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The authors describe a setup to measure accurately the normal restitution coefficient between a
quasiresonant ball and a plane. It uses the fact that the trajectory of a single ball in a cylindrical box
with a vibrating wall reduces rapidly to a merely periodic one dimensional dynamics, with little
rotation. The ball speed is measured accurately from the time series of impacts. It is also used to
study and calibrate a sphere-plane impact sensor. This sensor allows to determine the collision time
at a microsecond accuracy and the maximum force applied. The collision is found to obey the Hertz

law. © 2006 American Institute of Physics. [DOI: 10.1063/1.2400061]

When a macroscopic particle collides with a rigid wall
or another particle, it suffers a loss of energy, generating heat
and deformation. The collision is then called inelastic and it
is partly characterized by a normal restitution coefficient
computed from the normal velocity before and after the im-
pact. The knowledge of the dependence of this coefficient on
the initial velocity of the particle has motivated numerous
works to better understand the dynamics of a collision and to
improve the modeling and the numerical simulations on
granular material. Until now, the measure of restitution co-
efficient between sphere/sphere or sphere/plate is often per-
formed with a high speed video camera.' This letter is aimed
at describing another technique to measure more accurately
the normal restitution coefficient between a fixed plane and a
moving ball excited by the sinusoidal motion of a piston in a
direction perpendicular to the plane. The measurements are
based on the observation of the coherent behavior of a ball
filling a cylinder closed at the top by a fixed force sensor and
at the bottom by the moving piston mechanically linked to a
triaxial accelerometer. The schematic drawing of the basic
setup is given in Fig. 1. The classical problem of a free
bouncing ball on a Vibratin% piston has been extensively
studied under Earth’s gravity” for its importance in chaotic
dynamics and its link with ergodicity. However, it has been
recently revisited considering fast enough excitation in mi-
crogravity experiment,3 using a closed box where a lid takes
a role equivalent to the gravity in the Fermi acceleration
mechanism.* In particular, one observes that the ball motion
reduces quasi-instantaneously to a one dimensional trajec-
tory in the direction of vibration. This drastic reduction of
the phase space is due to the combined effects of the rules of
collisions and the existence of the two (fixed and moving)
walls that improves the losses in translational degrees of
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freedom. This annihilates the ball rotation and freezes the
ball motion in the direction of excitation. Then a resonant
behavior of the ball takes place on the longest possible tra-
jectory parallel to the vibration. This particle behavior is syn-
chronized with the piston motion when the amplitude of the
vibration is large enough, and the particle/wall impacts occur
at periodic instants with a well defined Velocity.3 Using pre-
cise impact time measurements (described below), one can
deduce flight times and velocities of the ball before and after
successive impacts, thus accurate measurements of the nor-
mal restitution coefficients attached to each plane/wall con-
tact can be made. The main advantages of our setup can be
seen from the typical results of Fig. 2, which were obtained
by using a stainless steel spherical bead of radius R
=1.000+0.001 mm and mass m=(32.67+0.10) X 107 kg. In
this freestanding installation, the force sensor works with
ball impacts that can produce a high-frequency ringing. Such
effects have no influence on our measurements (see below).
A significant part of the tests was performed in microgravity
during parabolic flights in order to avoid the gravity effect

bare-sensor AZ
support

sensor

=10 mm

transparent cylinder

static
platform

moving piston

FIG. 1. Experimental setup: Schematic cross section of the cylindrical cell
with a force sensor in a freestanding installation.
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FIG. 2. Experimental signals recorded at f=100 Hz and A,=1 mm by (a)
the force sensor acting as a fixed plane wall and (b) the accelerometer linked
to the moving piston (ball radius R=1 mm).

for better control of the uncertainties. Now, the setup can
also be used in a “lg,” environment (with gy=9.81 m/s?),
introducing analytical corrections to treat automatically the
ball trajectory in the Earth’s acceleration field g,

The ball is free to move in a vertical cylinder of inner
diameter D=12.7 mm and inner height H=10.0 mm (at rest).
The bottom wall (i.e., the piston surface) moves sinusoidally
according to A, sin(wt). The piston was linked to a magnetic
coil which performs a vertical acceleration —I',, sin(w?), f
=w/27e[30-140 Hz] and T, € [1-500 m/s*], with the aid
of an electromagnetic shaker. The vertical sinusoidal accel-
eration is driven with a low-distortion signal generated by
the analog output channel of a digital-analog converter. The
digital triggering of each sine wave is made at
5000 samples/s X 12 bit resolution. The acceleration of the
shaker is measured by using a piezoelectric triaxial acceler-
ometer, recorded at 10 kilosamples/s X 12 bit resolution.
Moreover, a second acquisition of the vertical acceleration is
made at 2 megasamples/s X 12 bits, which allows to accu-
rately detect the impact time with the piston. The maximum
amplitude of displacement of the piston is A,=I",/ ?
€ [0.1 mm;1.5 mm] and the piston’s velocity can go up to
1.78 m/s. I', and f are obtained from direct Fourier trans-
form of the acceleration signal while the velocity and dis-
placement of the piston are computed by signal integration.
The flat sensing surface of a fixed force sensor closes the box
on its top, in front of the moving piston. This top wall is
made of stainless steel. The acquisition from the force sensor
is also made at 2 megasamples/s X 12 bits, thanks to the
same acquisition device, and a 25 Hz video camera with a
700 X 500 pixel resolution is used to observe the bead dy-
namics and the moving piston. The quasiresonant motion of
the bead can be also analyzed and controlled by stroboscopic
illumination of the cell at the shaker frequency. The experi-
ment is embedded in an Airbus A300-0G performing parabo-
las during which the gravity is reduced to 0+0.05g,. Figure
2 shows a typical signal from the force sensor and from the
vertical accelerometer when the ball moves in resonance
with the piston motion. The latter signal is recognizable from
its sinusoid base line and allows one to determine the times
of impact with the piston accurately. The signal observed
from the sensor after each impact results in a high-frequency
ringing, mainly due to beating at 100 and 110 kHz, which
relaxes within a characteristic time of 200—400 us. As the
first peak of the fast sensor response contains most of the
information concerning the dynamical contact (see below), it
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FIG. 3. Ball impact force (in Newtons) measured by the force sensor as a
function of the input ball velocity for different ball radii. The curves are
expected for Hertz-like behavior (see text).

has been used to study the effect of the impact location,
which has been found to be not relevant. In this case, the
sensor relaxation time is then much smaller than the smallest
period of the vibrating piston, allowing each impact to be
detected with good accuracy. As it will be related elsewhere,
this setup can be used to calibrate a gauge. Actually, it has
been found that the maximum amplitude of the signal is
proportionnal to the contact force F,. As an example of the
efficiency of the setup, we report in Fig. 3 the data obtained
with a series of steel spheres of different radii R as a function
of the speed v, before the collision. The data are compared
to predictions with no adjustable parameters by using a Hert-
zian law of contact, Fie=(5m/4)3 k5 (v,)%, where k
=2E\VR/[3(1-1?)]. Here E and v are Young’s modulus and
Poisson’s ratio of the material, respectively: E=21.6
X 10" N/m? and v=0.276. The ball speed is deduced from
the time of flight between the successive impacts with the
(bottom) piston and the (top) sensor: v,=[L-2R
—A,, sin(wt,(n+1))]/At,5(n) (see Fig. 2 for notation). Figure
3 shows the experimental data and theoretical prediction
without any adjustable parameters for F, as a function of the
ball velocity and for different ball radii. Experimental and
theoretical results are in good agreement in the whole range
of the velocities investigated. Finally, one can measure dis-
crete values and mean value of the restitution coefficient &
=—v_/v, [where v_=—(L-2R-A, sin(wt,(n+1)))/Atg(n) is
the output ball speed]. Figure 4 displays the mean value of
the discretized restitution coefficient as a function of the
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FIG. 4. Measured mean value of the normal restitution coefficient as a
function of the input ball velocity for different ball radii.
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mean value of the discretized ball velocity for balls with
different radii. The precision of our data is greater than any
other classical method used to measure similar impact pa-
rameters due to the 2 megasamples/s sampling rate. One
notes that € decays slowly and linearly with the increase of
velocity from nearly 0.95 to 0.88 and that the diameter of the
particle seems to have a nonsignificant role on e. This is
currently studied in detail to measure the normal restitution
coefficient between the ball and the plane of different mate-
rials, now using an improved setup where the force sensor is
covered by an exchangeable massive cap. It permits, for ex-
ample, the study of plasticity5 at large speed. Moreover, the
present experiment reveals that plasticity occurs at larger
speeds due to the dynamical improvement of elastic proper-
ties of materials.”

In conclusion, we have presented a method to measure
the normal coefficient of restitution between a ball and a
plane which uses a closed box with a moving piston. Accu-
rate results are obtained, thanks to the geometrical configu-
ration, the resonance, and the precision of impact detection.
Inversely, the setup can be used to calibrate and qualify
gauges accurately. It has been used on a force sensor covered
by a cap, whose domain of use has been extended to analyze
much shorter times and fast collisions. The variations of the
coefficient of restitution of a sphere with a plane has been
studied as a function of the ball speed for different sphere
diameters and exhibiting small variation, £€=0.9-0.95. Fi-
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nally, our setup opens a route to produce basic understanding
in mechanical alloying, high-energy ball milling, and more
generally, in technological processes involved in mechanical
material processing.
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