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Testing energy conservation through popper launch and compression experiments
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The principle of energy conservation predicts that energy is never lost; it only changes forms.
To test this principle experimentally, we launched popper toys that, when compressed, store elastic
potential energy, which is converted into kinetic energy and gravitational potential energy as the
popper launches. We also compressed the popper to determine the total elastic potential energy
stored in it before launch. Ultimately, by comparing the kinetic and potential energies at different
stages of the launch and assuming negligible air resistance, we found convincing evidence that
mechanical energy is not constant; however, this does not imply that energy is not conserved,

considering we failed to account for air resistance.
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I. INTRODUCTION

Kinetic energy is the energy associated with the motion
of an object and represents the work done to speed up
an object to a certain velocity. It is a scalar quantity
that increases with both mass and velocity and is given
by [1-3]:

1
KE = imv2. (1)

Potential energy is the energy associated with the
position of an object. FEach conservative(i.e. path-
independent) force gives rise to a different form of po-
tential energy, but in general, the change in potential
energy of conservative forces is given by the following
integral [1-3]:

APE:-/ﬁ-df. (2)

Note that this implies that we can find the area under
the curve of the graph of F' vs z and use this to find total
potential energy. Considering (2) with F' being given by
the force of gravity, which is mg in the negative direction,
with ¢ = 9.8 ms ™2, we find gravitational potential energy
at h to be given by [1-3]:

h
PE-0= —/ —mgdy. (3)
0

Using the reverse power rule, we find the indefinite inte-
gral and find the difference of it evaluated at the upper
and lower bounds as follows [1-3]:

h
= mgh. (4)
0

PE = mgy
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The sum of the total kinetic and potential energies of a
system is known as mechanical energy. According to the
principle of energy conservation, in the absence of non-
conservative forces such as drag and friction, mechanical
energy within a system remains constant.

In an effort to test the accuracy of this principle, we
launched poppers and observed whether energy was con-
served as elastic potential energy is converted into ki-
netic energy, which becomes gravitational potential en-
ergy. That is, we tested to see if the kinetic energy of
the poppers right after launch (KEg) was equal to the
gravitational potential energy when the poppers reached
their maximum height (GPE). Our null hypothesis and
alternative hypothesis were:

H() : KEO = GPEf, (5)
H, : KEq # GPE;. (6)

We also analyzed the mechanical work done in com-
pressing the poppers, in order to determine the total en-
ergy stored in the form of elastic potential energy prior
to launch:

W:/ﬁ-df. (1)

The work done, and the elastic potential energy prior to
launch, should also be equal in magnitude to the kinetic
energy at launch in an ideal system. In a real system,
however, friction and other nonconservative forces are ex-
pected to dissipate some portion of the energy, resulting
in KEg < W. Computing W allows us to examine if
energy loss is occurring primarily during the launch pro-
cess, i.e. W > KEo, or if energy loss is dominated by
in-flight mechanisms like friction, i.e. KEy > GPE;.

II. METHODS AND MATERIALS

In our experiment, we utilized a 5.7g crying emoji
popper toy (“Jumping Gens”; Liberty Imports; Allen-
town, PA) made of a ethylene vinyl acetate (EVA) foam
head and body (i.e. coefficient of restitution COR =
0.7 to 0.95)[4].
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FIG. 1. Popper launch mechanism.

A. KEq and GPE; measurements

Popper launch kinematics were recorded using a
Smartphone (S25; Samsung; Suwon, South Korea) op-
erated at 120 frame/s. To provide scale calibration, we
placed two metersticks in the frame and used a bubble
level to ensure the metersticks were aligned vertically.

To measure the velocity of the popper at launch, we
recorded the launch frame by frame and calculated the
velocity of the popper by multiplying the frame rate by
the distance traveled between a single frame. Note that
we measure the velocity over as short a time period as
possible to reduce error due to gravitational acceleration.
We then used (1) to calculate the kinetic energy of the
popper based on its initial velocity (KEp). We also mea-
sured the maximum height reached by the poppers using
the video recordings. We then used (4) to calculate the
gravitational potential energy at the maximum height
(GPEy). The various stages of the launch of the popper
as well as our experimental setup is show in Fig. 1 and the
data collected from our launches is shown in Table I. We
then applied a ¢-test to see if the difference KEq — GPE;
was significantly different from zero [5-8].

B. W measurement

To measure the mechanical work done in compressing
the popper, we placed the popper on top of a digital
scale (Arboleaf CK10I; Plano, TX) to measure force, as
seen in Fig. 2. We used a scissor jack (8inch x 8inch
area, min height 3inch) with ruler clamped to a ringstand
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FIG. 2. Scissor jack setup

TABLE I. Observed kinetic and potential energy

trial KEo, J GPEy, J KEo — GPEy, J
1 0.103 0.076 0.027
2 0.080 0.075 0.005
3 0.120 0.081 0.039
4 0.113 0.078 0.035
5 0.138 0.083 0.055
6 0.113 0.084 0.030
7 0.136 0.076 0.060
8 0.138 0.081 0.057
9 0.158 0.083 0.075

10 0.120 0.077 0.043

11 0.174 0.092 0.082

12 0.148 0.078 0.070

for distance measurements. We zeroed the scale and the
ruler at the point where the scissor jack was just touching
the head of the popper. We then lowered the scissor jack
in increments of 0.005m. Scale readings were converted
to N using F' = mg. We conducted two replicates from
unloaded to fully compressed. (7) was used to find the
mechanical work done in compressing the popper. The
area under the resulting curve was numerically integrated
using the trapezoid method [6, 9].

Data and analysis code are available at https://
github.com/devangel77b/427jcardillo-1ab3.

IIT. RESULTS

From this data set, we find the sample mean and sam-
ple standard deviation of the difference in kinetic and
potential energy to be 0.048J and 0.022 J, respectively.
This gives a test statistic of 7.44, which gives a two-sided
p-value of 1.29 x 1075,
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TABLE II. Elastic force versus displacement for poppers

displacement z, m force F', N
0.005 1.49
0.005 1.47
0.010 2.74
0.010 2.88
0.015 4.30
0.015 4.31
0.020 5.91
0.020 5.49
0.025 7.92
0.025 7.42
0.030 6.49
0.030 7.01
0.035 5.49
0.035 5.85
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FIG. 3. Spring force (N) vs. displacement (m). The work

done in compressing the popper is 0.1573 J.

Using the trapezoidal rule and averaging over points,
we can calculate the work to compress the popper, and
the energy stored within the spring to be 0.1573 J.

IV. DISCUSSION

A. Energy loss mechanisms unaccounted for

Our p-value of 1.29 x 1075, which is far less than any
reasonable significance level, leads us to reject our null
hypothesis, suggesting that we have found convincing ev-
idence that energy is not conserved when launching pop-
pers. However, considering we did not account for the
force of air resistance, this conclusion does not conclu-
sively support that energy is not conserved. In fact, an-
alyzing the data, it is clear that the potential energy was
always less than the kinetic energy, which makes sense
because energy was dissipated over time due to friction
with air molecules.

Our value for the elastic potential energy stored within
the spring was greater than the initial kinetic energy with
which the popper was launched for all the trials except
for one, contradicting energy conservation, which would
suggest the two forms of energy to be equal. This can
be attributed to our use of an inconsistent human hand-
based popper launch that does not fully compress the
poppers. Moreover, if launches are not perfectly vertical,
some of the popper’s kinetic energy can go to the hori-
zontal direction which we have no way of accounting for
with our setup. In future experiments, a consistent and
standardized way to compress the popper before launch-
ing is needed to address these issues.

B. Inelastic energy loss

Another source of error would be poppers holding less
elastic energy over time due to repeated stretching and
the gradual breakdown of their elastic material. When
analyzing the spring force at different displacement val-
ues, we observed that the spring followed the linear na-
ture of Hooke’s law [1] with 72 = 0.99,

F=kx (8)

However, at a displacement of approximately 0.025m,
the graph deviated from Hooke’s law, with successive
measured force values decreasing rather than increasing.
We hypothesize that this occurred because the spring
buckled at this displacement, causing it to no longer de-
form elastically and resulting in a significantly reduced
measured force. This loss of elastic behavior can be inter-
preted in terms of the coefficient of restitution, a measure
of how well a system returns energy when deformed. As
the spring buckled, energy was dissipated through inter-
nal friction rather than stored elastically.

C. Air resistance

To test if the magnitude of mechanical energy loss can
be reasonably accounted for by air resistance, we per-
formed a scaling calculation by calculating the work due
to air resistance. To do this, we integrated the drag force

F= %pC’dAv2 (9)
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with respect to x, applying the chain rule and reverse

power rule, to find that

Wy = 5pCdA/z)ngs7 (10)
1 T dx
= —pC4A 2t 11
2pcd 0 v dt ? ( )
1 7
~ ipCdA/o (vo — gt)3dt, (12)
A 4
~ pCpAvg (13)

Note that we did not account for the air resistance’s
effect on the velocity in the integral, but this will not
have a large affect on our results and is valid for or
scaling/estimating purposes. Setting drag coefficient
Cq = 1.0, p = 1.225kgm™3 for the density of air [1],
A = 1x1073 m? for the cross sectional area of the popper,
and vgp = 5.1ms™! (i.e. the minimum launch velocity we
observed) as the initial velocity, we find that

Wy =0.011J (14)

If we instead use the maximum launch velocity we ob-
served (7.6ms™1), we find

Wy = 0.052] (15)

These two estimates bracket the energy differences in Ta-
ble I, supporting the idea that the observed energy losses
between KEq — GPE; may be due to air resistance.
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