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Abstract

Description of the impact characteristics of different types of balls has a great importance in sport science and in engineering.
The primary objective of the present paper is to investigate the effect of the temperature on the impacts of different types of squash
balls from a given company. The shots were performed using a self-built air-cannon. The impacts were recorded by a high-speed camera
and the recorded videos were analyzed by an image-processing method based on a background subtraction technique. Summarizing
the main dynamical parameters, we can conclude that increasing the initial speed will decrease the contact time, the coefficient of
restitution (COR) and the rebound resilience, whereas these parameters increase at elevated temperatures. The compression tests
revealed that within the low velocity range the deformation of the ball's material and not the compression of the inner gas is the main
contribution in the force needed to compress the ball. However, when the ball suffers large deformations, the internal air pressure has
a huge effect on the rebound behavior. The measurements revealed that there is an optimal initial velocity distinct from the maximum

one where the rebound velocity of the ball is higher than in all other cases. From the results we can state that the ball's overall stiffness

grows as the temperature increases.
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1 Introduction

We can divide the ball sports into three different groups
based on their ball types. First, we can distinguish solid
ones (golf, cricket), where the ball's behavior mostly
depends on its material parameters. There are papers
dealing with the topic of solid ball impacts [1-6] and ball
impacts in general [7-11]. However, there are balls, where
we can conclude that the dynamic behavior is mostly
affected by the condition and the amount of the inner gas
enclosed in the ball. The material properties have less
impact on such balls (e.g. soccer [12]). These balls can be
categorized into a second group. Between the presented
two groups, there is a transitional category called hollow
balls where we can fit in the squash balls. This group typi-
cally contains balls with a relatively thick wall that is filled
with air or other gas mixes. In the topic of ball collisions,
we can find experiments of hollow ball impacts investigat-
ing ping-pong and tennis balls [13-21] as well as squash
balls [22-23] and there are some which also dealt with the
effect of temperature on ball impacts [24-25]. They mainly

examined one ball type with limited impact parameters,
e.g. regarding the energy loss or the ball's hang time.

In the present article, we investigate all squash ball
types from a given company and we analyze the influence
of the temperature change on their impact characteristics.
Our goal is to fill the gaps of the topic by showing pieces
of evidence for some interesting phenomena presented
before [22] and to form an overall summary of the dynam-
ics of squash at the same time.

2 Experimental procedures

2.1 Impact tests

The results presented in this paper were obtained with five
different types of squash balls which were purchased at
the same time from the same place. Therefore, we can con-
sider that they were in the same condition. For the measure-
ments, we chose the brand called Artengo from Decathlon
because they have the same external diameter regardless
of the ball type, unlikely to Dunlop. This parameter was
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Table 1 Parameters of the measured squash balls

Squash balls' parameters

Type Super slow SB960  Super slow SB930
Color Black Black

Dot 2 yellow 1 yellow
Level Competition Club

Nominal diameter [mm]

Nominal mass [g]

Slow SB590 Medium SB560 Fast SB190
Black Black Blue
1 Grey 1 Red 1 Blue
Improver Improver Beginner
40
24

vital to perform the shots identically using the same setup.
We can distinguish five different ball types in this brand
from the fastest one to the slowest one. Each ball has a
color code with a base color and dots, which we will use
to identify them henceforth. The main parameters of the
balls are listed in Table 1.

A custom-made air cannon was built for the measure-
ment (see Fig. 1). The air-launcher was calibrated before
the actual measurement to match the air pressure val-
ues in the tank with the ball velocities which can occur
during a real squash match. From this premeasurement
procedure, we obtained the values of the air-pressure that
was applied identically for every ball shot to reach almost
the same ingoing speed. To record the impacts a Photron
FASTCAM SAS5 High-speed camera was used, equipped
with a Nikon Nikkor AF 200mm /4D IF ED camera lens.
We used 20 000 FPS (frame per second) for the record-
ings. The evaluation process was made in Matlab based
on a background subtraction method, which allowed us to
track the ball through the determination of its centroid.

In case of a real squash game, at the beginning of the
match the players start to warm up the ball for a 4 minutes
interval as the World Squash Rules documentation men-
tions [26]. The heated ball's temperature is usually around
45 °C[23], so we chose 40 C° and 50 °C as nominal values

besides the room temperature, which was 30 °C during
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Fig. 1 Air cannon used for the experiments.

that time. We performed the shots with one ball type at a
certain temperature level with 5 different initial speeds,
which means 75 different impacts in total. The tempera-
ture of the ball's surface was always checked before and
after the impact with a Seek Thermal Compact PRO ther-
mal camera. An example can be seen in Fig. 2.

In general, we can say that there was a 3 °C temperature
drop between the two values (before and after the impact),
but it took about 15 seconds to perform a shot and do the
measurements.

During the measurements, the air-launcher's tube was
horizontal but not completely perpendicular to the sur-
face to avoid the impact of the rebounding ball and the
air-cannon but still keep it in the camera's depth of field.
The angle was around 88° between them in the horizontal
plane, so it does not influence the quality of the records.
The impacts were performed against a steel surface, which
was much heavier (55 kg) and stiffer than the squash ball.
In addition, the steel surface was fixed to the wall.

2.2 Compression tests

On the other hand, we also carried out compression tests
using an INSTRON 3345 testing machine. Here the prepa-
rations included the setup of the testing machine and the
drilling of a tiny hole through the ball's rubber wall. This
was necessary to let the air leave from the ball during the
compression, therefore we could distinguish the behavior

Fig. 2 Measuring the temperature of the squash ball's surface. The

orange region on the right is a water droplet.
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of the balls' materials from the effect of the inner air. The
entire loading cycle consisted three regimes:
1. compression with maximum displacement of 27.5 mm
2. 10 s of holding
3. unloading.

The crosshead's velocity was 300 mm/min in the load-
ing and unloading phases. The relaxation part was applied
to reveal the viscoelastic behavior of the balls in different
conditions (unharmed, drilled).

3 Results

3.1 Impact tests

Fig. 3 visualizes a particular impact by its 8 frames
recorded by the high-speed camera, where the upper ones
from left to right belong to the ingoing ball and the lower
ones represent the rebound phase from right to left accord-
ing to the actual movement of the ball.

During the evaluation, we used only the horizontal
component of the velocity while the change in the vertical
component is negligible. The evaluated rebound velocities
as a function of the initial velocity of the ball at three dif-
ferent temperature levels are shown in Fig. 4 in the case of
the "fastest" ball (a) and "slowest" one (b).

The velocity difference between the balls is noticeable at
the lower range but not too significant at higher velocities.
On the other hand, the difference in the rebound velocity
caused by the temperature change is remarkable. For exam-
ple, in Fig. 4(b), the degree of the speed difference is around
5 km/h per every 10 °C in the range of 90-150 km/h.
The reason for the velocity growth is the increased stiff-
ness of the ball caused by the warm-up. An interesting fact
that the rebound velocities belonging to the maximal initial
values are lower than the ones belonging to the preceding
initial speeds almost every time. From this observation, we
can conclude that there is an optimal initial velocity distinct
from the maximum one where the rebound velocity of the
ball is higher than in all other cases.

0.45 ms

4.7 ms

0 ms 0.95 ms 1.55 ms

&
<

9.05 ms

time )

3.7 ms | 2.7 ms |

Fig. 3 Representation of an impact by its frames. The elapsed time is

indicated.
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Fig. 4 Rebound velocity as a function of initial velocity; (a) "fastest" ball;
(b) "slowest" ball

The impacts' two most important parameters are the
coefficient of restitution (COR) and the contact time (t ).
Let us investigate the COR at different ball types first,
then the effect of the temperature change on this param-
eter. The definition of COR is the ratio of the rebounding
and the ingoing velocities (see Eq. (1)).

The visual representation of the calculation is illus-
trated in Fig. 5 for room temperature.

As the initial speed grows, the COR will decrease - as
we expected - because the higher velocity will result in
larger deformations, which cause higher energy loss and
lower rebounding velocity in proportion. The difference
between the ball types is noticeable at the lower velocity
range, unlikely to the higher range where it is barely vis-
ible. The "fastest" blue ball has the highest COR, as we
thought from the investigation of the rebounding velocity.
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Fig. 5 Coefficient of restitution as a function of the initial velocity —
Comparing different ball types at room temperature
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The effect of the temperature on the COR is represented
in Fig. 6 for the double yellow ball.

As we can see, the coefficient of restitution grows as
the temperature increases, which means that the rebound-
ing speed with the same ingoing velocity will be higher
in the case of a heated ball than in the case of room-tem-
perature. However, it should be noted this observation is
not valid at very high velocities, where the ball's deforma-
tion is severe. On the other hand, the ball suffers greater
deformations at higher temperature levels as Figs. 7 and 8
show. It causes this nontrivial phenomenon at the very
high-velocity range (~above 220 km/h) where the ball at
room temperature has higher rebound velocity than the
same ball type with increased temperature (Fig. 4). This
explains the fact why we experienced this contradiction
in the impact behavior and higher COR value for the
unheated ball after a certain velocity (Fig. 6).

Let us investigate the impacts' another important param-
eter which is the contact time. The contact period was
that part of the video where contact was formed between
the ball and the impact surface. The first frame is when
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Fig. 6 Investigating the temperature's effect on the coefficient of restitution

T =30°C T =39°C
Y; Y,

Fig. 7 Deformation of the blue ball horizontally to the wall at different
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Fig. 8 Deformation of the blue ball perpendicularly to the wall at
different temperatures
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the ball touched the wall, whereas the last frame is the par-
ticular one, where the ball lost the connection with the sur-
face. Using the number of frames within these boundar-
ies and the frame-rate, the contact time can be calculated.
These periods of time as a function of the initial velocity
are shown in Fig. 9 for every ball type at room-temperature.

As the ingoing speed grows, the contact time will
be shorter, which met our expectations. The difference
between the ball types becomes visible as the initial veloc-
ity increases in contrast to the COR where it was notice-
able at the lower velocity range. The blue ball's contact
time is the longest, while the double yellow dot ball has
the shortest contact time period. It fulfills the expectations
again as the blue ball belongs to the beginners and the dou-
ble yellow dot to the professional players.

In Fig. 10, we can see that the heating of the ball results
in a longer contact time. It can be explained by the fact
that a heated ball during an impact suffers greater defor-
mations than in the case of a ball at room temperature if
we consider the same initial velocity.

To determine precisely these deformations, let us investi-
gate the impacts with nearly the same initial speed but at dif-
ferent temperature levels. In Fig. 7, there are 3 frames from
3 different impacts with the blue ball where the horizontal

deformation to the wall was maximal in all of the cases.
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Fig. 9 Contact time as a function of the initial velocity — Comparing
different ball types
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Fig. 10 Investigating the temperature's effect on the contact time
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The difference is clear, but it is more visible in the hor-
izontal direction perpendicular to the wall directly at the
moment before the contact was lost. These frames can be
seen in Fig. 8.

The dimensions of the deformed shapes are summa-
rized in Table 2 with the initial velocity and temperature
values belonging to them.

The influence of the temperature change on the deforma-
tion is significant. Compared to the initial condition (30 °C)
the 10 °C temperature increase caused a 12 % higher defor-
mation while the 25 °C one caused 18 % higher deforma-
tion in the vertical direction parallel to the wall in the case
of the blue ball. To eliminate the effect of the slightly dif-
ferent initial speed values we show the same evaluation for
the yellow dot ball in Table 3.

In this case, we can see that the initial velocities are
within a 1 km/h range but the results are remarkable as well.

A reference by Cross [22] concluded that during an
impact between a hollow ball and a flat surface, one could
experience that the contact area which touches the wall
first can buckle inwards. An example of this phenomenon
can be seen in Fig. 11. However, if we would like to inves-
tigate this behavior, a camera setup perpendicularly to a
plexi-glass apparatus would be a better solution to record
the impact surface in detail.

After discussing the most important parameters, let us
investigate the energy loss of the collision. One could read

Table 2 Blue ball's deformed dimensions at different temperatures

Deformed dimensions

Initial velocity Temperature
[km/h] [°C] Y [mm] X [mm]
1. 252 30 60.9 43.2
2. 263 39 65.4 47.6
3. 259 55 679 479

Table 3 Yellow dot ball's deformed dimensions at different temperatures

Deformed dimensions

Initial velocity Temperature
[km/h] [°C] Y [mm] X [mm]
1. 262 30 58.1 39
2. 261 41 61.6 46
3. 261 53 66.6 473

Fig. 11 Buckling phenomenon during impact

a detailed article about this topic presented by Tadrist and
Texier [24]. As a brief summary, we can state that most of
the kinetic energy is dissipated due to the deformation of
the ball during the impact. Some of the energy is stored
in the ball as the increased internal air pressure and elas-
tically in the rubber wall. The rest is lost as sound or as
thermal energy in the impact surface, in the air or in the
ball’s wall. The reason for the heat generation is the fric-
tion between the impact surface and the ball and the inter-
nal friction of the rubber material itself. The increased
temperature influences the mechanical properties of the
ball's material as well as the internal pressure of the ball.
As we considered these impacts as planar motions, we
utilized the simplified formula to calculate the kineticenergy.
The kinetic energy of a rigid body is the sum of the trans-
lational part and the rotational part by definition as follows:

1 1
E, :Emvé +596w2, (@)

where:
* E,: kinetic energy of the squash ball [J],
* m: mass of the squash ball [kg],
* v, velocity of the squash ball's center of gravity [m/s],
* 0 squash ball's moment of inertia calculated for the
center of gravity [ kgm?],
* : angular velocity of the squash ball [rad /s].

The fact that the air-cannon should shoot the ball with-
out remarkable angular momentum was one of the design
requirements. As Fig. 12 shows, it satisfies this condi-
tion in a way that we can neglect the rotational part of the
kinetic energy as the ball's angular velocity is nearly zero.

The more simplified term for the kinetic energy is the

following:
1,
E =—mv,. 3
2
0 ms 1.5 ms 3.35 ms
P time )
13.65 ms ‘ 9.95 ms ‘ 5.2 ms

Fig. 12 Top row: impact phase from left to right; Bottom row: rebound
phase from right to left according to the actual motion. The elapsed

time is indicated.



Using this formula, the kinetic energy after the impact
as a function of the kinetic energy before the impact can be
seen in Fig. 13 for all the ball types at room-temperature.

Our previous experience can be observed here as well.
If the kinetic energy of the ball increases due to the initial
velocity growth there will be bigger deformations which
results in higher energy loss. The difference between the ball
types are noticeable especially at the lower velocity range.

As we experienced it above, the temperature growth
causes higher deformation and higher rebounding veloci-
ties in a dominant range of the investigated inbound veloc-
ities. However, the rebounding velocity can be smaller at
higher inbound velocity at the same temperature value as
it can be seen in in Fig. 4. This phenomenon can be also
demonstrated by plotting the output kinetic energy versus
the input kinetic energy (see Fig. 14)

The most important parameter which relates to the
energy loss is the so-called rebound resilience which can
be described as the material's ability to absorb energy
when the object is loaded, then it releases this energy
during the unloading phase [23]. This value can be calcu-
lated by the ratio of the kinetic energy after and before the
impact, which is a really low value in terms of squash balls.
The rebound resilience comparison of the ball types as a
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Fig. 13 Output kinetic energy as a function of the kinetic energy before

the impact — Comparing different ball types
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Fig. 14 Investigating the temperature's effect on the kinetic energy of
the ball
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function of the initial velocity can be seen in Fig. 15 and
the influence of the temperature on this parameter in the
case of the double yellow dot ball is illustrated in Fig. 16.

In the results, we can see indeed that a huge amount of
energy dissipated during the impact. The blue ball has the
higher rebound resilience while the double yellow dot has
the lower one. The growth of this parameter value caused
by the temperature is also noticeable which met our expec-
tations from the previous investigations.

3.2 Compression tests

The results of the compression test at room temperature
can be seen below. Fig. 17 shows the compressive force
results for the unharmed blue and double yellow dot balls.
The force-displacement curves for the harmed balls (hav-
ing tiny drilled holes) are presented in Fig. 18.

In these figures, we can distinguish the 3 phases of the
load cycle. During the compression the acting force con-
stantly increases by the displacement of the crosshead,
then at the holding phase we can see the relaxation of the
rubber. It can also be stated that during the compression
the stiffer double yellow dotted ball needs higher acting
force at the same displacement value compared to the blue
ball. The relaxation behavior can be remarked mostly on
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Fig. 15 Rebound resilience as a function of the initial velocity —

Comparing different ball types
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Fig. 18 Compression force versus displacement curves for the harmed
blue and the double yellow dot balls

the drilled balls in the form of a hysteresis loop which has
a larger area in the case of the double yellow dot ball. This
is exactly the result what we expected based on the experi-
ences from the impact tests, where this type had the smallest
rebound resilience which meant the highest energy losses
during the collisions. The difference between the stiffness
of the unharmed and harmed blue balls is shown in Fig. 19.

In the beginning phase until around 10 mm crosshead
displacement the two curves look almost identical which
means that the inner air has no significant effect within
this region. However after 15 mm the unharmed ball's
curve has a rapid increase. It can be remarked that at the
end of the process for the same amount of displacement
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Fig. 19 Comparison of the loading curves of the unharmed and harmed ball

we need about three times bigger compression force in
the case of the unharmed ball than for the drilled one. In
comparison to Lewis et al. [23], this result showed that the
inner air could have a huge effect in the rebound behav-
ior when we are considering large deformations. We can
state that large deformation has already occurred above
90 km/h which is a usual ball speed during a real squash
match. An example for the blue ball at room temperature
can be seen in Fig. 20, with an initial speed of 92 km/h.
An image of the compression test at the lowest position is
also illustrated to make the deformations comparable.

Finally, in Fig. 21, we can see the effect of the warming
up process on the characteristics of the blue ball.

In the diagram we can see 3 cases, namely the speci-
men in room temperature, one heated up to 50 °C which
represents a realistic case in terms of a squash game, then
the last one which was warmed up to 90 °C to make the
difference noticeable. As we can see, for the same amount
of compression we need a higher compression force in the
heated cases. This means that the balls harden, their over-
all stiffness becomes greater. This result is consistent with
our observations in the impact tests where we experienced
higher impact velocities as the balls were warmed up.

4 Conclusions
From the measurements and the evaluation process, we can
conclude that the observed parameters mainly changed in
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£
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wall

Fig. 20 Comparison of the deformed ball in compression test (left) and

in the impact test (right)
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Fig. 21 Effect of the temperature on the ball's compression characteristics



response to the temperature change in different ball types
as we expected from the articles which dealt with this
topic previously. We found evidences for some interesting
phenomena presented before while we experienced some
new ones which raised more questions.

In general, we can say that the COR, the contact time
and the rebound resilience will decrease with the increase
of the initial velocity, while these parameters will grow
by the increase of the temperature of the ball. What is
really important, that in our case these statements are
not valid for the very high velocity range. An unexpected
event was, that using this given product, there is an opti-
mal initial velocity distinct from the maximum one where
the rebound velocity of the ball is higher than in all other
cases. Considering that the velocity range used during the
measurements met the velocity range occurring at a real
squash game, we can say this is a valuable experience.

From the results of the impact test we also found an evi-
dence for an interesting buckling phenomenon of the ball
which was mentioned by Cross [22] before.

We can conclude that within the low velocity range
when the ball suffers smaller deformations the ball's mate-
rial dominates and almost all the compression force arises
from the deformation of the rubber. However, in contrast of
Lewis et al. [23], we state that the internal air pressure has a
huge effect on the rebound behavior when we are consider-
ing large deformations, which is usual during a squash ball
game where the ball’s velocity is mainly above 100 km/h.

The compression test results were consistent with our
experiences came from the impact test e.g. in case of the
double yellow dotted ball, the area of the hysteresis loop was
bigger compared to the blue ball which explains the lower
rebound resilience value as well as the lower impact velocity.
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It is really hard to describe such a complex dynamical
behavior as the impact of a squash ball. To summarize the
experiences we can state from both the impact and com-
pression tests that the ball’s overall stiffness grows as the
temperature increases. On the other hand, the ball suf-
fers greater deformations at higher temperature levels as
Figs. 7 and 8 showed earlier, which caused some nontrivial
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the investigation of other similar phenomena as well.
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