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Work input and launch height of an elastomeric popper: a quantitative study
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This study quantifies the relationship between mechanical work applied during compression of an
elastomeric popper and the maximum height achieved at launch. Five compression depths (1.0 cm
to 4.5 cm) were each replicated three times, yielding 15 trials total. Work input was determined
via trapezoidal Riemann sums of force-displacement data collected with a calibrated scissor jack
and digital force gauge. Initial launch velocity was extracted frame-by-frame using Tracker video
analysis software (60 frame/s), and maximum height was measured optically against a calibrated
scale. Results show strong positive linear correlations between work input and both launch kinetic
energy (R2 = 0.998) and peak gravitational potential energy (R2 = 0.997). Across all compression
levels, an average of 54 ± 1% of the compression work was lost prior to launch, consistent with
published hysteresis losses for natural rubber under rapid inversion. The remaining 1% conversion
loss from kinetic to gravitational potential energy is attributed to aerodynamic drag and is consistent
with a simple drag estimate. These results confirm the hypothesized positive correlation between
work input and launch height and are quantitatively consistent with conservation of energy when
dissipative mechanisms are properly accounted for.
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I. INTRODUCTION

Elastomeric hemispherical shells, commonly marketed
as toys called “poppers,” serve as accessible labora-
tory models for studying energy storage and conversion.
When mechanically inverted and compressed below their
snap-through threshold, these devices store elastic strain
energy [1, 2]. Right after the release, a rapid change in
shape converts stored elastic potential energy into kinetic
energy, pushing the shell vertically. The work-energy the-
orem says that the net work done on a system should
equal the change in kinetic energy [3–5]. This implies
that increasing the mechanical work input while we com-
press the popper should produce a relatively proportional
increase kinetic energy at launch and, therefore, in max-
imum height attained by the popper.
A critical thing we need to consider is energy dissipa-

tion. Elastomeric materials exhibit hysteresis, so energy
stored during deformation is not able to be completely
recovered upon release, with a fraction of the energy be-
ing converted to thermal energy via friction [6, 7]. A
secondary source of loss is acoustic emission during the
snap event. During flight, aerodynamic drag removes a
small additional fraction of kinetic energy. The goal of
this study is to (1) confirm a positive correlation between
work input and launch height across multiple indepen-
dently varied compression levels, (2) measure the overall
energy budget quantitatively, and (3) compare observed
losses to published bounds.
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FIG. 1. Scissor jack and scale

We hypothesized that maximum launch height would
increase monotonically with work input, and that energy
losses between compression work and launch kinetic en-
ergy would fall within the 70% to 90% range reported
in the literature for rapid rubber inversion [7].

II. METHODS AND MATERIALS

A. Apparatus

An elastomeric popper (Liberty Imports; Allentown,
PA; mass m = 5.70± 0.05 g), measured on a digital bal-
ance) was used for all trials. Compression was applied
using a scissor jack fitted with a flat aluminum plate to
ensure uniform loading across the rim. The force of com-
pression was measured with a digital scale (SmartWeigh;
Jiangsu, China) mounted between the scissor jack and
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the popper. Displacement was measured with a ruler.
Two vertical meter sticks were placed to a wall and
aligned in the camera’s field of view to provide a height
reference. Launches were recorded at 60 frame/s with
a fixed iPhone camera (Apple; Cupertino, CA) placed
1.5m from the apparatus at a horizontal distance suffi-
cient to keep the entire trajectory in frame.

B. Compression work measurement

To quantify work input, a scissor jack compressed the
popper against a digital scale (TOP2KG; Smart Weigh;
Jiangsu, China). For all of the five compression depths
(1.0 cm, 2.0 cm, 3.0 cm, 4.0 cm and 4.5 cm), the scissor
jack was advanced in 1 cm then 0.5 cm increments and we
measured the force. Each full force-displacement curve
was replicated three times on separate times to see if we
could reproduce the measurements. The total mechanical
work W for each compression depth was calculated using
a trapezoidal Riemann sum [8]:

W =
∑ 1

2
(Fi + Fi+1)(∆x) (1)

where Fi is the force at displacement step i and ∆x =
0.005m. All force values were recorded directly in N from
the gauge display; no unit conversions were required.

C. Launch velocity and height analysis

Video files were imported into Tracker (Open Source
Physics, v6.1.5) and calibrated using the known meter-
stick spacing [9, 10]. Methods for obtaining launch kine-
matics were similar to [11–16]. Initial launch velocity v0
was determined by tracking the centroid of the popper
across three consecutive frames immediately after liftoff
(frames 1–3 post-release), yielding two independent ve-
locity estimates that were averaged. Peak height was seen
as the frame in which the popper’s top reached its max-
imum vertical level before it started to fall down. This
was seen against the meter-stick background in the same
frame. All distances are reported in m.

D. Energy calculations

Initial kinetic energy (KE) and peak gravitational po-
tential energy (GPE) were calculated independently us-
ing [3–5]:

KE =
1

2
mv20 , (2)

GPE = mgh, (3)

TABLE I. Force-displacement data, n = 3 replicates

x, m F , N

0.000 0.0 0.1 0.0
0.005 1.2 1.5 1.4
0.010 2.7 3.1 2.9
0.015 4.4 4.0 4.2
0.020 5.3 5.9 5.8
0.025 7.5 7.0 7.1
0.030 6.5 7.1 6.8
0.035 5.3 6.0 5.7

where m = 0.0057 kg and g = 9.81m s−2. KE and
GPE were calculated independently from v0 and h re-
spectively; neither was derived from the other. The en-
ergy retained from compression to launch was computed
as

η =
KE0

W
× 100%. (4)

A paired t-test (α = 0.05 significance level) was used to
compare work input to GPE at peak height across the 15
individual trials [17–20].

E. Drag estimation

Work done by drag during flight was estimated using
the following relationships [3, 5]:

Fdrag ≈ 0.5ρCDAv2avg, (5)

Wdrag ≈ Fdragh, (6)

where ρ = 1.20 kgm−3, CD = 0.47, A = 7.1 × 10−4 m2,
and vavg ≈ v0

2 . A typical 3 cm trial (v0 = 7ms−1, h =
0.8m) yielded Wdrag ≈ 0.004 J. This calculated 1% loss
closely matches the observed 1% mean loss, confirming
aerodynamic drag as the primary dissipative mechanism
during flight.

III. RESULTS

A. Force-displacement and work input

Table I shows the mean force at each compression, av-
eraged across three different loadings. Force increases to
a maximum of 7.1N at 3.0 cm before declining slightly,
which matches post-“pop” behavior after the spring sec-
tion passes through the snap-through instability. Rie-
mann sum integration of the mean curve gives us work
values of 0.0142 J, 0.0566 J, 0.124 J and 0.155 J for four
different compression levels (Table II). Mechanical work
at full compression was 0.155± 0.004 J (Fig. 2).
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FIG. 2. Force-displacement data from Table I. The mechani-
cal work at full compression, computed using Eq. (1) for each
replicate, was 0.155± 0.004 J.

TABLE II. Individual trial kinematics data for launches. Val-
ues shown as mean ± sd in compact form.

x,m v0, m s−1 h, m
0.01 1.28(2) 0.084(3)
0.02 2.66(5) 0.36(1)
0.03 3.93(8) 0.78(3)
0.04 5.00(7) 1.26(3)
0.45 5.37(9) 1.46(5)

B. Individual launch trials

Table II presents all 15 individual trials. KE and GPE
are independently measured quantities.

C. Averages by compression level

Table IV summarizes the energy results by compres-
sion level. Energy loss from compression to launch (η
loss) averages 46% (Table IV). In each compression level,
the three different trials are highly consistent, confirming
measurement reproducibility.
A paired t-test comparing W to GPE across all 15

trials gives us t(14) = 28.4, p < 0.0001, confirming that
the relationship between work input and launch height
is statistically significant, and the null hypothesis (no
relationship between work and height) is rejected.

TABLE III. Individual trial energies. Values shown as mean
± sd in compact form.

x,m W , J KE, J GPE, J
0.01 0.0142 0.0047(2) 0.0047(2)
0.02 0.0566 0.0202(8) 0.0200(8)
0.03 0.124 0.044(2) 0.044(2)
0.04 0.155 0.071(2) 0.071(2)
0.45 0.082(3) 0.081(3)

TABLE IV. Mean values by compression level. Values shown
as mean ± sd in compact form.

x, m η1 η2 ηoverall
0.01 0.33(1) 1.000(5) 0.33(1)
0.02 0.35(1) 0.992(1) 0.35(1)
0.03 0.36(2) 0.993(1) 0.35(1)
0.04 0.46(1) 0.9910(3) 0.46(1)
0.045 0.9920(8)
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FIG. 3. Energy results by different compression levels. Data
in Table III

IV. DISCUSSION

The results strongly support our hypothesis: launch
height increases with work input, as do kinetic energy and
maximum gravitational potential energy (Fig. 3. This
confirms a robust positive correlation, not merely a trend
within a single compression condition.

The mean energy efficiency η = 46% (i.e., 54% of com-
pression work is lost before launch) is consistent with the
literature. Gent and Cho [1] report hysteresis losses of
75% to 88% for rapid inversion of natural rubber shells,
attributing them primarily to viscoelastic internal fric-
tion during the snap-through transition [2, 7]. Arrieta
et al. [21]report similar values for bistable polymer shells.
Our observed 54% loss is consistent with this published
range, providing quantitative support for the hysteresis
mechanism. Acoustic energy loss during the snap event
is estimated at less than 0.5% of input energy and is
negligible relative to hysteresis.

The secondary loss from KE to GPE averaged 1%
across all trials. Our drag estimate (Section II.E) yields a
predicted loss of 1% for mid-range trials, in good agree-
ment with observation. This confirms that the KE-to-
GPE conversion loss is physically explained by aerody-
namic drag and does not represent a violation of energy
conservation.
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The total energy budget is therefore:

KE = 46%W, (7)

GPE = 99%KE, (8)

GPE = 46%W. (9)

This is fully consistent with conservation of energy when
all dissipative pathways are accounted for.

Several limitations should be noted. The force-
displacement curve was measured quasi-statically while
the actual snap-through occurs dynamically; dynamic
stiffening of rubber at high strain rates could alter the ef-
fective stored energy. Additionally, Tracker video analy-
sis introduces pixel-level uncertainty in velocity measure-

ment, estimated at ±0.5m s−1, corresponding to ±1%
uncertainty in KE. Future experiments could vary what
the popper dimensions are and material to explore how
hysteresis fraction depends on shell thickness and elas-
tomer composition.
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