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Examining energy storage and work done by elastic jumping poppers
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This experiment investigated energy storage and work done in elastic jumping poppers as non-
linear elastic systems. The maximum gravitational potential energy during launch was determined
from video analysis, while force—displacement measurements obtained during compression were nu-

merically integrated to calculate the work done on each popper.

The force—displacement data

revealed nonlinear elastic behavior characterized by snap-through instability. The measured launch
energies were lower than the work calculated from compression measurements, indicating that al-
though the poppers clearly stored and released elastic energy, the two methods did not produce
close quantitative agreement under the conditions of this experiment.

DOLI: 10.64808/72j31w22

I. INTRODUCTION

Elastic materials store energy when deformed and re-
lease that energy when allowed to return toward an equi-
librium configuration [1-5]. While many elastic systems
are well approximated by linear force—displacement re-
lationships, real materials and structures often exhibit
nonlinear behavior. One important form of nonlinearity
is snap-through instability, in which increasing deforma-
tion leads to a maximum restoring force followed by a
sudden decrease as the system rapidly transitions into a
new geometric configuration. This behavior is character-
istic of thin shells and domed elastic structures, includ-
ing the poppers used in this experiment. During snap-
through, elastic potential energy is released abruptly, and
the structure’s internal resistance drops even as displace-
ment increases, producing rapid motion that cannot be
accurately described using simple linear elastic models
[6, 7].

The concepts of energy conservation and work provide
a more general framework for analyzing such systems [1-
3]. Mechanical energy exists in multiple forms, including
kinetic energy KE = %mv2 and gravitational potential
energy, GPE = mgh. In ideal systems, the total mechan-
ical energy remains constant. When an elastic object is
compressed, mechanical work is done on the system and
stored as elastic potential energy, which may later be
converted into kinetic and gravitational energy. For 1D
systems with variable force, the work done is given by
the integral [1-3]:

W= / Flz)ds (1)

* Contact author: 427bdemairo@frhsd.com

Published by the Journal of Science € Engineering under the
terms of the Creative Commons Attribution-NonCommercial 4.0
International license. Further distribution of this work must
maintain attribution to the author(s) and the published article’s
title, journal citation, and DOI.

© 2026 J S&E CC-BY-NC 4.0

According to the work-energy theorem, the net work done
on a system is approximately equal to the change in
its mechanical energy, allowing independent experimen-
tal measurements of work and mechanical energy to be
directly compared [1-3, 8].

The purpose of this experiment was to test the gen-
eral concept of energy conservation, and to analyze rub-
ber jumping poppers as nonlinear elastic systems by (1)
measuring maximum gravitational potential energy dur-
ing launch using video analysis, and (2) determining the
work done during compression from force-displacement
data. These measurements were used to test whether
the energy gained during launch was comparable to the
work stored during compression in the presence of snap-
through instability.

Based on energy conservation, we hypothesize that the
total mechanical work (W) done on the popper during
compression should be equal to both the initial kinetic
energy (KEq) on launch and the maximum gravitational
potential energy (GPEy) at the highest point of its flight.
Alternatively, if loss mechanisms, such as nonlinear ma-
terial properties, effects associated with snap-through in-
stability, friction, and air drag, are large, then the kinetic
and gravitational potential energies will be less than the
mechanical work done:

Ho: W = KE, = GPE; 2)
H12W>KEO>GPEf (3)

II. METHODS AND MATERIALS

This experiment utilized three toy poppers of different
masses (“Jumping Gens”; Liberty Imports; Allentown,
PA). These poppers included a heart-eyes emoji popper
(m = 0.0053kg), a crying emoji popper (m = 0.0055kg),
and a shocked emoji popper (m = 0.0057kg).
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A. Launch kinematics and GPE

Motion during the launches was recorded using an
iPhone 16 Pro Max (Apple; Cupertino, CA) positioned
perpendicular at a fixed distance of 2.00m from the
launch point, recording at 60 frame/s with a resolution
of 1080p. A meterstick was placed in frame for scale.

Each popper was placed on a flat surface (the floor)
and launched using a manual downward push, intended
to be as consistent as possible across all trials. While
the magnitude of the applied force could not be directly
controlled or measured, care was taken to apply a sim-
ilar force during each launch. Three trials were chosen
for each popper to balance repeatability with time con-
straints, and averaging was used to reduce variability
from manual launching. A failed launch was defined as
any trial in which the popper tipped, slid laterally, failed
to fully invert, or did not produce a clear upward tra-
jectory. Repeated trials were conducted to reduce the
variability caused primarily by the manual push.

Video data were analyzed using Tracker [9, 10] to de-
termine the maximum height (h) reached in each trial.
Digitization proceeded similar to [11-16]. The measured
heights were used to calculate the gravitational potential
energy reached by each popper at the top of its motion
according to:

GPE; = mgh, (4)

where m is mass, and g = 9.81 ms~2.

Variability in launch conditions was reflected in the
spread of measured energies and accounted for in our dis-
cussion. Subsequent graphs and statistical analyses were
performed in Python using the numpy and matplotlib
libraries [17-19].

B. Mechanical work during compression of poppers

To determine the work done in compressing each pop-
per, force-displacement measurements were obtained us-
ing a standard laboratory scissor jack and a digital scale
(TOP2KG; Smart Weigh; Jiangsu, China). Each popper
was placed between the scissor jack and the scale and
compressed in increments of 0.005m. The force exerted
by the popper (as read on the digital scale, converted
according to F' = mg) was recorded at each displace-
ment. Compression continued up until and slightly be-
yond snap-through instability occurred, indicated by a
sudden decrease in measured force as the popper physi-
cally inverted.

Force-displacement data were collected for the three
respective poppers to provide reasonable average data.
Work was calculated by numerically integrating the force-
displacement data using the trapezoidal rule [17, 18, 20],
which estimates the area under the force-displacement
curve without assuming linear elasticity.

Data and analyses are available at https://github.
com/devangel77b/427bdemairo-1ab3.
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FIG. 1. Compressional displacement vs. elastic force for all
three poppers.
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FIG. 2. Average maximum gravitational potential energy for
all three poppers (J).

III. RESULTS

The graph shown in Fig. 1 shows a roughly linear re-
lationship between the elastic force of all of the poppers
and the compressional displacement up until it reaches
the snap-through instability point, which can be seen
at the peak of the graph, after which the relationship
trends downwards due to the conical nature of the pop-
per’s spring. From the experimental results, we can see
that the force of the heart-face popper remains consis-
tently higher than the shocked-face popper, indicating
that the heart-face popper exhibited greater effective
stiffness over the initial compression range. The same
trend applies to the shocked-face popper compared to
the crying-face popper. From this, we can conclude that
the heart-face popper has the highest elastic stiffness of
all three poppers. Furthermore, we can conclude that the
snap-through instability point occurs at a compression of
approximately 0.03 m, as indicated in Fig. 1.

Video analysis was used to determine the maximum
height reached by each popper in each trial. Using these
measured heights, the poppers’ maximum gravitational
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FIG. 3. Per-trial maximum gravitational potential energy for
all three poppers (J).
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FIG. 4. Comparison of work done during compression
and maximum gravitational potential energy gained during
launch.

potential energy was calculated, resulting in average val-
ues of 0.0781 J for the heart-eyes popper, 0.0764 J for the
shocked popper, and 0.0611J for the crying popper, as
shown in Figs. 2 and 3. Individual trials showed varia-
tion due primarily to differences in manual launch force.
The heart-eyes popper achieved a mean peak GPE of
0.0781 £ 0.0068 J, the shocked popper 0.0764 + 0.0033 J,
and the crying popper 0.0611 + 0.0162J. A one-way
ANOVA revealed no statistically significant difference in
launch GPE across the three popper designs (F(2,6) =
2.45, p = 0.167). The observed ranking (heart-eyes >
shocked > crying) is therefore descriptive rather than
statistically confirmed, a limitation attributable primar-
ily to the small sample size of three trials per popper.

Work calculated from force-displacement integration
was greater than the maximum gravitational potential
energy measured from video analysis for all three pop-
pers, as shown in Fig. 4. This indicates that the two
methods did not produce close quantitative agreement
under the conditions of this experiment.
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IV. DISCUSSION

A. Energy is conserved

The results of this experiment demonstrate that elas-
tic jumping poppers store mechanical energy during com-
pression and release this energy through snap-through in-
stability during launch. Video analysis showed that each
popper gained measurable gravitational potential energy
during flight, while force-displacement measurements re-
vealed nonlinear elastic behavior that cannot be accu-
rately modeled using Hooke’s Law (F' = kx, where force
is proportional to displacement in linear elastic systems)
alone. Although variability was introduced by manually
applied launch forces and measurement uncertainty, re-
peated trials and averaging produced consistent trends
across all poppers.

However, the work wvalues obtained from force—
displacement integration were significantly larger than
the maximum gravitational potential energy values mea-
sured from launch height (Fig. 4). This lack of close
agreement suggests either substantial energy losses, over-
estimation of compression work from friction between the
popper and scissor-jack platform, or additional uncer-
tainty in the experimental methods. Therefore, while the
experiment clearly demonstrated elastic energy storage
and release, it did not support the null hypothesis that
work done during compression is approximately equal
to the mechanical energy gained during launch. The
paired t-test (¢(2) = 4.05, p = 0.056) approached but
did not reach conventional significance, given the small
sample; however, the mean recovery of only 41.3% of
compression work as launch GPE represents a practi-
cally large discrepancy unlikely to result from measure-
ment uncertainty alone. The ANOVA across poppers
(F(2,6) = 2.45, p = 0.167) confirmed that differences in
launch GPE among the three designs were not statisti-
cally distinguishable at this sample size, so the ranking
of heart-eyes > shocked > crying should be treated as
descriptive.

Variability in measured energy values is primarily due
to the use of a manual launch force, which could not be
directly controlled or measured in a consistent manner.
However, repeated trials and averaging helped reduce
this variability and revealed consistent overall trends.
The experiment successfully demonstrated that poppers
can be analyzed as elastic systems using energy meth-
ods, while also highlighting the limitations of assuming
close quantitative agreement between compression work
and measured launch energy in a real nonlinear system.
These results indicate that poppers can be effectively
modeled using energy concepts, while also emphasizing
the effects of experimental uncertainty and non-ideal en-
ergy transfer.
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B. Energy loss during launch process is significant

If the system were ideal, max GPE should equal com-
pression work. The observed mean loss of 58.6% can be
partially attributed to known physical mechanisms. The
coefficient of restitution for natural and silicone rubber
falls in the range 0.70-0.85 [4, 5, 21]; using a midpoint
value of 0.78, viscoelastic hysteresis alone accounts for
approximately 39% energy loss (1 —e? = 1—0.61). Snap-
through instability dissipates additional energy as acous-
tic emission and structural vibration during inversion, es-
timated at approximately 7% [6, 7, 22-24]. Air drag on
a low-mass (= 5 g), low-velocity (= 9 m/s) object con-
tributes an estimated 3%, computed from Fy = % pCyqAv?
with Cy ~ 0.47 for a hemisphere and A ~ 5 x 107*
m? [1, 3]. Together, these mechanisms account for ap-
proximately 49% of the energy input, leaving a residual
unexplained loss of roughly 9.5% that likely reflects fric-
tion between the popper and scissor-jack platform during
compression, which would systematically inflate the cal-
culated work integral.

The three poppers also showed a consistent ranking
in both stiffness and launch energy: the heart-eyes pop-
per exhibited the steepest force—displacement slope and
achieved the highest mean launch GPE (0.0781J), while
the crying popper, despite being intermediate in mass at
0.0055 kg, achieved the lowest GPE (0.0611J), with the

shocked popper intermediate in both. This suggests that
small variations in dome geometry and rubber composi-
tion have a larger influence on energy storage [6, 7, 22, 23]
than the modest mass differences among the three de-
signs. However, as noted above, the ANOVA (p = 0.167)
did not confirm these differences as statistically signifi-
cant; a larger number of trials per popper would be re-
quired to determine whether the ranking reflects genuine
design differences or sampling variability from the man-
ual launch procedure.
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