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Abstract: This study presents experimental investigations on the normal restitution coefficients of
a titanium bead (Ti), zirconia bead (ZrO2), and amorphous zirconium alloy sphere (Amor). The
research explores the influence of particle diameter and collision velocity on the normal restitution
coefficient between two independent, identical spherical particles of different materials. The experi-
mental findings demonstrate that increasing the particle diameter results in more effective plastic
deformation, leading to higher energy losses and, subsequently, smaller coefficients of restitution.
Similarly, higher particle velocities cause more energy dissipation during collisions, resulting in
smaller restitution coefficients. Comparing particles of different materials, those with larger yield
strengths exhibit more elastic behavior, experience less initial energy loss due to deformation, and
reach the maximum restitution coefficient (elastic state) with fewer collisions. This finding suggests
that material properties significantly influence the overall energy dissipation and elastic response
in the particles. To validate the experimental results, existing models are compared and discussed.
Furthermore, potential physical mechanisms responsible for the observed behavior are explored,
providing valuable insights into the collision dynamics in spherical particle interactions. Overall, this
study contributes to a better understanding of the factors affecting the normal restitution coefficient
in particle collisions, enabling the design and optimization of particle systems for diverse applications
in condensed matter and related fields.

Keywords: normal coefficient of restoration; particle diameter; collision velocity

1. Introduction

The NCOR (Normal coefficient of restitution) is very important in the study of particu-
late matter because it is the basis of the dynamic theory, which is based on the Boltzmann
equation [1], the particle fluid dynamics theory [2], and the efficient event-driven molecular
dynamics of particulate matter [3–5]. In all theories relating to event-driven simulations
and dynamics of non-viscous particulate matter, it is commonly assumed that the coefficient
of restitution is a constant or simply a function used to monotonically decrease collision
velocity through appropriate mathematical models [6–8]. However, a common feature
in current theories regarding the coefficient of restitution is that they often overestimate
its value by tens of percentage points compared with physical measurements [9]. An
increasing number of studies have shown that the main reason for this is that the NCOR is
not a simple material constant but is controlled by a variety of factors, and the influencing
mechanism is complex [10]. Therefore, a comprehensive and accurate calculation model
for reference does not currently exist. Considering the interaction between the influencing
factors and the nonlinear relationship between some influencing factors and the NCOR,
these uncertain relationships will exist even if ideal geometry is used in an experiment,
which may lead to more uncertain conditions for naturally occurring particles [11]. The
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objective of this study was to obtain the NCOR of small-sized (d < 3 mm) beads used in a
vibrating fluidized bed under low-speed collision conditions and to explore the possible
physical mechanisms affecting the NCOR.

Regarding the impact of parameters such as collision frequency, particle size (R), initial
velocity (v0), particle densities (ρ), Poisson’s ratio (v), Young’s modulus (E), yield pressure
(Y), and stress and strain parameters (σ = bεn) on the restitution coefficient, typically,
relevant studies have separately investigated the effects in three types of collisions: normal
impacts, oblique impacts, and repeated impacts. Cross et al. landed several types of balls
vertically on a brass rod, obtained the velocity variation during the impact process, and
presented the dynamic hysteresis curve during the low-speed impact condition [12]. Even
at low impact speeds, the experimental spheres still produced local damage and plastic
deformation, and similar results were obtained in Johnson’s study [9]. In addition, it was
found that the energy loss of the spheroids in dynamic analysis was greater than that
in static analysis. Stevens et al. [13] also studied the influence of impact velocity on the
coefficient of restitution in the velocity range of 0.2 m/s–1.2 m/s. Bridges et al. [14] studied
the effect of impact velocity on the coefficient of restitution in the very low velocity range
of 0 to 0.01 m/s. It was established that both the coefficient of restitution and collision
duration decreased with the increase in collision velocity. In another experiment [15],
Minamoto et al. carried out a high-speed collision (up to the maximum 20 m/s) between
two steel balls using an air gun and verified the results using finite element analysis. It
was found that, when the incident velocity increased, the collision restitution coefficient
decreased. In collision experiments between steel balls and two types of aluminum rods,
Seifried et al. [16] found that the restitution coefficient increased with the number of impacts
until it reached a fixed value. This was due to the plastic deformation and the residual
stress generated in the contact area. Ultimately, the plastic deformation did not expand, and
all the energy loss was attributed to the wave propagation. In addition, Minamoto et al. [17]
obtained similar results in the collision analysis of viscoplastic models in finite elements.
Weir et al. [11] presented experimental data regarding the restitution coefficient between
brass balls and brass plates at the collision velocity of 0.7 m/s. They concluded that, with
balls of the same size, the restitution coefficient of ball–ball collision was about 19% smaller
than that of ball–plate collision, and the restitution coefficient tended to become stable
after 5 to 10 repeated collisions. Aryaei et al. [18] studied the dependence of the restitution
coefficient on ball size when steel balls with diameters ranging from 6 mm to 12 mm were
collided with steel plates and aluminum plates. Higa et al. [19] investigated the effect of
particle size on the coefficient of restitution of a puck at speeds ranging from 0.1 m/s to
1.0 m/s. The experimental results showed that the coefficient of restitution (COR) value
gradually decreased with the increase in the ball diameter. However, this result contradicts
the theoretical expression derived by Stronge et al. [20], who suggested that sphere size has
no effect on the restitution coefficient. Sandeep et al. [21] developed a micromechanical
impact-loading device for the measurement of the coefficient of restitution and studied
the coefficient of restitution (COR) and energy loss between various particles and base
blocks. The device could test particles that were approximately 1–3 mm in diameter. The
height of the drop could be adjusted to about 500 mm. In a study by Zhao et al. [22],
improved particle-tracking velocimetry (IPTV) was used to measure collision behavior
between irregular maltodextrin particles (with characteristic sizes of about 100 µm) and
horizontal substrates. The measured data were compared with DEM simulation results
using a multi-sphere model and a super quadratic model. The distribution of the total
values of the normal restitution coefficients and their corresponding relationships with the
absolute difference in rotational speed, incident angle, and rebound angle after collision
were analyzed. Wang et al. [23] used the discrete element method (DEM) to simulate
“particle–particle” collision between corn kernels, obtained the relationship between the
input quantity and the energy COR, and verified it using the energy value data of corn
kernels obtained in the experiment. The simulation results showed that the energy COR
method was more accurate than the kinematic COR method, and the effects of impact
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velocity and impact angle on the high-energy COR were also studied. The COR is used in
the analysis of many DEM models [24–32] that simulate particle flow. Li et al. [33] studied
the influence of surface roughness on the COR through an impact experiment between
particles and walls with different levels of roughness, and the results showed that the COR
decreased with the increase in surface roughness.

Many previous experiments and famous contact theories have studied the influence
of different factors on the COR, and most of them have focused on larger particles or the
restitution coefficient between small particles and base blocks. However, most particle
flows consist of collisions between particles with radii of 1 mm or less, which are smaller
than those used in typical particle impact experiments. However, the literature on the resti-
tution coefficient of small-sized “particle–particle” collision is not sufficient, and accurate
numerical models for theoretical and numerical studies of collisions are not yet available.
The main reason for this is that the COR of small-sized “particle–particle” collisions differs
from that of large particles; it is measured using a simple pendulum system. The influence
of the traction rope in the simple pendulum system on the measurement of the COR of
small particles cannot be ignored. This means that it has become exponentially more
difficult to create experimental designs to measure the COR of small “particle–particle”
collisions. This is also the main reason why most studies regarding the COR choose to avoid
using small particles. In short, in the study of particle gases and fluids, a large number of
collisions occur between particles that are smaller than 1 mm. Therefore, the restitution
coefficient obtained via collisions between particles and a flat plate may not be a good
representation of the restitution coefficient during collisions between particles. Regarding
the suspension method, although the restitution coefficient during a collision between
two balls can be measured directly, due to the influence of the quality of the lanyard, a
large error will be present when measuring the collision of smaller particles. Therefore,
the current experiments only measure collisions between larger particles. Therefore, more
systematic measurements and studies regarding the COR of small-sized “particle–particle”
collisions and related influencing factors are needed to investigate the behavior of beads
during vibrational fluidization. More experimental results relating to collisions between
smaller particles are needed to support the few relevant studies that exist. In this study,
the drop collision system was considered. This system can not only exclude the influence
of the traction rope on the measurement of the coefficient of restitution, but it can also
directly obtain the normal restitution coefficient of small particles without the need to
calculate the normal component of the restitution coefficient obtained from an oblique
collision. A limitation of the drop collision test is that it is not easy to make a small particle
(1 mm ≤ d < 3 mm) collide with another fixed small particle during free falling, and it is
even more difficult to make them collide in the normal direction. To address this challenge,
this study adopted the repeated collision method, in which the first collision can still fall
vertically after bouncing, the second collision with the fixed particle is selected as the
effective collision, and the normal collision is defined by this standard. In this method, a
flexible material is used for the platform to release the free particles, m2, so as to ensure that
the initial velocity of m2 is zero and to improve the collision efficiency of the two particles.
By fixing the other particle, m1, to ensure that it is always stationary (v = 0) during the
collision process, the absorption of collision energy by other media is avoided, the method
of particle collision is simplified, the acquisition efficiency of the NCOR data is enhanced,
and the accuracy of the NCOR is improved.

2. Materials and Methods

In this section, the following six main components in our experimental system are
discussed: the drop platform, the high-speed camera, the computer and software, materials,
experimental steps, and measurement methods.
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2.1. Drop Platform

As shown in Figure 1, the free particle, m2, was placed on the drop platform, which was
covered ted with sticky tape to ensure that the initial speed of m2 was zero. Concurrently,
markings were applied to the non-impacted surface of sphere m2 to endeavor towards its
consistent descent in precisely identical positions, ensuring that sphere m2 was struck at
the same point during each impact event. A ruler was used to connect it to the impact
platform below. This facilitated the extraction of the location-related information regarding
m2 from the sequence images. A thin layer of rosin was utilized to affix sphere m1 onto the
platform, ensuring that sphere m1 was struck at the same point with each impact.
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Figure 1. Schematic of the experimental configuration.

2.2. High-Speed Camera

Giga View, a high-speed camera from the American Southern Vision System, was used.
The collision process for two particles was recorded at 1050 fps for about 10 s, and nearly
10,000 photos were saved each time. The pixel size could reach 720 × 576, and the camera’s
exposure could be adjusted to 0.2 ms to capture the high-speed impact process more clearly.

2.3. Computers and Software

The camera was controlled by the built-in software in Giga View, and the whole motion
process was saved to the computer in the form of sequence images.

Position-related information regarding m2 was extracted from the sequence images
by IDL.

Then, the position information which was extracted from the sequence images was
plotted as a function of time using Origin. The velocity of m2 before and after the collision
was calculated using polynomial fitting, and then the COR was obtained.

2.4. Material

A diagram of the experimental system and particle material is shown in Figure 2. The
particle materials used in the experiment and their size are shown in Table 1.

Table 1. Particle material and size used in the experiment.

Material Size (mm)

Ti 1 2 2.5
ZrO2 1 2 2.5
Amor 1 2 2.5
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2.5. The Experimental Steps

First, m2 was placed on the drop platform within an accuracy of 0.01 mm.
Then, the horizontal and vertical positions of m2 were adjusted using a high-speed

camera so that they were aligned to m1, with a vertical height of 10 cm for all data.
Finally, m2 was released, and its collision with m1 was recorded. We treated the

situation when a second collision occurred as a valid collision, i.e., we recorded the collision
with the lowest θ, as shown in Figure 3a. m2 was raised to the given height again and then
released, and the process of effective collision was recorded. This effective collision was
repeated 15 times. Figure 3b shows the trajectory of m2 after the second collision.
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2.6. Method of Measurement

Usually, the COR determined using the normal component of the collision velocity
is called the NCOR (r), and the COR determined using the tangential component of the
collision velocity is called the TCOR. The basic definition of the COR is as follows:

r = −
(
v′1 − v′2

)
v1 − v2

(1)

where v1 and v2 are the respective velocities of particles m1 and m2 before the collision, and
v′1 and v′2 are the respective velocities after the collision.

As shown in Figure 4, taking a collision of Ti–Ti with diameters of 2 mm as an example,
the rebound height of Ti after the collision is 0.1950 m. This is shown in Equations (2) and
(3) as follows:

h1(t) = H − v0t − 1
2

at2 (2)

where h1(t) is the instantaneous position of Ti, H is the initial position of Ti (all positions
start with the collision point), v0 is the initial velocity of Ti, a is the acceleration during
movement, and t is the movement time of Ti.

vt = v0 + at2 (3)

where vt is the instantaneous velocity the moment before the Ti collision, and t2 is the total
falling time actually measured for Ti.
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position of Ti with time after collision and its nonlinear fitting curve.

According to the fitting in Figure 4a, the formula can be obtained as follows: h1(t) =
0.23132 − 0.00977t − 4.5589t2. Therefore, we can determine the following:

H = 0.23132(m)
v0 = 0.00977(m/s)

a = 4.5589 × 2 = 9.1178
(
m/s2) (4)

In addition, the time of each frame of our high-speed camera is t1 = 1/200 = 0.005 s,
and the total falling time is t2 = 0.22 s. Therefore, by substituting Equation (4) and t2 into
Equations (2) and (3), we can obtain the following: vt = 0.00977 + 9.1178 × 0.22 =
2.015686 (m/s).
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According to the fitting in Figure 4b, the velocity after the collision of Ti can be
obtained as v01 = 1.78508 (m/s); therefore, the COR calculated at this time is x = v01/vt =
1.78508/2.015686 = 0.886.

After multiple statistics, the velocity error before and after the collision obtained via
fitting is less than Er = 0.626/100, and, even when considering the height and gravity
acceleration, the error Er = 4.631/100 is the largest. In this study, all the experimental data
regarding the COR were obtained using this method.

2.7. Limitations of the Experiment

The largest sources of experimental error are the inaccuracy in particle calibration
and error in the measurement of falling distance. If particles are incorrectly calibrated, the
calculated COR increases because the loss of energy in the lateral motion of the particles
cannot be observed using the camera.

Measurement errors in the height of the fall result from the fact that the specific speed
required is slow. Because the speed during the movement is low, the difference between
the required fall heights for each speed is small. The lower the required impact velocity, the
greater the error in the measurement of the fall height.

One source of error arises from the progressive adherence of the static sphere on the
base, which becomes firmer as impacts are repeated. However, if the influence of the
rosin, a thin layer used to fix sphere m1, is considered without accounting for the effects of
repeated collision counts, it may be disregarded.

Another source of error arises from the inability to ensure that the collisions between
the two spheres are strictly normal collisions. Hence, we adopt a criterion where, following
the rebound of sphere m2, a subsequent collision with sphere m1 can occur, thus deeming
such an event as a single effective collision. However, the measurement of the coefficient of
restitution still relies on the data obtained from the initial collision. Therefore, it is possible
to compute the maximum deviation angle between the experimental collision results and
the normal collisions by means of calculation, as illustrated in the modification in Figure 3.

v02 = D/2
√

2Hi/g (5)

v01 =
√

2Hig (6)

θ = arctan(v02/v01) = arctan(D/4Hi) (7)

Above, D represents the diameter of sphere m1 (which is identical to the diameter
of sphere m2), Hi denotes the rebound height after the initial collision, g stands for the
gravitational acceleration, and θ signifies the angular deviation between the experimental
collision outcomes and the normal collisions. Equation (7) reveals that the angular deviation
θ shows a positive correlation to the diameter D of sphere m1 and negative correlation
to the rebound height Hi. By considering the experimental parameters, the maximum
angular deviation can be derived: θmax < 0.70

◦
. This result shows that our experimental

errors are within ±1.2% of the NCOR. This signifies that, within the scope of this error, our
measurements adhere to the NCOR. In fact, regardless of the direction, our measurement
errors fall within this range.

Inconsistent materials represent another factor that can lead to experimental error.
For each set of collisions with a new ball (especially an alloy), the area of the contact
point may contain slightly different percentages of material. As new balls may have slight
material inconsistencies during manufacturing, it is important to consider these factors in
experimental data.

Figure 5 illustrates the rebound after the second collision.
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Figure 5. Various stages of the particle-particle collision. (a) Stage of initial drop. (b) Stage of the
particle–particle collision. (c,d) Stage of rebound.

3. Results and Discussion

The yield strengths of Ti, ZrO2, and Amor are 300 MPa, 900 MPa, and 2500 MPa,
respectively. It can be seen from Figure 6 that, no matter how the particle size changes, the
particle with a higher level of yield stress also has a larger COR. In addition, the particle
with a higher level of yield stress exhibits a smaller initial upward deformation trend, a
smaller difference between the limit value reached by the COR and the initial value, and
a smaller number of collisions needed to reach the limit value of the COR. A change in
particle size does not affect this trend between the COR and the yield stress of the particle.
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Figure 6. COR of three kinds of particles with diameters of d = 1 mm, 2 mm, 2.5 mm. (a) Ti. (b) ZrO2.
(c) Amor.
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The main reasons for this include the fact that the particle material with a higher level
of yield stress is more elastic, the initial energy loss due to deformation during the collision
process is lower, and the number of collisions needed to reach the maximum value (elastic
state) of the COR is also lower. In addition, the plastic deformation state of the particle
with a lower level of yield stress is much steeper, resulting in more energy loss during the
initial collision. Moreover, these effects are present in particles even when the yield velocity
is much higher than the experimental impact velocity.

The trend in the COR of particles with respect to particle diameter is illustrated in
Figure 7. It can be seen from this figure that the NCOR of particles of any material decreases
with the increase in the particle diameter, which is consistent with the conclusion made by
Higa et al. [20], further verifying that the variation trend in the NCOR of small particles
with particle size in the low-speed range is the same as that in large particles. Both of these
values decreased with the increase in the particle diameter. According to the Hertz contact
theory, a fundamental model for elastic contact between spheres, larger particles with
greater diameters exhibit decreased curvature at contact points, fostering larger contact
areas during collisions. This enlarged contact area amplifies energy dissipation, as particles
deform more extensively, transforming kinetic energy into potential energy associated with
deformation. Consequently, the coefficient of restitution, which measures the elasticity of
collisions, diminishes with increasing particle diameter due to heightened energy loss and
reduced relative velocities upon separation.
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Figure 7. The variation trend in the COR of particles as a function of particle diameter.

By adjusting the initial positions of particles, we obtained the NCOR data regarding
small particles at different impact velocities. Here, we discuss the dependence of the NCOR
of small spherical particles on impact velocity in the low-speed range. An amorphous
zirconium alloy sphere with a diameter D = 2 mm was used; the impact velocities were
v = 1.0, 1.5, 2.0, 2.5, 3.0 m/s, and each impact velocity was obtained using the average of
15 repeated impacts.

Figure 8 shows the variation trend in the COR with impact velocity during the first
collision. This figure reflects an almost linear trend, as also shown in the experiment by
Seifried et al. [16]. Stevens et al. [13] reviewed various theories on the variation trend in the
COR with the impact velocity, but none of them could accurately fit the theoretical curve.
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Figure 8. The variation trend in COR of amorphous zirconium alloy spheres of diameter 2 mm with
impact velocity when collision occurs for the first time.

The theoretical curve obtained by Tallon et al. [11] by modifying the fitting parameters
was qualitative, but the theory was different from our experimental data. The theory
was fitted by Spahn et al. [34] by modifying the only unknown part of the theory—the
dissipation parameter, A. The dissipation constant, A, can be understood using the article by
Schwager et al. [35], whose experimental results seemed to partially qualitatively validate
the abovementioned theory.

Figure 9a,b show that the COR of subsequent repeated collisions after the first collision
were also consistent with the view of Spahn et al. [34], who determined that, in subsequent
collisions, the COR decreases as the impact velocity increases. At present, there is no
relevant theoretical research on the dependence of the COR on the impact velocity of
subsequent repeated collisions under the same initial impact velocity. The experimental
data presented in this study provide a reference for subsequent related theoretical research.
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Figure 9. (a) Variation trend in the coefficient of restitution of the 1st, 3rd, 6th, and 10th collision of
2 mm amorphous zirconium alloy spheres with impact velocity. (b) Repeated collision results of
2 mm amorphous zirconium alloy spheres under different impact velocities.

The Boltzmann Fit method was used to fit the variation trend in the COR, as shown
in Figure 10. It can be seen from this figure that the variation trend in the COR could be
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effectively fitted using the Boltzmann Fit method. The trend was an exponential curve
that varied with the material: y = A2 + (A1 − A2)/(1 + exp((x − x0)/dx)), and, here,
A1, A2 are related to the material of the particle. Qualitatively, this was very similar to the
theoretical curves proposed by Weir and Tallon. According to the theory proposed by Weir
and Tallon, the elastic regime of a curve exhibits greater elasticity (i.e., the COR is close to
1), and such a model can effectively predict plastic deformation states. However, in this
theory, the change in the elastic state after repeated collisions is ignored. In this respect,
the big difference between the model and the experimental results proves that they cannot
accurately describe the elastic state after repeated collisions.
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Figure 10. Boltzmann Fit of the experimental data for the COR. (a) Ti at d = 2.5 mm. (b) Ti at
d = 2 mm. (c) Ti at d = 1 mm. (d) ZrO2 at d = 2.5 mm. (e) ZrO2 at d = 2 mm. (f) ZrO2 at d = 1 mm.
(g) Amor at d = 2.5 mm. (h) Amor at d = 2 mm. (i) Amor at d = 1 mm.

In summary, the possible states of small-sized particles during a low-speed collision
are shown in Figure 11. There are four possible stages in the particle collision process: the
super seismic regime, the elastic regime, the plastic regime, and elastic recoil.

(1) Super-seismic regime: In the initial stages of impact, the velocity of the expanding
impact area exceeds the velocity of seismic waves in the spheres. This occurs over
a small time and distance scale and can be ignored in many systems. For a radius
of 1 mm, v0 of 1 m/s, and c0 of 103 m/s, the time of existence of the super-seismic
regime needs to be greater than about a nanosecond. This is such a small time period
that the super-seismic regime can be ignored for such examples;

(2) Elastic regime: The generation of elastic waves contributes to energy losses in the
particle collision, c1 > c2 > cR. Approximately 67% of the radiated energy is in
Rayleigh waves [36];

(3) Plastic regime: If elastic yield stresses are exceeded, plastic deformation occurs around
the impact region. Here, this is approximated as an expanding spherical region of
plastic deformation;

(4) Elastic recoil: The unloading of stresses in the particle is assumed to be entirely elastic.
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Figure 11. (a) Conceptual sketch of super-seismic regime. Here, the region of overlap is exaggerated.
(b) Conceptual sketch of wave propagation in the elastic regime. Here, the region of overlap is
exaggerated. (c) Conceptual sketch showing the approximate region of plastic deformation extending
between r = a (the extent of physical overlap) and r = b. (d) Conceptual sketch of particle geometry
after separation.

4. Conclusions

The experimental results regarding three different materials and three different sizes
of particles show that, for particles with higher levels of yield stress, the change in the COR
under deformation is smaller, the limit value of collision is higher, and the speed at which
the limit value is reached is faster. However, the particle with a lower level of yield stress
has a steeper plastic deformation state and loses more energy during the initial collision.
In the velocity range of 1.0 m/s to 3.0 m/s, the COR displays an almost linear trend with
the impact velocity. The essential reason for this is that, the higher the velocity is at the
time of collision, the more energy that will be lost during the collision process, meaning
that the COR decreases linearly. Poschel et al. [7] proposed relevant theories regarding
the dependence of COR on speed, which may need to be modified to fit the speed range
we studied.

For the particles made of the same material after the first collision or repeated collisions,
the NCOR decreased with the increase in the particle size. This is consistent with the
conclusion made by Higa et al. [20], which further verifies that the NCOR of small particles
in low-speed ranges with the tendency of the particle size to change is the same as the law
of large particles. Both decrease with the increase in the particle diameter. The larger the
particle diameter, the smaller the curvature at the collision point, and, the larger the contact
area at the collision point, the easier it is to produce effective plastic deformation, which
increases the average energy loss during the collision process. Therefore, the COR decreases
with the increase in the particle diameter. The larger the particle size, the smaller the COR
during the first collision, the larger the initial upward plastic deformation trend, and the
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larger the difference between the initial value and the limit value of the COR. The smaller
the particle size, the smaller the tendency toward plastic deformation (i.e., the deformation
state of the statue is much gentler), and the less energy that is lost in the first collision.
We believe that, in the same experimental system, the only difference between particles
with different sizes in the collision process is that the contact area at the collision junction
is different due to the different curvature. A smaller curvature in larger particles makes
the contact area at the collision junction larger, which increases the energy loss during the
collision process and reduces the energy transfer efficiency between particles during the
collision process. This is equivalent to a disguised reduction in particle elasticity, resulting
in a smaller COR. Smaller particles have larger curvatures, which makes the contact area at
the collision junction smaller, enhances the energy transfer efficiency during the collision
process, and reduces the energy loss during the collision process, which is equivalent to
improving the elasticity of the particles and making the NCOR larger.

The experimental results also show that the actual COR obtained is smaller than the
theoretical value, except for the factor of air friction. It is concluded that this is the result
of reciprocal transformation between translational and rotational degrees of freedom of
particles during the collision process. In our experimental system design, the particle was
fixed and stationary, but, in the normal collision of incomplete particles, particles rotate
after the collision; this means that the particles can exchange energy between rotational and
dynamic degrees of freedom during collision. As we only used the velocity of translational
degrees of freedom to calculate the COR and ignored the portion of energy that was
converted from translational degrees of freedom to rotational degrees of freedom during
the collision process, the COR obtained using this algorithm cannot accurately describe the
energy conversion process of particles during the collision process. Therefore, we speculate
that, if a certain degree of rotational DOF were to be given to the particle before collision, it
would be possible to obtain a COR that exceeded the limit value of 1 (i.e., the velocity of
the translational DOF after the collision would be greater than that before the collision),
which means that we could observe the phenomenon of hyperelastic collision. In other
words, as long as certain rotational degrees of freedom are given to the particles before
collision, the hyperelastic collision phenomenon can be observed, and further experiments
can be carried out to verify this speculation. The transformation between rotational and
translational degrees of freedom is inevitable in the collision process. Therefore, it is
necessary to consider the energy of rotational degrees of freedom in the COR and improve
the algorithm of COR, so as to make it applicable in a wider range of situations.
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