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An impressive ping-pong ball cannon can be made by placing a bottle of liquid nitrogen at the

bottom of a container and quickly covering it with, say, 1500 ping-pong balls. The liquid turns

rapidly into a gas whose mounting pressure explodes the bottle, sending a swarm of balls upward

out of the container. Surprisingly, the container also moves upward. This is a counterintuitive

effect because the balance of forces, that is, Newton’s third law does not seem to allow the

container to move upwards. We explain the effect as a consequence of granular jamming in

combination with Coulomb’s friction law. VC 2019 American Association of Physics Teachers.

https://doi.org/10.1119/1.5088805

I. INTRODUCTION

A startling classroom experiment presently attracting
much attention involves firing a so-called liquid nitrogen
ping-pong ball cannon. This spectacular experiment is fre-
quently performed in front of different audiences and may be
seen in several science TV shows, e.g., Ref. 1. The experi-
ment captivates the interest of students and seems to moti-
vate them to learn science.

The internet contains many videos of the ping-pong ball
cannon experiment, under different conditions, e.g., Refs. 2
and 3. A snapshot taken from such an experiment, performed
at the University of Plymouth, UK, is shown in Fig. 1. In this
figure, one sees ping-pong balls being shot out of a flying
barrel. The ping-pong ball cannon is a simple device to dem-
onstrate the explosive power of expanding gases.

Basically, the ping-pong ball cannon is made by placing a
common two-liter plastic bottle partially filled with about
0.5 l of liquid nitrogen at the bottom of a metallic or plastic
container. The aperture of the nitrogen bottle is closed, the
bottle is placed inside the container, and then covered
quickly by some 1500 ping-pong balls. It is also usual to add
some water at the bottom of the container to accelerate the
conversion of the nitrogen from the liquid to the gas state.
After a few seconds, the mounting pressure of the rapidly
expanding gas inside the sealed bottle provokes the bottle to
explode, throwing the ping-pong balls out of the barrel, to
the amusement of the audience (Fig. 1).

Apart from the great fun for the audiences, there is a phys-
ical question which in our opinion deserves closer consider-
ation, namely, why do the container and the balls jump off
the floor in the same direction immediately after the explo-
sion? At a first glance, this is a counterintuitive behavior
because when the ping-pong balls are accelerated upwards,

due to a certain force one should expect the barrel to be sub-
jected to a downward force, according to Newton’s third
law: To every force, there is always a counterforce: the
forces are always of equal magnitude and act in opposite
directions.4 Obviously, there is a force accelerating the balls
upwards. Consequently, there should be a corresponding
counter-force, directed downwards. Such a force would,
however, simply increase the apparent weight of the barrel
pressing it harder into the solid floor. According to this argu-
ment, of course, the force due to the explosion would not
push the container up, but would press it down. So, a natural
question is to ask what exactly is making the barrel to jump
up over 1 m off the ground?

The ubiquity of videos displaying the aforementioned
counterintuitive behavior of the ping-pong ball cannon pro-
voked extensive discussions on several science boards on the
internet. However, in our opinion, none of the arguments
presented so far is physically reasonable. Here are samples
of such arguments:

(a) “The bottom of the garbage can is slightly conca-
ve,…so that only the lip around the bottom contacts
with the ground. The sudden expansion of gas punched
the bottom out so for a moment it was convex, launch-
ing the can up into the air.”5

(b) “The explosion drives everything out of the bucket,
leaving a partial vacuum behind, so the atmospheric
pressure outside the bucket pushes it up before air
rushes back in to equalize the pressure.”6

(c) “The bottle of liquid nitrogen was floating on top of the
water. When exploding, it sent the ping pong balls up,
and the water and the bottom of the container down.
After a small fraction of a second the water and con-
tainer could no longer go down, so it bounced up.”7
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While in principle, all of the above mechanisms could
cause the barrel to move upwards under certain conditions,
there is clear evidence that none of them is essential for the
effect: Regarding argument (a), experiments were conducted
with metallic barrels1 whose bottoms would not touch the
floor, even if slightly deformed. Nevertheless, the barrel
lifted up in these cases. If the explosion would cause a vac-
uum as it is required for mechanism (b), the barrel would
indeed move upwards due to the resulting pressure gradient.
However, we do not see any reason why the explosion
should cause a vacuum. The explosion takes place because
of the rapidly expanding nitrogen gas. Therefore, the ejected
air is replaced by nitrogen of similar density and, thus, no
vacuum is created. Moreover, if vacuum would be the driv-
ing force, the ping-pong balls would be irrelevant for the
process. Similar experiments without ping-pong balls do
not show, however, any sign of motion of the barrel.8–10

Mechanism (c) requires the barrel to move downwards ini-
tially and to rebound at the floor later. Of course this rebound
trivially leads to an upward motion of the barrel. However,
this process would require the barrel to be located above the
floor initially, which is obviously not the case in all experi-
mental realizations. Indeed, the initial distance to the ground
could be replaced by an elastic floor which acts like a spring
that is first compressed by the downward motion of the barrel
and then lifts the barrel due to its relaxation. However all
available experiments were conducted on very rigid flooring
where these arguments are not applicable. Further, experi-
ments were also performed without the water required by
mechanism (c).11 The water only accelerates the boiling of
the liquid nitrogen and renders the time between the prepara-
tion of the experiment and the explosion more predictable.
In summary, none of the aforementioned arguments serve as
convincing explanations of the ping-pong ball canon effect.

In yet another post, we read “The 1500 ping pong balls are
irrelevant for the experiment but they serve for an impressive
appearance.”12 Quite on the contrary, in the present article
we argue that the ping-pong balls are the key players that
make the barrel jump along with the balls. Detailed evidence
obtained from numerical simulations shows that the nitrogen
volume explosion produces a jamming effect13–15 of the

outflow of ping-pong balls, thereby providing a transfer of
large horizontal forces to the barrel so that the upwards
motion of the balls exerts effectively a large vertical friction
force on the barrel, dragging it upwards.

II. JAMMING IN GRANULAR PIPE FLOW

Before discussing the physics of the ping-pong ball can-
non, let us first consider another experiment, namely, the
dynamics of the flow of dry granular matter through a verti-
cal pipe: At low density, granular matter flows similarly to
ordinary fluids at approximately homogeneous density. At
larger density, however, a sudden increase (ideally a diver-
gence) of the viscosity of the granular fluid is frequently
observed. Due to the increased viscosity, the material is able
to sustain large shear forces, which enable the formation of
plugs in which the relative motion among the individual par-
ticles is arrested and the granulate behaves like a solid. This
process is called jamming and the corresponding state of a
granulate is called a jammed state. In ordinary systems, fric-
tion between the grains is essential for jamming. In narrow
systems, where the size of the confinement is comparable to
the particle size, however, jamming may occur even in the
case of ideally smooth spheres which interact frictionlessly.
If a granulate in the jammed state is loaded with a force, the
resulting stresses are not homogeneous as in ordinary solids.
Instead, the load is sustained locally by isolated chain-like
sets of contacting grains. These particle sets are called force
chains. The force chains can be seen as the edges of a force
network in which the load is carried by the edges while the
network cells are regions of low stress. Figure 2 illustrates
this phenomenon.

The transition between the fluid state and the jammed state
can be seen, e.g., in granular hopper flow:17–19 Granular
material may pour out of the orifice of a hopper for a rather
long time at nearly constant rate. However, the flow may
become suddenly clogged when an arc of grains, a sort of
bridge, is formed at the orifice. In this circumstance the flow
stops, that is, the material is jammed. In the jammed state,
the material is still structurally disordered. However, unlike
a fluid it has a yield stress.20 Transitions between fluid and
jammed states are commonly observed in granular systems

Fig. 2. Numerical DEM simulation of a clogged hopper. Particles are translucent

for better visualization of the force chains. The color/widths of the joints indi-

cates small (blue/thin) and large (red/fat) normal force of the particle in contact.

Near the outflow region the force chains form arc-like structures. These structures

sustain the weight of the particles in the hopper, leading to hopper clogging.

Fig. 1. Snapshot of the experiment performed by Roy Lowry, taken from a

video recording (Ref. 3). The garbage can clearly jumps off the floor, in an

apparent violation of Newton’s third law which requires balance of upwards

and downwards forces.
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and are the distinctive signature that distinguishes granular
materials from other types of matter such as gases, fluids or
solids. Currently, jamming and the jamming transition are
among the most intensively studied phenomena in granular
matter research, e.g., Refs. 21–25.

A system of particular interest is granular flow through
narrow pipes, where one observes recurrent plugs that
emerge through self-organized jamming and de-jamming,
see Fig. 3. When grains pour in a vertical pipe at low density,
the flow is homogeneous. Essentially, the particles fall in a
nearly isolated way, suffering occasional collisions with the
wall and with each other. Small asperities of the pipe sud-
denly decrease the grains’ vertical velocity and, thus, cause a
horizontal velocity component which leads to subsequent
collisions with the opposite wall of the pipe and with other
particles. The faster the particles move, the larger their hori-
zontal component and thus, the larger the subsequent colli-
sion frequency. As a consequence, the homogeneous flow
becomes unstable and pronounced clusters of grains develop.
This mechanism leads to the situation shown in Fig. 3: High-
velocity particles hit the top side of a cluster such that their
vertical motion slows down or even ceases. The resulting
forces acting on the top of a plug are partially converted into
forces acting normal to the pipe walls which enables the par-
ticles to develop a vertical friction force to the pipe walls—
the particles constituting a plug cannot move collectively
and the plug’s motion relative to the pipe ceases. Since fur-
ther material continues to enter the plug from above, the
plug may apparently move slowly upwards or downwards
depending on the residual motion, relative to the pipe wall,

of the particles constituting the cluster. At the bottom of the
plug, particles start to accelerate again due to gravity, and
hence the plug dissolves at its lower end. The balance of
these two mechanisms leads eventually to plug flow shown
in Fig. 3. A theoretical approach based on these arguments26

could reproduce the inhomogeneous flow observed in pipes
in a satisfactory manner.

It is known that plug flow in pipes is influenced by ambi-
ent air,27,28 however, direct particle simulations (DEM)
show that even without the influence of air the homogeneous
flow of granular material through pipes is unstable and recur-
rent plugs appear.16,29 In industrial applications, the inhomo-
geneous flow through pipes is frequently undesired and
methods to homogenize the flow have been developed, e.g.,
by application of certain well defined structures in the inte-
rior of the pipe, in order to avoid single particles from
assuming high vertical velocity.30

The motion of granular material in a vertical pipe under
the action of gravity is related to the situation one encounters
in the ping-pong cannon, where the granular material (the
ping-pong balls) is accelerated upwards by the rapidly
expanding gas. Thus, the process of plug formation and jam-
ming in vertical pipes has its counterpart in the experiment
considered in this article. In the cannon, particles are scat-
tered by asperities of the side walls resulting eventually in a
plug of ping-pong balls which is pressed against the walls of
the barrel. The vertical force, Ft, exerted by an upwards-
moving particle pressed by the normal force, Fn, against the
wall of the barrel is limited by Coulomb’s law of friction

Ft � lFn; (1)

where l denotes the friction coefficient. When the balls are
accelerated upwards by the expanding gas, the total resulting
vertical force may exceed gravity causing the barrel to jump
upwards. Thus, the barrel’s motion results from the interplay
of jamming and friction. The snapshots shown in Fig. 4 are a

Fig. 3. Recurrent plug formation of granular matter flowing through a nar-

row pipe (Ref. 16).

Fig. 4. Snapshots from the experiment, taken from Ref. 31. The left image

shows the barrel just before the explosion. The sequence shows snapshots

with time increment 1/30 s. We see that the barrel becomes airborne at the

same instant when the granular packing leaves the barrel in a plug-like for-

mation, supporting our hypothesis for the explanation of the effect.
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first support of this hypothesis. In Sec. III, we substantiate
this qualitative argument by means of numerical simulations.
In particular, our explanation implies that an ideally smooth
barrel (l¼ 0) could not jump, because no vertical friction
force could appear in this case. That this is indeed the case
is verified in Sec. IV.

III. NUMERICAL SIMULATIONS

Our hypothesis concerning the physics of the flying barrel
effect formulated in Sec. II relies essentially on two claims:
(i) jamming of the ping-pong balls is necessary for the barrel
to jump and (ii) the friction force between the upward-
moving jammed plug and the barrel drags the barrel
upwards. In the following, we provide numerical evidence
corroborating these arguments.

We study the ping-pong ball cannon by means of numerical
simulations, that is, by simultaneously integrating Newton’s
equations of motion for the barrel and the balls under the
action of gravity. The ping-pong balls are modeled as visco-
elastic spheres of mass m¼ 2.7 g, and diameter d¼ 4 cm,
Young’s modulus Y¼ 1.5 GPa. A cylindrical barrel of height
80 cm, diameter 50 cm, and weight 1.7 kg is modeled with
Y¼ 3.2 GPa. For the Poisson ratio and the coefficient of fric-
tion between the balls and between the balls and the barrel,
we assume �¼ 0.4 and l¼ 0.8, respectively, while for the
coefficient of restitution we assume e¼ 0.9. The details of the
numerical model are described in the Appendix.

The explosion of the bottle filled by liquid nitrogen is a
highly dynamic process which may be simulated in a number
of ways. For computational convenience, we model the
explosion by a sudden extrusion of the ping-pong balls; a
more detailed description of the explosion process is not rel-
evant in the context of this work. In our simulations, there-
fore, we describe the explosion by means of a layer of five
particles which have the same properties as the particles sim-
ulating the ping-pong balls except that, at the instant of the
explosion, within an interval of 5� 10�4 s, their volumes
grow by a factor 16.6, thus, pushing the ping-pong balls
away. The numerical value of the expansion factor was cho-
sen due to the best agreement of experiment and simulation
for the barrel’s maximum height after the explosion. The
time step used in the numerical simulations is 1� 10�8 s.
The explosion is modeled as a rapid but continuous linear
expansion of the 5 particles during 5� 10�4 s, or 5� 104 s
simulation time steps. The configuration of the system before
and after the explosion is shown in Fig. 5.

Figure 6 illustrates the representative stages of firing the
ping-pong ball cannon. Complementing this figure, Fig. 7
shows details of the jamming process, represented by the
evolution of the force network among the ping-pong balls.
Here, the center of each particle experiencing a contact force
from one of its neighbors or from the wall is connected by a
link whose color represents the magnitude of the force in
shear direction, that is, in the direction of the contact plane.
Initially (Fig. 7(a)), the forces are very small due to the
action of gravity. The explosion at t¼ 0 close to the bottom
of the barrel causes a shock wave propagating rapidly
upwards, indicated by many red colored links, see Fig. 7(b)
at t¼ 500 ls. The corresponding forces in the negative z-
direction reach the bottom immediately after the explosion
and are balanced by the solid floor. The emerging plug of
particles, thus, generates large normal forces to the vertical
wall of the barrel which allows the rapidly upward-moving
plug to drag the barrel upwards, due to the friction. Starting
at time t� 650 ls when the shock arrives at the top layer of
particles, see Fig. 7(c), the ping-pong balls leave the barrel
and the plug decays. Correspondingly, the force network
ceases, see Fig. 7(d) (t¼ 1.1 ms).

Figure 8 shows the time averaged forces (force density),
applied by the abundance of particles onto the barrel in ver-
tical direction, thus accelerating the barrel upwards, while
Fig. 9 (red line) shows the vertical velocity of the barrel as a
function of time. Each data point in Fig. 8, attributed to a
certain vertical position, z, and a certain time, t, shows the
sum of the vertical components of all forces applied by par-
ticles located at z 6 0.125 m, averaged over the interval
t 6 125 ls. From the results shown in Figs. 7 and 8, we infer
the following scenario: In the time interval t 2 ð0; 750 lsÞ,
an increasing number of particles move upward as a conse-
quence of the explosion taking place in t 2 ð0; 500 lsÞ. The
corresponding shock causes jamming and, thus, large pres-
sure to the vertical walls enabling a large vertical force act-
ing on the barrel. Accordingly, the barrel is accelerated
upwards during this interval of time. Figure 9 (red line)
shows the vertical velocity of the barrel which increases up
to t� 0.8 ms. The formation of the solid plug leads to back-
scattering of particles hitting the plug from below.
Subsequently, such particles lead to downward acceleration
of the barrel via collisions with the bottom or the side walls
of the container, thus, reducing its upwards velocity. At
approximately the same time, the plug quickly decays and
the accelerating force ceases. At t� 2.5 ms, most of the
ping-pong balls have left the container so that its motion fol-
lows essentially a ballistic trajectory under the action of
gravity, perturbed only by a small number of random colli-
sions with balls that are still inside the barrel. At this time,
the barrel’s upward terminal velocity is about 4 m/s, in nice
agreement with the experiment.

The scenario described can be seen in Fig. 9 in good
agreement with the visual impression of the movie provided
in the Supplemental Material.32 At first glance, the values of
the force density shown in Fig. 8 seem to be large, therefore,
let us see whether the values are plausible: Consider the
interval t 2 ð500; 700Þ ls (green line) where significant
forces act in the interval z 2 ð0:15; 0:45Þ m. The gain of ver-
tical velocity of the barrel during this interval of time is

Dv ¼ �F
m Dt � 3�105N=m�0:3 m

1:7 kg
� 2:5 � 10�4s � 13:2 m/s which is in

good agreement with the gain of velocity of the barrel shown
in Fig. 9 (green time interval). Therefore, the force density

Fig. 5. Simulation of the liquid nitrogen volume explosion. (a) Cut at time

t¼ 0 through the barrel; (b) same at t¼ 5� 10–4 s, when the expanding par-

ticles are fully inflated to model the explosion.
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of typically 3� 105N/m (see Fig. 8) is plausible. In the simu-
lations we used the friction coefficient l¼ 0.8, therefore, the
corresponding normal force density is 3.75� 105N/m. But
can ping-pong balls withstand these forces? The diameter of
the barrel corresponds to the circumference u� p � 0.5m,
therefore, the pressure acting to the vertical wall is

3:75 � 105=ðp � 0:5ÞN=m2 � 2:4� 104 N=m2, in the region
of maximal pressure. The number density of disks of diame-

ter d in hexagonal packing is ðp=
ffiffiffiffiffi
12
p
Þ=d2 � 698=m2 where

the size of a ping-pong ball was used. Thus, the average nor-
mal force exerted by a ball to the wall is approximately
343 N. This is a large force but significantly smaller than the
maximal force the ball experiences during a professional
ping-pong game. While a ping-pong ball cannot withstand a
static load of this size it can stand short pulses of large
amplitude without harm.33

IV. SIMULATIONS WITH IDEALIZED CONDITIONS

In Sec. III, we presented numerical results to support our
hypothesis concerning the physical origin of the flying-barrel
effect, namely, an interplay between jamming of the ping-pong
balls and friction. We can further corroborate the hypothesis by
performing simulations where either the jamming or the trans-
fer of momentum from the particles to the barrel due to friction
is suppressed. While it would be difficult to investigate these
situations experimentally, numerical simulations allow such
experiments to be performed without difficulties.

For the first test, we consider ideally smooth particles
which do not exert friction forces on each other. For friction-
less particles, jamming is not observed with the exception of
very small systems where the confinement is not larger than
a few particle diameters. Consequently, the flying-barrel
effect should not occur for ideally smooth spheres. This can
be checked by a numerical simulation which agrees in all
details with the description above, except that the friction
coefficient l¼ 0 was used for particle-particle contacts.
Figure 9 (black line) shows the corresponding vertical veloc-
ity of the barrel as a function of time. Except for small oscil-
lations due to the particle-wall contacts there is no
significant motion of the barrel when jamming is suppressed.

Likewise, for ideally smooth barrel-particle contact no
barrel jumping can be expected because no vertical friction
force acts on the barrel, see Fig. 9 (blue line). The oscillation
of small amplitude in the interval t 2 ½5; 6� � 10�4 s results
from the residual bumpiness of the barrel’s surface, whose
flat walls are modeled by many small overlapping spheres.

The interrelation between momentum exchange and fric-
tion can be worked out by a further modification of our
numerical experiment: We remove the solid floor and per-
form the experiment under conditions of weightlessness by
setting g¼ 0. Unlike the original experiment where the solid
floor supplies an external force onto the barrel, this setup
preserves the total momentum. Figure 10 shows the
momenta of the abundance of ping-pong balls and the barrel
as functions of time.

Fig. 6. Simulation of the flying barrel effect. (a) Initial state, t¼ 0, just before the explosion; (b) t¼ 5 ms, particles start leaving the barrel; (c) t¼ 20 ms, the

barrel becomes airborne and the particles are expelled at high velocity from the barrel; (d) t¼ 300 ms, the barrel follows a ballistic trajectory mainly without

interaction with the ping-pong balls, except for a few random collisions. An animated sequence of the process is provided as Supplemental Material (Ref. 32).
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For frictional particles, Fig. 10(a), the explosion initially
causes the balls and the barrel to accelerate in opposite direc-
tions. This acceleration vanishes at the end of the explosion,
t� 5� 10�4 s, when the relative velocity of the balls and the
barrel reaches its maximum. In the same interval of time, a
plug of particles is formed by jamming, enabling large normal
forces between the balls and the side wall of the barrel. This
normal force, in turn, allows large friction forces between the
plug of balls and the barrel moving in opposite directions. The
resulting total friction force, thus, reduces the momentum dif-
ference between the balls and the barrel reaching a plateau at
t� 2 ms. From this time on, the particles and the barrel move
with nearly constant relative velocity, only perturbed by a small
number of collisions between balls and the barrel.

For the case of frictionless interaction of balls and barrel
shown in Fig. 10(b), the scenario is the same, except that the
plug cannot exert frictional forces to the barrel due to
Coulomb’s law of friction. Therefore, after the explosion the
relative momentum does not decrease but reaches a plateau
at a larger value.

Comparing Figs. 10(a) and 10(b), we conclude that it is
indeed the rapidly upward-moving plug of ping-pong balls
which drags the barrel in the same direction. This behavior
was counterintuitive when naively disregarding the process
of jamming.

V. CONCLUSION

The counterintuitive effect of the barrel jumping in the
same direction as the ping-pong balls was successfully recre-
ated through numerical simulations and explained by a com-
bination of the familiar granular jamming effect together
with Coulomb friction between the plug of ping-pong balls
and the vertical wall of the barrel. The force chain develop-
ment and subsequent increase in contact forces is clearly
captured in the instants that follow the explosion, indicating
the formation of a stable structure. This structure is capable
of sustaining vertical forces for a short period of time, but
enough to significantly accelerate the barrel vertically. The
force network is subsequently dissipated, allowing the balls
to escape the barrel. No jumping-barrel effect could be seen
when either the formation of the plug or the friction between the
plug and the barrel is suppressed by choosing the friction

Fig. 7. Process of jamming represented by the evolution of the force network

among the ping-pong balls. The center of each particle experiencing a con-

tact force from one of its neighbors or from the wall is connected by a link

representing the magnitude of the force in shear direction. (a) Initial state at

t¼ 0. Particles rest inside the barrel under the action of gravity (b) at

t¼ 500 ls, the shock due to the explosion of the bottle is fully developed

and sustains large shear forces. (c) The shock reaches the top layer at

t� 650 ls and the plug decays. (d) t¼ 1, 1 ms. An animated sequence is pro-

vided as Supplemental Material (Ref. 32).

Fig. 8. Density of forces in the vertical direction between the particles and

the barrel for different times after the explosion. The continuous lines show

fits to Gaussian functions as a guide to the eye. In the course of time, the

magnitude of forces accelerating the barrel upwards increases due to the

explosion and later decreases when the shock arrives at the top layer of par-

ticles where the plug decays.

Fig. 9. Vertical barrel velocity as a function of time (friction case; for explana-

tion see the text). No ball-ball friction line: same as the friction case but for fric-

tionless particle-particle interaction, when jamming is inhibited. No ball-ball

friction line: same, but for frictionless particle-barrel interaction. The horizontal

bar marks the corresponding time intervals used for averaging of the forces

shown in Fig. 8. For animated sequences see Supplemental Material (Ref. 32).
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coefficient l¼ 0. In the numerical simulations using realistic
material and system parameters, the barrel jumps to a height of
approximately 0.9 m which is in good agreement with most
nitrogen and ping-pong balls experiments available on the
internet.

The results presented here demonstrate the usefulness of
numerical simulations for understanding physical phenom-
ena at limits at which experimental verification can be hard
to perform. For instance, switching off (or drastically reduc-
ing) friction and/or gravity to study the interplay of jamming
and friction while experimentally feasible, certainly involve
much larger efforts.
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APPENDIX: SIMULATION METHOD

The ping-pong balls as well as the barrel considered here
are both macroscopic objects whose dynamics may be
described by classical mechanics, that is, if all acting forces
are known, the temporal evolution of the system is given by
Newton’s equations of motion. We solve this set of ordinary
differential equations to simulate the dynamics of the ping-
pong balls and the barrel. This method is often referred to as
the discrete element method (DEM).34,35

To obtain the interaction forces needed for a DEM simula-
tion, we model the ping-pong balls and the balls that consti-
tute the barrel as deformable spheres. When the ping-pong
spheres collide they mutually deform each other. The defor-
mation can be quantified by

n � max 0;Ri þ Rj � r½ �; (A1)

where r � j~rj is the absolute value of the inter-center relative
vector~r �~rj �~rj. A representation of the colliding spheres and
the corresponding stages of the collision is shown in Fig. 11.

The deformation causes an interaction force, ~F, that is, in
the contact point the force ~F acts on particle i and the force
�~F on particle j, respectively. It is convenient to subdivide
the interaction force ~F in a part ~Fn parallel and a part ~Ft per-
pendicular to the inter center vector~r

~F ¼ ~Fn þ ~Ft; (A2)

~Fn ¼ ð~F � ênÞ � Fnên; (A3)

~Ft ¼ ~F � ~Fn � Ftêt; (A4)

where ên �~r=r is the inter center unit vector.
For viscoelastic spheres, Fn is given by

Fn ¼ Fel þ Fdis ¼ qeln
3=2 � 3

2
Adis qel

_n
ffiffiffi
n

p
; (A5)

with

Fig. 10. Experiment under conditions of weightlessness. Momenta of the abundance of ping-pong balls (dashed line) and the barrel (continuous line) and the

difference of both (constant horizontal line). For better comparison of the data, the momentum of the barrel is drawn with negative sign. (a) Standard setup

without the solid floor; (b) same but for frictionless interaction of the ball-barrel contacts, l¼ 0. For animated sequences see Supplemental Material (Ref. 32).

Fig. 11. Sequential representation of two spheres colliding. (a) Spheres

approach one another at relative velocity _n. (b) Particles collide and deform

one another by n. This deformation corresponds to a repulsive force, deceler-

ating the relative motion. When the compression assumes its maximum

(repulsive force also assumes its maximum), the relative velocity ceases. In

(c), the particles are no longer in contact and the repulsive force vanishes.
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qel �
2Y

ffiffiffiffiffiffiffiffi
Reff

p

3 1� �2ð Þ ; (A6)

where Y, �, and Reff denote the Young’s modulus, the
Poisson’s ratio, and the effective radius Reff ¼ RiRj=ðRi

þRjÞ, respectively. If two spheres of different materials col-
lide, the term Y=ð1� �2Þ in Eq. (A6) has to be replaced by

Yeff �
YiYj

1� �2
i

� �
Yj þ 1� �2

j

� �
Yi

; (A7)

where Yi;j and �i;j are the Young’s modulus and Poisson’s
ratio of particle i and j.36 The elastic part, Fel, of this widely
used collision model is given by the Hertz contact force37

and the dissipative part, Fdis, corresponds to linear viscoelas-
ticity of the particle material.38 The dissipative part in the
force model (A5) may overcompensate the elastic restoring
force, leading to an unphysical attractive interaction force.
Therefore, Fn has to be limited to Fn ¼ maxð0;Fel þ FdisÞ,
which corresponds to a premature end of the collision where
the particles detach while still deformed and recover their
spherical shape only after the collision has ceased.

At the contact point, the relative velocity ~v between the
surfaces of two colliding spheres reads

~v � ð _~r j � _~r iÞ þ ên � ðRi~xi þ Rj~xjÞ; (A8)

where ~xi and ~xj denote the angular velocities of particles i and
j, respectively. Similar to the treatment of the interaction force,
we decompose this velocity into a component,~vn, parallel and a
component,~vt, perpendicular to the inter-center unit-vector ên

~vn ¼ ð~v � ênÞên � vnên; (A9)

~vt ¼~v �~vn � vtêt : (A10)

The coefficient of restitution relates the normal compo-
nents of the pre- and post-collisional relative velocity (vn and
v0n) between the colliding particles

e � � v0n
vn
: (A11)

For the interaction force (A5), e can be computed analytically
as a function of the material parameters and the impact veloc-
ity.39–42 For a given coefficient of restitution, this relation may
in turn be used to compute the dissipative parameter Adis in Eq.
(A5). In our simulations, the typical impact velocity is
vchar� 120 m/s in the explosion phase where all relevant colli-
sions occur. We choose Adis such that the resulting coefficient
of restitution is e¼ 0.8 for the typical impact velocity vchar.

For the tangential part, Ft, of the interaction force (see Eq.
(A4)) we use the model by Cundall and Strack.43 Here, it is
assumed that particles moving at tangential relative velocity,
vt while bing in contact, load a spring. The spring is initial-
ized at the time tc when the particles get into contact and it
exists until the particle surfaces separate from each other

fðtÞ �
ðt

tc

vtðt	Þdt	 : (A12)

The tangential force is then proportional to the deformation
of the spring, f, again limited by Coulomb’s law

Ft ¼ �signðvtÞ �minðjjfj; ljFnjÞ ; (A13)

where l is the coefficient of friction and j is the elastic con-
stant of the spring. This widely used model is related to the nor-
mal elastic force through the Poisson’s ratio, shear modulus
and Young’s modulus relation.44 Here we used j¼ 0.467qel.

For hollow gas-filled ping-pong balls, it is known that the
repulsive interaction force is a complicated function of the
mutual deformation and the relative velocity. This is true even
for the simplest case of a ball impacting a solid plane.33 For
balls which are in contact with more than one other object, that
is, another ball or a plane, the interaction will be even more
complex. Therefore, the application of the interaction force
model presented, assuming homogeneous viscoelastic material
for the ping-pong balls, is certainly questionable. However, to
our knowledge, no interaction force model for hollow gas-filled
balls is available in the literature. Therefore, for the simulation
presented here, we adopted simplifying assumptions for the
interaction force and checked, that the presented results do not
qualitatively depend on the concrete choice of the interaction
force. That is, when using other force laws, we obtain qualita-
tively similar results.

The numerical integration of Newton’s equation of motion
using the described interaction force was performed with the
open source software LIGGGHTS.45
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