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Analysis of energy transformation in a non-ideal spring popper
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This experiment looks at how energy is transformed in a spring-loaded toy popper by comparing
the work done to compress it with the gravitational potential energy it has at its highest point. Using
a scissor jack and a high-precision scale, the work input (W) was calculated using the trapezoidal
Riemann sum of the force-displacement curve, totaling 0.255J. Following ten launch trials of the
popper, we observed maximum height h = 1.12 + 0.11 m, corresponding to gravitational potential
energy (GPE) of 0.062 + 0.006 J. The results indicate a large mechanical energy loss of 76 + 2 %.
This discrepancy is likely due to non-conservative forces, such as friction or aerodynamic drag during
flight. This system illustrates the substantial role of energy dissipation in non-ideal mechanical

systems such as this one.

DOLI: 10.64808/8gevmp74

I. INTRODUCTION

The law of conservation of energy states that energy
is neither created nor destroyed, only transformed [1-
3]. However, in most real-life situations, some energy is
transferred into forms that are not part of the mechanical
energy being measured.

In our present experiments, we examine energy conser-
vation in small jumping popper toys. Work is performed
to compress the popper, storing elastic potential energy.
Upon release, this energy converts to kinetic energy and
then gravitational potential energy (GPE). This study
treats the work input and the potential energy output as
independent datasets. We hypothesize that if the popper
were a perfectly conservative mechanical system, then the
work input (W) would equal the gravitational potential
energy at peak height, because the total mechanical en-
ergy would be conserved with no losses.

However, in this system, non-conservative processes
are expected to reduce the fraction of mechanical energy
that is converted into gravitational potential energy. For
example, the elastomer material of the popper may lose
energy to heat when strained, since such deformation is a
highly dissipative process [4]. Therefore, we consider as
an alternative hypothesis that the measured GPE could
be lower than the work input, since not all stored elastic
energy is transferred into kinetic energy or gravitational
potential energy during release.
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II. METHODS AND MATERIALS

The experiment was conducted using a toy popper
(“Jumping Gens”; Liberty Imports; Allentown, PA) con-
sisting of a ethylene vinyl acetate (EVA) foam head and
body, where the spring is located, a scissor jack, a smart-
phone for video recording, a meter stick, and a digital
scale (TOP2KG; Smart Weigh; Jiangsu, China). The
mass of the popper was 0.0056 kg.

A. Initial elastic potential energy

To determine the work performed while the popper was
compressed, the scale was placed on the lower surface
between the two surfaces of the scissor jack, with the
popper on top of the scale. Then, in 0.005 m increments,
the top surface of the scissor jack was lowered by turning
the knob slowly, which compressed the popper. The mass
displayed on the scale was recorded for each increment
until the popper was fully compressed and the scissor jack
could not be lowered any further. This occurred after a
displacement of 0.060 m. At each interval, the mass from
the scale was recorded and converted to force (F' = mg)
using g = 9.8 ms~2 [1-3]. Work (W) is given by [1-3]

W = / Fdzx, (1)
which we approximated by numerically integrating the

area under the force-displacement curve using the trape-
zoidal Riemann sum [5-8]:

Az
W= 7[f($0)+2f(9€1)+2f($2)+"'
+2f(zn—1) + flzn)]. (2)
B. Final gravitational potential energy

Once the procedure and calculations to find the work
input were completed, another procedure was followed
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FIG. 1. Force versus displacement of the popper as it is being
compressed.

to find the gravitational potential energy (GPE) of the
popper at its maximum height. Two fingers were placed
on each side of the popper’s foam head to compress it,
and then released quickly to trigger launch. At the same
time, a meter stick was held in place and a video record-
ing was used to capture the height of the popper. The
maximum height (h) for each trial was recorded for ten
trials. The average height and other summary statistics
were then used to determine the final GPE of the system,
where GPE is given by [1-3, 9]:

GPE = mgh, (3)

where g = 9.8 ms~2.

Once the work and gravitational potential energy were
calculated, the percentage of energy lost was found
to show how much of the input energy was not con-
verted into gravitational potential energy. Raw data
and analysis code are available at https://github.com/
devangel77b/427safzal-1ab3.

III. RESULTS

The force-displacement behavior of the popper during
compression is shown in Fig. 1. The maximum height
measurements from the ten launch trials are shown in
Table I. A statistical summary of those measurements is
shown in Table II.

The total work calculated from the force-displacement
data shown in Fig. 1 using the trapezoidal Riemann sum
formula was 0.255 J. As shown in Table II, the maximum
height over n = 10 trials was 1.124+0.11 m (mean + 1 sd).
Using (3) gives an estimate of the gravitational potential
energy of 0.062 + 0.006 J.
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TABLE I. Maximum height reached by the popper across ten
trials.

trial height, m

1.14
1.15
1.05
1.09
1.11
1.41
1.02
1.06
1.12
1.08
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TABLE II. Statistical summary of maximum height measure-
ments from popper trials.

quantity value, m
mean 1.123
median 1.100
standard deviation 0.106
SEM 0.033
quartile 1 1.060
quartile 3 1.140
interquartile range 0.080

IV. DISCUSSION

A. Large fraction of the initial elastic stored
energy is lost during the launch process

Comparing the input and output energy shows a large
difference:

Eiost = By — Eouy

Elost = 0.255J —0.062 £ 0.006 J = 0.193 £ 0.006 J )
This corresponds to 76 £ 2% of the initial elastic po-
tential energy, stored when the popper is compressed, is
unaccounted for.

Some amount of energy loss is expected for a real, non-
ideal system and can be explained by several factors.
During the compression process, the plastic experiences
internal friction as it deforms, which converts some en-
ergy into heat. Second, not all motion is perfectly verti-
cal. Most trials resulted in the popper being launched at
some angle rather than perfectly straight upward. If the
popper tilts or spins, some energy goes into horizontal
or rotational motion, neither of which was measured in
this experiment. Air resistance also does negative work
on the popper as it moves upward.

The force-displacement relationship of the popper does
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not follow Hooke’s law. Instead, the data show a non-
linear relationship, indicating that the popper does not
behave as an ideal linear spring [1-3, 10], especially as
the spring experiences a snap-through instability. The
arrangement of the popper spring as a series of filaments
that are free to rub on one another suggests a mecha-
nism of loss due to friction as this nonlinear spring un-
compresses.

B. Effect of outlier

In addition, it is possible that the percentage of energy
lost may be slightly overestimated because of a potential
high outlier in the dataset. According to Table I, the
sixth trial resulted in a height of 1.410m. Using the
quartile data represented in Table II, the formula for high
outliers gives [11]:

high outlier > Q3 + (1.5 x IQR)
1.410 > 1.260

(5)
(6)

Taking this high outlier into account, along with the
fact that the mean of 1.123 m is greater than the median
of 1.100 m, the data are moderately skewed to the right.
However, this does not necessarily mean the value from
trial 6 is invalid, only that it is unusually large compared
to the rest of the dataset. To determine whether this out-
lier is statistically significant relative to overall variation,
the standard deviation (0.106 m) was used to calculate
the z-score, assuming normality [11]:

(7)
(®)

The z-score represents how many standard deviations
the maximum height from trial 6 is above the mean.
Since values above about two standard deviations are
generally considered unusually far from the mean, the
1.410m trial is a statistically significant high deviation.
Despite this, the rest of the dataset remains relatively
consistent, since the standard deviation (0.11m) is small
compared to the mean height (1.12m), indicating a mod-
erate spread rather than extreme variability.

Overall, the results support the hypothesis that grav-
itational potential energy is lower than the work input,
as a substantial discrepancy of 76 +2 % was observed be-
tween the calculated work and the measured GPE. This
difference indicates that the system is non-conservative,
with mechanical energy not fully transferring into grav-
itational potential energy. This is likely due to multi-
ple non-conservative processes, including friction, inter-
nal energy dissipation during deformation of the popper,
and aerodynamic drag. While the exact contribution of
each mechanism was not directly measured, the magni-
tude of the difference suggests significant energy trans-
formation into forms that are not mechanical.
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