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Observations of gravitational free fall during drop experiments support a quadratic
model
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When an object is dropped, standard kinematics predicts that in the absence of resistive forces,
the vertical distance it travels due to gravity is described quadratically with respect to time. In
this experiment, we dropped a tennis ball with negligible initial velocity from various known test
heights and recorded the fall time for each trial. We then assessed whether our data were consistent
with the predictions of standard kinematics, ultimately finding evidence that our height vs time
data is compatible with the constant acceleration assumption of kinematics with a gravitational
acceleration of magnitude 9.4± 0.3m s−2.

I. INTRODUCTION

Kinematics predicts that the acceleration due to grav-
ity is a negative constant denoted by −g. However, since
we are measuring the distance downwards, we take g to
be positive [1–3].

a(t) = −g (1)

Because acceleration is the instantaneous rate of change
or first derivative of velocity, we can integrate over ac-
celeration with respect to time to get an expression for
velocity since derivatives and integrals are inverses by the
Fundamental Theorem of Calculus [4]. Therefore, inte-
grating both sides of (1) with respect to time, we find
that the velocity as a function of time is [1–3]:

v(t) = −gt+ v0 (2)

where the integration constant is interpreted as initial ve-
locity, seeing as v(t = 0) = v0. Given that velocity is the
first derivative of position, we can use similar reasoning
to justify integrating both sides of (2) to find:

y(t) = −1

2
gt2 + v0t+ y0 (3)

where the integration constant has been interpreted as
the initial position, seeing as y(t = 0) = y0.
These three relations describe the motion of objects

moving due to gravity near the Earth’s surface under the
assumption of negligible air resistance and no forces other
than gravity acting upon the object in free fall.
In our experiment, we drop the masses from a fixed

initial position defined to be zero, with zero initial veloc-
ity. Therefore, we hypothesize that the distance travelled
by the dropped masses will be described by the following
special case of (3), with g to be determined:

y(t) = −1

2
gt2 (4)
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If we find that such a regression does not fit our data,
then we will reject this null hypothesis, concluding that
mass does not fall a distance described quadratically with
respect to time as per the predictions of kinematics.

II. METHODS AND MATERIALS

A. String test apparatus

In our experiment, we utilized 5m of monofilament
fishing line with tape marking every meter, which had a
tennis ball (Penn Racquet Sports; Phoenix, AZ) of mass
57.5 g hot-glued to the end and a stopwatch (Pulivia
YS-802; ShenZhen YiSheng Technology Co; Shenzhen,
China) to measure the time it took the ball to fall cer-
tain distances. We then took turns dropping the tennis
ball out of the window while holding on to the string at
the mark of how much distance we wanted the ball to
fall.

B. Drop testing

Each trial began by positioning the ball at a second-
story window approximately 5.0m above the ground. Be-
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cause the maximum length of the string was equal to the
5.0m height of the window, the string consistently caught
the ball before it could make contact with the ground.
The person who held this string also held a stopwatch,
which they would start as soon as they dropped the ball
and end when they saw and felt the ball travel the full
distance. The ability of droppers to see the ball as it fell
meant they could anticipate when the ball would travel
the full distance, leading to both overestimates and un-
derestimates of the fall time.
We performed this experiment with three trials per

string length for seven different string lengths, meaning
we conducted 21 trials in total. The string lengths were:
0.50m, 1.00m, 1.50m, 2.00m, 3.00m, 4.00m and 5.00m.
Initially, we only planned to use string lengths in incre-
ments of one meter, but finding ourselves with extra time
on lab day, we also conducted trials for strings of length
0.5m and 1.5m. Distance measurements were taken with
high but not perfect accuracy due to slight slippage of the
tape with each trial. Timing measurements, on the other
hand, were relatively volatile because of errors in human
response time.
Note that we made numerous choices to reduce exper-

imental errors in our trials. For instance, we alternated
droppers so that the reflexes of those releasing the ball
would not create systematic errors in our experiment.
Moreover, we intentionally had droppers hold the stop-
watch so that they could accurately drop the ball at the
same time that they started the stopwatch.

C. Analysis

Using our experimentally determined data, we plotted
distance vs time squared, in order to linearize our data.
This resulted in a graph whose slope would be equal to
g/2, based on (4).
Statistical analyses [5] were performed in R [6] us-

ing the dplyr and ggplot2 packages [7, 8]. Data
and code are available at https://devangel77b/
427jcardillo-lab1.

III. RESULTS

Table I gives the measured times for each distance
tested. The results are plotted in Fig. 2, which gives
y as a function of t2.
The slope of the regression line in Fig. 2 was 4.7; as a

result, from (4), we estimate g = 9.4± 0.2m s−2.

IV. DISCUSSION

A. Results support y = − 1
2
gt2

Our results in Table I and Fig. 2 are in good agreement
with (4).

TABLE I. Time to fall t, versus distance fallen y for the tennis
ball

x, m t, s
0.50 0.32 0.34 0.37
1.00 0.56 0.50 0.56
1.50 0.50 0.56 0.47
2.00 0.70 0.67 0.63
3.00 0.81 0.75 0.78
4.00 0.95 0.90 0.85
5.00 1.02 1.07 1.02
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FIG. 2. Distance fallen (y) vs time squared (t2) for the data
in Table I. The slope is 4.7 ± 0.1 (linear regression, df = 20,
t = 44.47, p < 2× 10−16).

Also, considering the widely accepted value for the
gravitational constant is g = 9.81m s−2 [1–3], our es-
timate of 9.4± 0.2m s−2 is within 5% error of the actual
value, considering we had such a low-tech setup. The
data also fit a model that is quadratic in time, e.g. (4),
as shown in Fig. 2. These are consistent with [1, 2, 9]; ob-
jects in free fall accelerate with uniform acceleration, at
least for the case of small balls falling from a second-story
classroom window or some nearby Renaissance tower. Al-
ternatives, such as linear (not accelerating) or higher or-
der power laws were not supported.

B. Limitations and sources of experimental error

Throughout our experimentation, we experienced a
few experimental errors. For instance, the tensile
strength of our string was subpar and not suitable for
the quantity of trials we conducted. As a result, due to
the force of gravity, drops from larger heights built up
greater acceleration, and therefore, a greater force was
exerted upon the string, causing the string to break on
one of our drops at 5m.

However, our main setback was due to the string form-
ing knots and tangling after each trial, due to the string
bouncing as a result of its elasticity. These knots changed
the length of the string and had to be manually fixed,
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which resulted in many retrials.
Human error was a large cause of inconsistency with

our expected results in the experiment, as both starting
and stopping the stopwatch off time directly impacted
the data we observed [10, 11]. To remedy this, the rest
of the group observed the drop, and if it appeared that
the timing was incorrect, we would redo the trial.
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