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Examining the relationship between the net force and acceleration in a pulley system
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This experiment tested Newton’s second law of motion, F = ma, by examining the relationship
between the applied force, the mass of a system, and its resulting acceleration. A cart was placed
on a rail and connected to a hanging mass via a pulley system. By varying the hanging mass, the
experiment allowed for changes in both the total system mass and the applied force. This design
provided a range of conditions under which the relationship between force, mass, and acceleration
could be analyzed. Measurements of the applied gravitational force from the hanging mass and the
cart’s acceleration were used to evaluate if the acceleration matched theoretical predictions based
on F = ma. Results showed a proportional relationship between force and acceleration for a given
mass, supporting Newton’s second law.

I. INTRODUCTION

Newton’s second law of motion[1] states that the ac-
celeration of an object is directly proportional to the net
force acting on it and inversely proportional to its mass.
This relationship can be mathematically expressed as:

F = ma (1)

where F is the net force applied to an object, m is its
mass, and a is the resulting acceleration. In this exper-
iment, we investigate the relationship between net force
and acceleration using a simple cart system. The system
consists of a cart of constant mass m1, connected to a
pulley system that allows for varying hanging masses m2

to be attached, which exert external gravitational force
mg on the system. By manipulating m2 as the indepen-
dent variable, and measuring the time t taken for the cart
to travel a known distance d = 0.65m, we can measure
the acceleration of the cart a (dependent variable) for
different net forces applied.
In the context of our setup (see Fig. 2), the acceleration

of the cart can be expressed by the equation:

a =
m2g

m1 +m2
(2)

where m2 is the hanging mass, g = 9.81m s−2 is the
acceleration due to gravity, and m1 is the mass of the
cart. (2) is valid for the free body diagram shown in
Fig. 1, assuming there is no friction between the cart
and track or in the pulley, and that the mass of the string
and pulley are negligible [1]. The numerator in (2) is the
applied external force m2g, while the denominator is the
total system mass subject to acceleration, m1 + m2. A
full derivation of (2) using Newton’s second law is given
in Appendix .
We hypothesize that as the net force acting on the cart

increases due to the addition of weights, the acceleration

∗ Contact author: 426skedharnath@frhsd.com
† Contact author: 426sprabhu@frhsd.com

of the cart will also increase, demonstrating a direct pro-
portionality between net force and acceleration as stated
in Newton’s second law [1]:

H1 : a ∝ F. (3)

Or as a null hypothesis, we may observe that there is no
significant relationship between the net force acting on
the cart and the acceleration of the cart; the acceleration
remains constant regardless of changes in net force, in
which case we would reject Newton’s second law:

H0 : a = k. (4)

By comparing our measured acceleration a as the force
(via m2) is varied, we can test these two hypotheses.

II. METHODS AND MATERIALS

To test our hypotheses, we used the experimental setup
pictured in Fig. 2 and shown in the free body diagrams
of Fig. 1. The setup included a small wheeled cart
(PASCO Scientific; Roseville, CA) with additional mass
so that m1 = 0.780 kg. The cart rolled within a small
track (PASCO Scientific; Roseville, CA); we assumed
the friction in the cart and track system to be negli-
gible. The cart was connected to a string (assumed
to be massless) that was fed over a pulley to hang-
ing mass m2, which was varied systematically (m2 =
0.020 kg, 0.050 kg, 0.100 kg, 0.200 kg and 0.500 kg) in or-
der to vary the applied external gravitational force on the
system. The system was allowed to accelerate from rest
and the time t for the system to move d = 0.65m was
measured by a human observer using a stopwatch with
0.01 s precision as well as video recordings.
The measured acceleration a of the cart was then cal-

culated using the kinematic equation:

a =
2d

t2
, (5)

which assumes constant uniform acceleration; it comes
from the simple kinematics equation solved for a [1]. The
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FIG. 1. Free body diagram

FIG. 2. Physical Setup

measured acceleration was then compared to the accel-
eration predicted by (2) in order to test the validity of
Newton’s second law.

III. RESULTS

Table I gives the time t to travel from rest a distance
d = 0.65m, for each different value ofm2. For these data,
m1 = 0.780 kg.

The data of Table I are plotted in Fig. 3, which shows
the measured acceleration a as a function of the nondi-
mensionalized mass m2

m1+m2
, plotted as black dots. The

blue line shows a linear regression acceleration predicted
by (2) is also shown as a blue line.

TABLE I. Summary of trial data.

m2 (kg) t (s) a (m s−2)
0.020 2.35 0.24
0.050 1.45 0.62
0.100 1.20 0.90
0.200 0.79 2.08
0.500 0.62 3.38
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FIG. 3. Graph of mass ratio vs acceleration. Measured a
from Table I and (5) shown as black dots. Blue line shows
linear regression (slope=8.95m s−2, p = 1.25×10−5, d.f. = 4).
Linear regression with a non-zero intercept term showed the
intercept is not significantly different from zero (p = 0.66).

IV. DISCUSSION

A. Proportional relationship and validation of
Newton’s second law

Fig. 3 demonstrates a clear linear relationship between
the mass ratio m2

m1+m2
and the acceleration a. As the

mass ratio increases, the acceleration increases propor-
tionally, consistent with the theoretical model of (2).
The data points closely follow the expected trend, and
the slope of the best-fit line (8.95m s−2 is roughly con-
sistent with the expected value of the gravitational con-
stant g = 9.81m s−2). Small deviations from the line
may be attributed to measurement errors, such as tim-
ing inaccuracies or frictional losses in the cart and pulley
system.

While there are minor discrepancies between the cal-
culated and predicted values, the results are generally
in agreement, validating the proportionality between the
applied force and acceleration as predicted by Newton’s
second law. The linear relationship observed in Fig. 3
supports (linear regression, p = 1.25 × 10−5, d.f. = 4)
that our hypothesisH1, Newton’s second law

∑
F = ma.
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V. SOURCES OF EXPERIMENTAL ERROR

The actual acceleration observed in the experiment
may have been slightly lower than predicted due to the
effects of friction between the cart and the track, as well
as air resistance acting on the system. These factors re-
duce the net force acting on the cart and could explain
why our observed slope was slightly less that the expected
value of g = 9.81m s−2.
The accuracy of the recorded time for each trial is af-

fected by human reaction time when using a stopwatch.
This introduces a small amount of error that could in-
fluence the precision of the calculated acceleration. To
reduce this error, automated timing devices or motion
sensors could be employed in future experiments, ensur-
ing more consistent and accurate timing measurements.
The pulley system itself may introduce some resistance

due to friction or mechanical inefficiencies, which would
slightly reduce the net force experienced by the cart. This
could contribute to a smaller acceleration than theoret-
ically expected, and future experiments could attempt
to minimize these losses by using a more efficient pulley
system.

VI. CONCLUSION

This experiment successfully illustrates the direct re-
lationship between net force and acceleration in a pulley
system, affirming Newton’s second law [1] in a practical
setup. The data clearly demonstrate that as net force
on the cart increases, so does its acceleration, supporting
our hypothesis and highlighting the predictable nature of
classical mechanics.
For future extensions, teams could investigate the ef-

fects of additional variables, such as frictional forces by
using various surfaces under the cart, or examine the im-
pact of pulley efficiency by experimenting with different
pulley materials and designs. These modifications would
offer a more comprehensive understanding of real-world
factors that influence force and acceleration relationships
in mechanical systems.
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Appendix: Derivations of formulae

1. Acceleration of a half-Atwood machine assuming
Newton’s second law is valid

To derive the formula for the acceleration a of the sys-
tem in Fig. 1, we analyze the forces acting on both m1

and m2. For m1, the only horizontal force acting on it is
the tension T in the string, leading to the equation:

T = m1a. (A.1)

For m2, the forces acting on it are the downward force
due to gravity (m2g) and the upward tension T in the
string, thus:

m2g − T = m2a. (A.2)

We substitute (A.1) into (A.2) to eliminate T and sim-
plify:

m2g −m1a = m2a, (A.3)

m1a+m2a = m2g, (A.4)

a(m1 +m2) = m2g. (A.5)

(A.6)

Solving for a gives the acceleration of the system as pre-
dicted by Newton’s second law::

a =
m2g

m1 +m2
. (A.7)

2. Kinematic equation for constant acceleration

The kinematic equation for an object undergoing uni-
formly accelerated motion is given by:

d = v0t+
1

2
at2, (A.8)

where d is the displacement, v0 is the initial velocity, a is
the acceleration, and t is time. If the object starts from
rest, the initial velocity is v0 = 0. We are also free to
chose x0 = 0. (A.8) simplifies to

d =
1

2
at2. (A.9)

Rearranging to solve for a, we get:

a =
2d

t2
. (A.10)
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