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Downward acceleration is independent of mass during free fall
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This experiment tests Galileo’s theory of free fall by investigating whether or not an object’s
acceleration downward is dependent on its mass. Three objects of differing masses were released at
rest from a height of about 5m: a ping pong ball, a tennis ball, and a cricket ball, a mass range of
three orders of magnitude. Drops were filmed and tracking software was used to record the position
of each object. Position data was then used to create the graphs for velocity-time. The velocity-time
graphs appeared linear with slope near −9.8m s−2, close to the accepted gravitational acceleration
near Earth’s surface. Since the accelerations of each object are consistent with each other to some
degree of uncertainty, we conclude acceleration is independent of mass.

I. INTRODUCTION

Seeking to disprove Aristotle’s idea that an object’s
speed in free fall is proportional to its weight [1], Galileo
experimented with dropping objects from inclined planes
[2, 3]. Through these experiments, he showed that in the
absence of air resistance, all objects released from rest
will fall at the same constant acceleration, independent
of mass. Later workers showed that near Earth’s surface,
g = 9.8m s−2, independent of mass [4–7].
We assume the object is in free fall,that air resistance

is negligible, acceleration is constant, and there is no ini-
tial velocity [5–7]. If an object is released from rest and
travels vertically under these conditions, its displacement
is given by

(x− x0) =
1

2
gt2. (1)

When the initial height an object is released from is not
equal to 0, the equation for position is

y = −1

2
gt2 + y0, (2)

where y0 is the initial height of the object in meters and
g = 9.8m s−2, and y is the vertical position of the ob-
ject after time t, in seconds. Under the aforementioned
conditions, motion is vertical, so we use the relevant kine-
matics equations to model our situation.
Under realistic conditions, however, air resistance may

cause objects to accelerate at a rate slightly different from
g, mainly for objects with a low mass and large surface
area. We seek to examine whether these deviations in
acceleration are within uncertainty of g = 9.8m s−2 by
comparing the motion of three balls of different masses.
The null hypothesis for this experiment is that all ob-

jects will experience the same downward acceleration re-
gardless of mass, while the alternative hypothesis is that
one or more objects will experience a measurably differ-
ent downward acceleration.

∗ Contact author: 427tchung@frhsd.com

falling object, dropped from window

5m measuring tape iPhone 13 and 
stopwatches

FIG. 1. Diagram of experiment setup

II. METHODS AND MATERIALS

A. Drop tests

Drop tests were conducted using the setup shown
schematically in Fig. 1. To investigate the validity of
Galileo’s free fall theory, we used a balance to measure
the mass of three different balls: a 0.002 55 kg ping pong
ball, a 0.0570 kg tennis ball, and a 0.159 kg cricket ball.
After, we set out a measuring tape from the second story
classroom window (40.2886◦N 74.3363◦W) to the ground,
which stretched 5m. Away from the window, on the
ground, an iPhone 13 (Apple Inc; Cupertino, CA) was
mounted onto a stationary tripod approximately 20m
away, so that it is parallel to the wall of the building.
This minimized error that may arise from parallax. We
recorded footage at 60 frame/s. This allowed us to mea-
sure the position of the objects more frequently. As the
camera captured the fall of each ball, two students were
instructed to begin timing with a stopwatch (Pulivia YS-
802; Shenzhen, China) as soon as the object was released,
and stop when it hit the ground.
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TABLE I. Three-trial mean position y for each object. All
positions given in m

t, s cricket pong tennis
0.00 4.98 5.01 5.02
0.20 4.74 4.78 4.82
0.40 4.11 4.17 4.24
0.60 3.09 3.19 3.25
0.80 1.71 1.81 1.88
1.00 0.00 0.07 0.12

TABLE II. Three-trial mean velocity-time relationship of each
object. All velocities given in m s−1.

t, s cricket pong tennis
0.20 −2.18 −2.08 −1.95
0.40 −4.13 −3.98 −3.93
0.60 −6.00 −5.93 −5.90
0.80 −7.73 −7.80 −7.83

B. Analysis

To improve reliability of results and account for vari-
ability in trials, we dropped three distinct balls of each
type (n = 3) to ensure independence across each one.
We used Tracker [8] [8, 9] to analyze the recordings and
find the position of the object versus time for each trial
of each object. Despite using a 60 frame/s recording, we
chose to use 0.20 s intervals during analysis since this in-
terval was small enough for us to see the motion of the
ball, and large enough to reduce minor tracking errors
between frames. For each object, we had to align each
of the three trials by defining the start of the object’s
free fall as time t = 0. Due to differing release times be-
tween trials, the averaged position values represent an ap-
proximate alignment rather than exact synchronization
at each time point. We will then use the central finite
difference method to calculate the velocity-time data we
need to create graphs of motion for each object.

Statistical analysis [10] was performed in R [11] using
the ggplot2 and dplyr libraries [12, 13]. Data and code
are available at https://github.com/devangel77b/
427tchung-lab1.

III. RESULTS

Digitized position data are shown in Table I and Fig. 2.
The resulting acceleration from Fig. 2 is a = (9.8 ±
0.2)m s−2. Velocity data obtained Tracker are given in
Table II and Fig. 3.
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FIG. 2. Position-time data for three trials of each object
(n = 3). There are not significant differences between the
three ball types (nested ANOVA, p = 0.06). For these data,
y = −4.9± 0.1t2.
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FIG. 3. Velocity-time data for three trials of each object
(n = 3), from Table II.

IV. DISCUSSION

A. Acceleration is independent of mass

Our collected data from the three balls support
Galileo’s free fall theory that downward acceleration is
independent of mass. As seen in Fig. 2, the position-time
graph shows a parabolic curve. The velocity-time graph
is linear (Fig. 3). For all points, the observed accelera-
tion of (−9.8±0.2)m s−2 agrees well with the theoretical
value of g [5–7]. Differences between balls were not sig-
nificant (nested ANOVA, p = 0.06), supporting Galileo’s
hypothesis and refuting Aristotle’s.

B. Sources of experimental error

Due to humans not having instant reaction speeds, the
stopwatch is guaranteed to cause delays in the record-
ing of time elapsed. In fact, manual stopwatch timing
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is known to introduce reaction time uncertainty of about
0.10 s [14, 15]. Additionally, it was difficult to ensure that
the balls being dropped could be dropped at a constant
5m each time. We also cannot ignore the fact that there
was a fairly consistent breeze on the day in which we did
our experiments, which could have influenced the motion
of lighter balls like the ping pong.
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