Journal of Science & Engineering 2, 53-55 (2026)

Objects fall with constant acceleration regardless of mass
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This study replicated Galileo Galilei’s experiment to test his hypothesis that objects fall with
constant acceleration independent of mass, neglecting air resistance. We dropped five objects of
varying masses (0.002kg to 5.21kg) from a 5m height and measured descent times using video
digitization. We compared experimental fall times to the theoretical prediction using the kinematic
equation y = —% gt?. Objects were found to fall with the same acceleration (ANOVA, p = 0.34).
Linear regression analysis of distance versus t? yielded R* values between 0.92 and 0.999 across

all objects, confirming that objects undergo constant acceleration.

External factors such as air

resistance caused minor deviations from theory, but the data strongly support Galileo’s hypothesis.

I. INTRODUCTION

The Aristotelian model was scientifically dominant for
approximately two thousand years, suggesting that an
object’s falling velocity was proportional to its weight
[1]. Tt was not challenged for many years, until Galileo
Galilei performed systematic experiments in the late six-
teenth and early seventeenth centuries, which quantita-
tively demonstrated that all objects have a constant ac-
celeration, and as such are affected equally in terms of
gravity, when there is negligible air resistance [2, 3].

Galileo’s hypothesis can be understood using the con-
cept of gravitational acceleration; near the surface of
Earth all objects have the same downward gravitation
so g = 9.8ms~2. Neglecting air resistance and adopting
directional convensions, the kinematic equation for dis-
tance (d), time (t) and gravitational acceleration is [4—6]:

1
d=—-gt’
59

(1)
This equation derives from calculus-based physics. Start-
ing from the definition of acceleration as the second
derivative of position with respect to time, a = g (con-
stant), we integrate twice with initial conditions of zero
displacement and zero initial velocity to obtain this
equation. Though calculus was not formalized during
Galileo’s lifetime, he arrived at equivalent relationships
through geometric reasoning about instantaneous veloc-
ity and average velocity [2].

The primary hypothesis tested in this experiment is
whether the relationship between fall distance and time
conforms to d = —% gt? across multiple objects of differ-
ent masses. If Galileo’s hypothesis is correct, all objects
should show the same relationship between d and t2, re-
gardless of mass. If Aristotle’s model were correct, we
would expect heavier objects to either fall faster or ac-
celerate faster [1].
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II. METHODS AND MATERIALS

A. Drop site and measurement equipment

Experiments were conducted at a second floor class-
room window with a controlled outdoor drop zone. The
drop height was measured using two independent meth-
ods: meter sticks positioned vertically against the ex-
terior wall and measuring tape extended from the win-
dow to ground level. We recorded a drop height of
5.00 + 0.05 m. The area below the drop site was cleared
of obstacles and personnel before each trial.

B. Test objects

Five objects with varying masses were selected to test
whether mass affects fall acceleration. The objects in-
cluded a pingpong ball (2g), a tennis ball (55g), a large
red ball (208 g), a bowling ball (61b, 2.72kg), and a shot-
put (11.51b, 5.21kg). This range of masses (spanning
more than three orders of magnitude) was chosen to max-
imize the sensitivity of our test for mass-dependent effects
on acceleration.

C. YVideo recording and digitization

Two iPhone 12 (Apple; Cupertino, CA) cameras were
mounted on tripod stands positioned 3m from the drop
zone at perpendicular angles to ensure complete object
trajectory capture. Both cameras recorded at 60 frame/s
with 1080p resolution. Cameras were positioned to cap-
ture the full 5m fall distance within the video frame and
were leveled to minimize perspective distortion.

Video analysis was performed using Tracker Video
Analysis and Modeling Tool (v6.1.0), open-source soft-
ware designed for physics education that extracts frame-
by-frame position data from video [7, 8]. The software
was calibrated using the known 5m drop height as a
length reference. For each trial, the software identified
the object’s center in each frame and generated position-
time data with an uncertainty of £0.05m.
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TABLE I. Measured fall times in s for each object across n = 5

trials

mean =+ sd
tennis 1.01 1.03 1.00 1.02 1.01 1.01+£0.01
pong 1.04 1.06 1.05 1.07 1.05 1.05£0.01
redball 099 1.00 1.01 1.00 0.99 1.0040.01
bowling 0.98 0.99 1.00 0.99 1.00 0.99+0.01
shotput  0.97 099 1.00 098 0.99 0.984+0.01

D. Experimental procedure

For each drop test, the test object was held stationary
outside the window to ensure zero initial velocity. Cam-
eras were started, and after 1s of recording, the object
was dropped. Each object was dropped five times, and
the procedure was repeated for all five objects. A total
of 25 trials were conducted over three experimental days
under similar atmospheric conditions.

E. Statistical analyses

Data were visualized in Python using the numpy,
scipy, and matplotlib libraries [9-11]. Statistical anal-
yses [12] were performed in R [13] using the dplyr and
geplot?2 libraries [14, 15]. Data and code are available at
https://github.com/devangel77b/427mreznik-1abl.

(1) predicts a linear relationship between distance (d)
and time squared (¢2). Slopes obtained from linear re-
gression of transformed data (d vs t?) should give an
estimate of %g = 4.9ms~2. Accordingly, plots of the
data from Fig. 1, transformed in this manner, are given
in Fig. 2.

III. RESULTS

Video digitization of all 25 trials yielded fall times for
each object. Table I shows measured fall times from ob-
ject release to ground contact. Fig. 1 shows representa-
tive trajectories for each type of ball.

Fig. 2 gives a transformation of the data in Fig. 1,
plotting y versus 2.

Table II gives the results of linear regression anal-
ysis on the transformed data (d vs t2?) shown in
Fig. 2. The observed slopes ranged from 4.72ms™2
to 5.31ms2, with all values bracketing the theoretical
value (4.9ms~2) within measurement uncertainty.

IV. DISCUSSION

The experimental results strongly support Galileo’s hy-
pothesis that objects fall with constant acceleration inde-
pendent of mass [2] and refute Aristotle [1]. Our results
are valid across three orders of magnitude in mass, for
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FIG. 1. Representative trajectories for each type of ball. Line
is an average of the five trials for each type of ball, with trials
aligned based on their start.
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FIG. 2. Representative trajectories for each type of ball,

transformed to examine y vs t2. Each line is an average of
the five trials for each type of ball, with trials aligned based
on their start. Slopes are tabulated in Table II.

systems in close vicinity of the Earth’s surface and in
situations where air resistance and wind effects are neg-
ligible.

A. Testing Galileo’s hypothesis

Galileo’s hypothesis states that in the absence of air
resistance, all objects fall with the same constant accel-

TABLE II. Slope obtained from digitized trajectories in ms~2

for n = 5 trials

tennis —4.89 —5.20 —5.04 —5.15 —5.08
pong —4.72 —5.14 —5.25 —5.24 —5.22
redball —5.15 —5.08 —5.15 —5.14 —5.11
bowling —5.28 —5.23 —5.17 —5.11 —5.13
shotput —5.31 —5.26 —5.20 —5.15 —5.14
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eration regardless of their mass. To test this hypothesis
explicitly, we examined whether all five objects exhibit
the same acceleration, as measured by the slope of the y
vs t? regression line. As shown in Fig. 2 and Table II,
the observed slopes (4.72ms~2 to 5.31 ms~2) are consis-
tent with each other and with the theoretical prediction
of 49ms~2.

Additionally, an analysis of variance (ANOVA) test
comparing the slopes across objects yielded p = 0.34,
indicating no statistically significant difference in accel-
eration between objects of different masses. This result
supports Galileo’s hypothesis [2] and refute Aristotle’s
[1]: all objects do accelerate at approximately the same
rate, regardless of mass.

B. Sources of error and deviations from theory

Several factors account for the observed deviations
from the theoretical value of 4.9ms~2. Small, hollow,
lightweight objects with higher surface area-to-mass ra-

tios (tennis ball, ping pong ball) showed slightly lower

observed slope (4.72ms~2 to 4.89ms~2), suggesting air
resistance effects. Conversely, large and dense objects
with lower surface area-to-mass ratios (shotput, bowling
ball) showed corresponding slope values (5.28ms~2 to
5.31ms~2).

The Tracker software calibration introduced a system-
atic uncertainty of approximately +0.05m in position
measurements [7, 8]. This translates to 1% uncertainty
in calculated acceleration values. Additionally, slight
variations in timing and release technique may have im-
parted small initial velocities (estimated +£0.02ms™1),
affecting measured fall times by +2% [16, 17]. Light wind
during some trials may have caused horizontal object
displacement, introducing measurement errors in verti-
cal position.
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