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Newton’s second law is verified in this lab through the use of a cart and rail attached to a pulley
system, tested with various masses on the cart and a constant hanging mass. Thus, if we know
the force applied and the mass, we can use this equation to calculate the acceleration of an object.
Conversely, if we can measure the acceleration and mass of an object, we can also compute the
applied force. Our results were confirmed by the values obtained as a result of this experiment.

I. INTRODUCTION

Net force is the product of mass times acceleration [1]:

Zﬁ:m&

where F is the force produced in newtons (N), m is the
mass in kilograms (kg), and @ is the acceleration pro-
duced in meters per second squared (ms~2) [1]. (1) re-
flects that the force acting on an object involves both its
mass and acceleration. Formally, force and acceleration
are vector quantities; here we consider one-dimensional
(1D) movements and will drop the vector notation for
simplicity.

(1)

By applying Newton’s second law, we can understand
how different forces (gravity, friction, tension, etc.) affect
motion. Understanding the relationship between force,
mass, and acceleration lets us predict how objects will
move under different forces. This helps engineers design
systems with precise control over motion, ensuring the
stability and safety of structures and vehicles.

Therefore, we wish to verify Newton’s second law,
F = ma. We hypothesize that an applied force on a
cart system, of known mass, will produce an acceleration
proportional to this force, assuming friction is negligible:

Hy: F=ma (2)

Alternatively, if F' is not directly proportional to ma,
we may observe deviations:

Hy:F #ma (3)
We tested these hypotheses by conducting numerous tri-
als and recording the time taken for the cart to travel
0.7m from rest as the mass of the mass on the cart
changed.
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FIG. 1. Free body diagram of the system

II. METHODS AND MATERIALS

A. Finding acceleration

In the experiment, we weighed each of the masses on a
spring scale (Learning Resources; Vernon Hills, IL), with
each of the additional masses on the m. = 0.5kg cart
being 1.2kg, and the smaller hanging mass tied to the
string being ms = 0.2kg. We tied the smaller mass to
a string and strung it across a pulley system, with the
other end of the string tied to the cart. For each trial,
the mass on the cart which was placed on top of a rail
(PASCO Scientific; Roseville, CA) was increased and the
time it took for the cart to travel 0.7 m was recorded. All
trials started from rest.

We used a mass pulley system, with a hanging mass of
0.2kg, with different masses on the cart (in addition to
the cart’s mass), starting from: 1.2kg, 2.4kg and 3.6 kg.
We measured three different times for each trial, observ-
ing how fast it took the cart to travel a distance of 0.7m
so we could calculate the system’s acceleration with dif-
ferent masses m; as the independent variable. For each
trial, we used an iPhone 14 (Apple; Cupertino, CA) to
take videos to obtain timing.
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FIG. 2. Experimental setup showing the cart (m. = 0.5kg)
system with additional mass m., string, pulley, and hanging
mass ma = 0.2 kg pulling the cart via the string. Pull distance
was 0.7 m.

To calculate the measured acceleration of each individ-
ual trial for the respective masses, we assumed uniform
acceleration and re-arranged the kinematic equation for
position, solving for the acceleration a given the time ¢
to move a distance d [2]:

2d
t72'

Ameas = (4)

We compared the measured acceleration to the accel-
eration predicted using the masses of the system and the
free body diagram given in Fig. 1, a half-Atwood ma-
chine configuration with solution commonly available in
textbooks [2]:

ma
mi + mo —i—mcg

()

where the denominator indicates the total system mass
is given by my + my + m. and g = 9.81ms2 is the
acceleration of gravity.

III. RESULTS

We measured the time taken for a cart to travel a set
distance of 0.7m. For each mass m;, three trials were
conducted. Table I gives the measured time and resulting
acceleration, calculated using (5), listed as mean + one
standard deviation, for m; = 1.2kg, 2.4kg and 3.6kg.
For these measurements, mo = 0.2 kg and the empty cart
m. = 0.5kg. For each value of m; there were n = 3
replicates.

Fig. 3 illustrates the behavior of the expected and cal-
culated accelerations in terms of mass. Measured values
of acceleration, calculated from ¢ using (5) and tabulated
in I, are plotted in Fig. 3 as black dots. Acceleration pre-
dicted using (5) is plotted as a blue line. The actual
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acceleration values follow the behavior of the predicted
values closely, verifying Newton’s second law. As the
mass added to the cart increased, we observed a decrease
in acceleration, while the force (T in Fig. 1) remained ap-
proximately the same. Specifically, the calculated accel-
erations were 1.33ms™2, 0.67ms~2 and 0.54ms™2, and
the forces were 1.756 N, 1.836 N and 1.870 N for masses
of 1.7kg, 2.9kg and 4.1kg (accounting for the cart and
the added masses, i.e. mj + m.) respectively.
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FIG. 3. Mass m; (kg) versus acceleration a (ms™2). Dots
indicate measured values of acceleration obtained from the
measured time to travel from rest 0.7 m using (4). n = 3 repli-
cates for each value of mi, as tabulated in Table I. Blue line
indicates acceleration predicted by (5) for m1, me = 0.200 kg,
and empty cart m. = 0.500 kg.

For each of the trials, the standard deviations of the
accelerations were minimal (Table I), indicating precise
results.

IV. DISCUSSION

Our results support Newton’s second law (1), showing
the acceleration was inversely proportional to the total
mass of the cart. As shown in Fig. 3, measured acceler-
ation values align with acceleration predicted from New-
ton’s second law (1) based on analysis of the free-body

TABLE I. Measured time ¢ (s) and resulting acceleration a
(ms™?), listed as mean + one standard deviation, for m;
1.2kg, 2.4kg and 3.6 kg. For these measurements, d = 0.7 m,
ma = 0.2kg and the empty cart m. = 0.5kg. For each value
of my there were n = 3 replicates.

my (kg) t (s) a (ms™?)
1.200 1.03 £ 0.08 1.33£0.22
2.400 1.43 +£0.08 0.69 £ 0.07
3.600 1.61 +£0.04 0.54 £ 0.03
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diagram of Fig. 1, corroborating that mass and accelera-
tion are inversely proportional to each other when force
is kept the same. Our test was conducted with varying
total system mass and constant force; however, if mass
remains the same, acceleration and force will be directly
proportional.

Ultimately, force calculations should be consistent as
the mass increases, but we observed a slight discrepancy
from our results compared to the expected values, likely
due to human error in timing with stopwatches. As a
result of minor errors during timing, the calculated ac-
celeration values were slightly higher than the predicted
acceleration values. This is visible in Fig. 3, where most
of the measured acceleration values from the experiment
are plotted slightly higher than the curve of the predicted
acceleration. Though the plane was near frictionless, the

little friction should have decreased the acceleration in
comparison to the expected values; however, our human
error was significant and offset the difference caused by
friction.
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