graph. In some of the calculations,
though, the region of integration did not
extend fully to the end of the impulse region.
In other words, the integral’s domain
excluded some, albeit small, sections of the
function which still contained transcendental
behavior and did not yet fit the linear form.
However these un-integrated regions have
small domains, and they exhibit sinusoidal
behavior, in that graph dips both above and
below the sinusoidal axis and will thus have a
small positive integral. These factors mean
that only a very small amount will be added
to the recorded impulse value. At the most,
this un-integrated region extended with a
net AF of .05 N and a net At of .1 seconds.
This means that the actual impulse values
may have been 1.298 + 0<.005 kg*m/s™. This
accounts for a max percent deviation of
6.93% from the hypothesized 1.4 kg*m/s,
moving the recorded value closer to the
theoretical by <+0.36%.

Un-integrated

Region

Figure 4

1%(.05)(.1)=.005



3. Improper Height, [-4.31%,+5.02%]. It is likely
that the weight was released from an
improper height at some point during the
experiment. This would have either
increased or decreased the potential energy
which would have either increased or
decreased the speed of the weight.
Estimating a maximum height deviation of
.01 m, or 1 cm, means that the hypothesized
impulse could have been as low as 1.32
kg*m/s' or as high as 1.47 kg*m/s">. These
figures would account for between a -
2.27%" and a -11.6%" error. This moves the
recorded value up closer or down farther
from the hypothetical by a percentage
somewhere in the region [-4.31%,+5.02%].

At the conclusion of this discussion, it appears

that the quantified error sources account for

the empirical deficit acquired during the
experiment, meeting or most nearly meeting
the hypothesized impulse value.

Conclusion

We conclude that the mathematical
relationship fttl F(t) - dt = J is an accurate
2

description of the relationship between time,
force, and momentum.

Moreover, this experiment found the
concept of an organized, mathematically-
oriented universe an empirically accurate
perspective. The experimental results defend
the theory that math can indeed be used to
predict universal behavior. For many, this
theory comes as a comfort in the knowledge
that the universe has a “rule book.”

During the first half of the twentieth
century, physicists began proposing the idea
that the world is governed by randomness. This
is an interesting theory which certainly deserves
attention. Perhaps understanding of this sector
of the physical world will bring about some
knowledge that benefits mankind. At the very
least, it will honor the ancient code of the
scientific method.

1 /2(9.8)(.09)
¥ [2(9.8)(.11)

3(1.32-1.298)/1.32
1%(1.47-1.298)/1.47

Future Suggestions

While this experiment achieved a fairly high
level of experimental accuracy, certain
modifications would only enhance the
effectiveness of this study:

1. Eliminate any excess hand movements
with the insertion of a more mechanical
release device. This device need not be
anything extraordinarily intricate. It can
be something as simple as two books
arranged perpendicularly which allow
the weight to have a smoother release
and more consistent release height.

2. Use the Force Probe. The Force Probe is
a smaller device, and it is capable of
making more accurate measurements
than the Force Plate. An interesting
experiment would involve dropping a
weight attached to string from a
stationary Force Probe. One could then
analyze the tension force which
decreased the impulse of the falling
weight to zero. This experiment, too,
would utilize the calculus relationship
between force and momentum.



