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Solitary wave propagation behavior within a granular crystal chain is fundamentally important for impact wave
mitigation. Here, we study the propagation behavior of traveling waves in a one-dimensional (1D) mixed chain
of stainless-steel and polytetrafluoroethylene dimer hollow spherical particles. The formation and propagation of
a unique, highly nonlinear, solitary wave is observed. To have an in-depth understanding of the wave propa-
gation behavior, we establish numerical theoretical models to describe the wave behavior and agree well with

the experiment. We also discover that different configurations of dimer wall thicknesses largely influence not
only the nonlinear contact interaction between neighboring spheres but also the physical relation of wave ve-
locity Vs and dynamic force F,,. The influence of different ratios of elastic moduli and densities in a dimer is also
studied. Results may shed light on the design and evaluation of the 1D chain for supporting specific wave
propagation for possible engineering application.

1. Introduction

Mechanical wave mitigation [1-3], amplification [4], and manip-
ulation [5-7] have been a well-researched topic for decades due to its
crucial civil and military applications. Waves propagating in granular
crystals have been widely studied for its distinct and tunable properties
at various length scales, i.e., macro [8-28], meso [29], and nano scales
[30-33]. For example, the solitary wave, which was first predicted and
discovered in granular crystals by Nesterenko in the 1980s [34,35], has
been found to exist in various one-dimensional (1D) granular systems.
These systems can be tuned to exhibit linear, weakly nonlinear, or
strongly nonlinear regimes [34,36]. Wave characteristics are largely
influenced by material properties, particle size and periodicity
[9,14,18,19,24-26]. The granular crystal can potentially be used in a
variety of engineering applications, such as acoustic lens [37], shock-
absorbing materials [3,38,39], and acoustic switches [40], because of
its tunability.

In 1D homogeneous granular chains, the contact interaction be-
tween solid particles is usually described by Hertz law, which supports
highly nonlinear solitary waves. Hertz interaction is characterized by a
nonlinear relation between contact force F and relative displacement §:
F~ 8%, An additional source of nonlinearity is zero tensile strength. If
initial precompression is significantly larger than dynamic amplitude of
the solitary wave it can be considered as a weakly nonlinear described
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by the Korteweg—de Vries (KdV) equation [34,36]. This KdV equation
was first introduced to describe weakly nonlinear waves on the surface
of fluid [41]. On the basis of these results, more research on in-
homogeneous granular chains made of various materials, such as per-
iodic (dimer/trimer) and disordered ones [18,20,23,34,36], has been
conducted. Hertz law still governs the contact properties and the wave
passing through when adjacent particles with different material prop-
erties collide with each other elastically.

However, when particles in the 1D chain become hollow, the con-
tact interaction seems to change. Pauchard and Rica studied the contact
of elastic, spherical, thin-walled shells with rigid plates under com-
pression and found a new contact relation F-5' in the experiment
[11]. Results implied that the nonlinearity of contact interaction in the
thin-walled structures could weaken. Ngo et al. validated this finding by
studying the influence of particle wall thickness on solitary waves tra-
veling in 1D granular chains, which comprised uniform hollow sphe-
rical balls [14]. As the particle wall thickness changes, the nonlinear
exponent in the F-§ relation can vary from ~1.2 to ~1.5 (by com-
parison, solid particles can be considered a limiting case of hollow
particles, whose wall thickness is equal to its radius). Furthermore, the
exponent can even be lower than 1 in the contact of hollow elliptical
cylinder chains [9]. Interaction law with exponent less than 1 results in
completely different behavior of discrete chains [36]. In this case such
chains with elastic softening do not support strongly nonlinear
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compression Nesterenko solitary waves. Instead they may support
strongly nonlinear rarefaction solitary waves with ability to disintegrate
impact pulse even without dissipation [42].

Nonlinear dynamic response of homogeneous 1D granular chains
comprising solid particles with general contact interaction law different
than Hertz contact law was theoretically considered in [36,43,44]. But
results related to dimers chain composed from hollow particles and
specific properties and their tunability of waves in corresponding
chains are not published. Thus, it limits the understanding and wide
application of such systems.

Therefore, in this study, we investigate the properties of waves ex-
cited by impact in the 1D chain composed of hollow particles with
specific contact laws. To understand the tunability of hollow granular
1D systems, we study influence of different properties of particles,
which may affect their dynamic response. The rest of this paper is or-
ganized as follows: In Section 2, we introduce the experimental setup.
In Section 3, we develop a theory based on long-wavelength approx-
imation and obtain some wave properties analytically. In Section 4, we
model the contact interaction of dimer hollow particles and the entire
impact procedure of the 1D dimer chain using finite element (FE)
methods. In Section 5, we compare the experimental, theoretical, and
numerical results and discuss the effect of particles with different wall
thicknesses, elastic moduli, and densities.

2. Experimental setup

A 1D dimer chain composed of 13 hollow stainless-steel particles
and 12 hollow polytetrafluoroethylene (PTFE) particles were placed
horizontally on a metal supporting rod, as shown in Fig. 1(a). The rod
assured that the motion of hollow spheres was unidirectional along the
chain's axis. Each “1:1 dimer” contained one hollow steel bead (304
type) with high modulus and density, which alternated with one PTFE
bead with low modulus and density. The stainless-steel spheres had an
external diameter D; of 18.80)-32 mm and wall thickness w; of 0.37 mm,
giving an outer radius Ry, and inner radius Ry of 9.40 and 9.03 mm,
respectively. The PTFE beads had an external diameter Dj, of 18 .80 %
mm and wall thickness w;, of 1.50 mm, giving an outer radius Ry, and
inner radius Ry,; of 9.40 and 7.90 mm, respectively.

The force-time curves were acquired by placing three instrumented
beads in the 9th, 17th, and 22nd positions of the dimer chain. In the
instrumented bead, a lead zirconate titanate (PZT) piezoelectric ring
sensor (the outer and inner radii were 9.5 and 6.0 mm, respectively, and
the thickness was 0.9 mm), provided by Shouguang Feitian Electronic
Co., Ltd., was glued in between two halves of a steel or PTFE sphere and
using an epoxy layer [14,16,19] (Fig. 1(b)). The material properties for
stainless-steel, PTFE beads, and PZT sensors (PZT-5A) are summarized
in Table 1. It should be noticed that the value of elastic modulus of
PTFE is related to dynamic contact deformation being significantly
different from the static value.

The ultrafine lines soldered on the two sides of the sensor were
connected to an oscilloscope (Tektronix TDS 2024C), which could ac-
quire waves of dynamic forces and calculate the wave speed in the
chain. Three piezoelectric sensors were calibrated using a high-
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Table 1

Material properties (mass, elastic modulus E, and Poisson's ratio v) for stainless
steel, PTFE, and PZT-5A. The value of the Young's modulus of the PTFE bead
and the properties of the PZT sensors were measured and offered by suppliers.
And The Poisson's ratio of PTFE is employed from Ref. [16].

Material Mass (g) E (GPa) v
Steel [12,20] 2.97 193 0.3
PTFE [16] 291 1.14 0.46
PZT-5A 1.19 74 0.36

precision (the relative error was under 3%o) calibrated silicon crystal
piezoelectric sensor provided by Ketu Electronic Co., Ltd.
(Supplementary Material) Hollow stainless-steel strikers from different
heights of a ramp were launched to collide with the chain to obtain
traveling waves. The striker was identical to hollow steel balls in the
chain, and its velocity was measured using a photoelectric timer.
Furthermore, the entire process of impact in a single experiment was
captured by a high-speed camera to calculate the speed precisely (Fig.
S2).

3. Theoretical analysis

We introduce a power law contact force with a general contact
index n (Hertz contact is a specific situation of the power law contact
when n = 3/2) and an arbitrary mass ratio of the rescaled equations of
motion [20,36]:

myil; = (W — w)" — (W) — wj_1)", @
myw; = (Wi — w)" — (W — wy)", 2)

where u; (w;) represents the displacement of the jth stainless-steel
(PTFE) particles with a mass of m; (m5).

The distance from u; to w; (from u; to u;41) is D (2D). The small
parameter D is compared with the wave spatial range; thus, a long-
wavelength approximation (LWA) is used by the Taylor expansion of
Egs. (1) and (2) in which we regard u and w as continuous functions.
Furthermore, a consistency condition is introduced following [45] to
decouple and “homogenize” the two equations:

w = A(u + byDuy + byD*uy + b3D3uy, + byD*us + ---) 3

in which two values for parameter A exist according to the continuum
approximation: 1 and -m;/m, corresponding to acoustic excitations and
optical ones, respectively. Here, we study the case of A =1 in the
subsequent derivation because the excitation applied on the dimer
chain is similar to [19,20]. After neglecting high-order terms in Eq. (3),
we retain the expanded PDEs for two mass types, which are identical at
orders D"-D"*3, Then, we obtain the demand for the values of b;
(i=1,23,4):

b1 = 1, (4)

m

b= ——,
m + m 5)

Epoxy layer
.
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Fig. 1. (a) Experimental setup for a hollow chain consisting of 1:1 dimers of steel:PTFE particles; The propagating waves were obtained at particles 9, 17, and 22. (b)

Schematic of a hollow particle with an embedded ring piezoelectric sensor.
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b = 2m — my

T 3m + my) (6)
2 2

by = m(mi — mm, + my)

4 =

3(my + my)? ’ )

For a homogeneous chain (m; = my), Eq. (3) with a corresponding b;
becomes a Taylor expansion of w in the neighborhood (D) of u, which
transforms to Nesterenko's theory of homogeneous discrete materials
[36]. Substituting b; into the result of the expanded equations of mo-
tion, we obtain a “homogenized” PDE:

U = P Mg + Gul 30l + Hul Ut + Tu uy,, )

where 7 = t,/2nD"*!/(m; + m,) is a rescaled time, and coefficients in
Eq. (8) are as follows:

G = D2(2 —3n 4+ n)m?
6(m + my)? (C)]
11— (= D@m= m)
3my + mp) 10)
I= Dz(m12 — mm, + m3)

3(my + my)? an

We should find the traveling wave solutions u = u(¢) for the PDE of
the 1D dimer chain in our experiments, where £ = x — V; with the
(renormalized) wave speed V; = dx/dr. We obtain an ordinary differ-
ential equation (ODE) for uz = v (reduce Eq. (8) to three orders). Fol-
lowing the mathematical methods in [20], we convert the ODE into a
tractable one, 2y = Mg’ — 0z, where u=V2I(p+ a)],
n=1+4+pQl —n), and o=1/[I(np + a)]. Finally, we integrate the
equation and obtain:

ur = v = z? = Bcosaz1(BE), 12)

where B = (u/[f%s(s — DDYED, B= Yo (1 —n)/2, and s = 2/(1 - n)
(Similar to [36]).

Therefore, the trigonometric solution based on LWA is valid for the
dynamic study of a granular chain consisting of solid beads [19,20].

A power law is used with different n to demonstrate the elastic
contact of hollow beads; thus, the theory with a general contact coef-
ficient n may be extended to describe waves passing through a het-
erogeneous chain of hollow balls. To validate this assumption, we select
two properties in the solution, i.e., the amplitude-velocity scaling
B ~ V2®=D and the solution width n/B, which is controlled directly by
the value of mass ratio. For Hertz contact (n = 3/2), the range of pulses
will be approximately 5 sites under the condition of m; = my (pre-
viously known in [36]). It is worth noting that analytical solutions for
solitary waves in the homogeneous chain with power law interaction
were available in Ref. [36], which can be divided into two kinds: rar-
efaction solitary waves (n < 1) and compression solitary waves (n >
1). The former kind presents an anomalous strain softening behavior
[42] and the latter one can be seen as a special case in previous analysis
when m; = m,.

4. Numerical simulation
4.1. Contact interaction between dimer hollow particles

Here, a dimer geometry model consisting of two hemisphere shells
is established in Abaqus/CAE (Fig. 2(a)). The material properties
(density p, elastic modulus E, and Possion's ratio v) come from Table 1.
The interaction of two shells is set as surface-to-surface hard contact to
simulate the contact procedure of compression. We use modified
quadratic tetrahedron elements (C3D10M) to mesh the shells.

A power law interaction is used to demonstrate the elastic contact
between hollow particles:
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F = Ad", (13)

where F is the contact force between adjacent particles; A is the contact
stiffness; & is the approaching displacement of the centers of two ad-
jacent particles; and n is the contact index, which represents the non-
linearity of the 1D chain system.

The contact force-displacement result of the FE dimer model in
Fig. 2(b) reveals an index of 1.4, which differs from the values n = 1.5
acquired from Hertz contact law, i.e., F = A5%/2.

4.2. Dynamic impact of the dimer chain

A computational model is established consisting of 13 hollow
stainless-steel particles alternated with 12 PTFE ones, as well as a steel
striker identical to steel balls in the chain (Fig. 3(a)). Considering that
the mass of piezoelectric sensors (1.19 g) are comparable to that of the
hollow balls (i.e., steel (2.97 g) and PTFE (2.91 g)), they are also added
into the model. Then, an FE simulation of the entire impact process of
the 1D dimer chain is performed. The material properties are kept the
same as particles used in the experiments. The contact relation between
adjacent balls is set as surface-to-surface hard contact with small slides.
Gradient meshes are created to guarantee the precision of results and
save the computation in which the contact regions of neighboring beads
hold the maximum mesh density (Fig. 3(b)). To obtain an appropriate
varied grid density, we conduct mesh convergence analysis before im-
pact simulation (Fig. 3(c)), and the mesh size of 0.10-2 mm is selected.
No dissipation is considered during the simulation of ball impact.

5. Results and discussion
5.1. Results of experiments, theory, and numerical simulations

Under the configuration of the dimer chain used in experiments, the
dynamic force curves were obtained by sensors when the striker was
released from ramp heights of nearly 0-10 cm for impact with the 1D
steel:PTFE dimer chain. Fig. 4(a) shows the curves measured through
sensors in the 9th, 17th, and 22nd balls when the velocity of the striker
is 0.59m/s. The one-hump waveform indicates that solitary waves
spread through the whole chain. The wave speed in the corresponding
condition is 147 m/s, which was calculated using the time-of-flight
measurements. And the amplitude of dynamic force F,, is obtained by
averaging the amplitudes of the corresponding forces measured in the
9th (For) and 22nd (Fssp,) balls, i.e., B, = (Fo,, + Fom)/2. The curve of
the amplitude of dynamic force (F,) and the wave velocity (V;) is al-
most linear in a logarithmic relationship (Fig. 5(a)), which gives a slope
of 0.152. Moreover, the average wave width from tail to tail is ap-
proximately 5.7 sites in the experiments. During the impact experi-
ments, the motions of the particles in the dimer chain captured by a
high-speed camera displayed a light rotation of spheres along the axis of
the guide rail (Fig. S2 and Movie S1), which may have influenced the
waves measured by the sensors when the velocity of striker was high.

In Section 3, a theoretical analysis based on LWA is developed and
gives the relation E, ~ B" ~ V;2/(=D_This relation yields V, ~ F,,*-'¢”
when the steel:PTFE dimer chain is made of solid particles or when the
chain is homogenous (n = 3/2). By contrast, the relation becomes
V, ~ F,%1* where the contact index of the dimer is obtained in
Section 4 (n = 1.4). In addition, the exponent n = 1.4 calculated in the
simulation of contact interaction gives the theoretical value of the wave
width, which is approximately 6 sites. It should be noticed that the
F,—V; relation mentioned above is similar to Eq. 1.129 in [36] if the
maximum force is replaced by maximum relative displacement. And the
length of solitary wave depending on the contact index can be calcu-
lated by Eq.1.130 in [36] as long as m; = my.

The corresponding wave figures of dynamic forces in FE simulations
(Fig. 4(b)) are acquired by averaging the contact forces of the two sides
of instrumented beads on each time step (Fig. 2 in [16]). FE results
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Fig. 2. (a) Diagram of the boundary conditions of a 1:1
dimer FE model. The red shell represents a steel hemi-

sphere, whereas the green one represents a PTFE
hemisphere; (b) Contact interaction obtained from the
FE dimer model in which the thicknesses of stainless-
steel (t;) and PTFE (t,) particles are 0.36 and 1.49 mm,
respectively, which corresponds to the experimental
setup. The dots represent the FE result and the solid line
is a fitting curve of it.(For interpretation of the refer-
ences to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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Fig. 3. FE simulation of 1D hollow 1:1 steel:PTFE dimer chain. (a) FE model of the entire granular chain. The red balls represent stainless-steel particles, whereas the
green ones represent PTFE particles; (b) Meshing results of the contact region between hollow dimer particles; (c) Graph of dynamic forces acquired from the FE
models with different mesh sizes. The dynamic force is obtained by averaging the contact forces on two sides of a particle (Here is the 15th bead) in the dimer chain.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Solitary waves in the 1:1 steel:PTFE dimer chain generated by a hollow
stainless- steel striker with a velocity of 0.59 m/s. The initial values of the force
curves are adjusted manually just for a better visual distinction. (a) Incident
solitary waves captured experimentally in the dimer chain of hollow beads with
an outer diameter of 18.8 mm. The numbered arrows point to the corresponding
particles in the chain. The third curve (obtained from particle 22) represents
results from a PTFE bead, and the other curves represent those from steel beads.
(b) FE results for a discrete chain under conditions that are identical to those in
(a). The curves represent the average forces acting on the two sides of each
sensor.

reveal a solitary wave speed of 180 m/s. The average wave width is
approximately 5 sites.

The experimental solitary waves and V—F,, curves agree well with
those of the FE simulation, although a dissipation in the experimental
results of force amplitudes corresponding to FE results is observed
(Figs. 4 and 5). Comparing the V—Fp, relation from theory and ex-
periments, data measured from the experiments show an exponential
relation yielding V; ~ F,,°'>* in which the power is very close to the
theory-predicted value of 0.141. This relation is also validated via FE
simulation (Fig. 5(a)). The deviation of force amplitudes is mainly
caused by oscilloscope noise and sensor misalignment. Such deviation
will be clearly visible at low-impact speed. Meanwhile, sensor mis-
alignment can incline the entire wave shape, thereby reducing the
amplitudes of forces and altering the exact peak time.

Fig. 5(b) also shows good agreement among experiments, theory,
and FE simulations. The wave width in a dimer chain is larger than the
width of a solitary wave in a homogenous chain (m; = my, 5 sites). This
result can be explained by the “homogenized” theory in the previous
section. The wave widths of steel and PTFE particles in dimers exhibit a
small gap for the different materials used in adjacent balls. As the wave
propagates through the chain, the shape of solitary wave forms from a
pulse with high amplitude and stabilizes after passing through ap-
proximately nine balls. This occurrence can be observed from the
change of the guide line fluctuation in Fig. 5(b).

5.2. Wall thicknesses of the dimer

FE simulations of models with various configurations of dimer
thicknesses are conducted because previous research has shown that
the thicknesses of hollow particles can determine the properties of
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Fig. 5. Comparison of experiments, theory, and FE simulations.
(a) Dependence of wave propagating velocity on dynamic force
amplitude in a 1:1 steel:PTFE dimer chain. The solid lines re-
present the fitting curves of experimental and FE results; (b)
Evolution of solitary wave width with particle number. The ex-
perimental and FE simulation values are represented by solid
squares and solid triangles, respectively (We use curves to connect
the dots as visual guides). The pink dotted line represents the
theoretical wave width, and the red one represents the result of
homogeneous chain.(For interpretation of the references to colour
) in this figure legend, the reader is referred to the web version of
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Fig. 6. Contact index as a function of the normalized wall thicknesses of steel
(t1/R) and PTEFE (t»/R) balls. The outer radius of the hollow particle R (9.4 mm)
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waves propagating in the chain. As shown in Fig. 6, these configura-
tions largely influence the nonlinearity of the dimer's contact, which
can be reflected from the change of contact index, whose value n

this article.)

Particle number n

depends on t;/R and t»/R, calculated by fitting the curves of the FE
simulation based on the power law of contact.

Results show that the level of influence that a PTFE particle has on
the contact interaction is quite different from a steel particle, con-
sidering the wall thickness. When the (normalized) thickness of steel
balls t;/R is larger than approximately 0.16, the nonlinearity is com-
pletely controlled by the PTFE ball of which the index increases from
approximately 1.0 (nearly linear) to 1.5 (highly nonlinear) as the
hollow ball becomes thicker. When t;/R is smaller than 0.16, the in-
fluence of the wall thickness of the steel ball shows a limited effect and
becomes evident as the PTFE ball's wall thickness increases. This kind of
difference is mainly due to the distinct elastic properties of these two
materials. The change of wall thicknesses of “hard” (steel) or “soft”
(PTFE) particles affects the local elastic deformation of particles to
varying degrees. When the wall thickness of “hard” particles is very
thin, the deformation in the contact region will be complex under im-
pact, and nonlinearity is simultaneously reduced. This situation dis-
appears rapidly when the wall thickness increases. On the contrary, the
deformation of “soft” particles is quite larger than that of the “hard”
ones, mainly contributing to the relative displacement of adjacent
particles. Therefore, the properties of propagating waves largely de-
pend on the wall thickness of PTFE balls.

To study the link between wave properties and particle wall thick-
ness, we select some specific dimer configurations (Fig. 7). The contact
force increases rapidly because the stiffness and nonlinearity of contact
rise with the increase in particle wall thickness (Fig. 7(a)). Conse-
quently, the different relations of solitary wave velocity (V;), which

Fig. 7. Contact and wave propagating properties of 1D
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(a) (b) Fig. 8. Contact and wave propagating properties of the chains
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40 = E/E=3 + EJES10 200E iimar 1= with different elastic modulus ratios of 1:1 dimer acquired
4 EJ/E=54 v EJE=169 — 4 EJE=54 v EJE=169 from FE simulations (E; = 1.14 GPa). (a) Contact interactions
R g for specific values of elastic modulus ratio; (b) Relation be-
530 i ~ 160} tween contact force and propagating velocity under different
w i density ratios. The dots represent FE results, and the solid
g 20F i lines represent the fitting curves of the corresponding results.
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depend on the dynamic force amplitude (F,,) under selected t;/t» con- quickly.

figurations, become distinct (Fig. 7(b)). When the value of t,/t, varies
from 0.12 to 1.00, the solitary wave speed and growth rate decrease
with the increase in dynamic force. This relationship is directly in-
dicated from the slopes of the fitted solid lines. When t;/t, >1.00, the
fitting curves are almost horizontal, indicating that similar to that of the
KdV solitary wave, the wave speed will remain the same regardless of
how the dynamic force changes in the range in this study. The wave
speed can decrease (nearly 50 m/s) as t;/t, increases. Fig. 7(c) and (d)
show the Vs-F,, relations under different wall thicknesses of steel
(PTFE) spheres. As the wall thickness of steel particles increases, soli-
tary wave velocity and nonlinearity decrease. However, when the wall
thickness of PTFE particles increases, the corresponding wave speed
and nonlinearity increase. The different results of the increase in the
wall thicknesses of steel and PTFE beads can be used to adjust the so-
litary wave speed.

5.3. Elastic modulus of the dimer

The influence of the elastic modulus ratio of a dimer (E;/E5) on
wave properties is shown in Fig. 8. When the moduli of two kinds of
materials used in a dimer are close to each other, the contact interaction
is nearly linear. As the ratio increases, the contact force increases ra-
pidly because of the rise of its stiffness and index (Fig. 8(a)). Increasing
the ratio of elastic modulus also contributes to the nonlinear contact of
dimers. This kind of mismatch creates a “hard” and a “soft” particle in a
dimer, between which a nonlinear contact exists. The enhance of this
mismatch causes an increase in nonlinearity. Nevertheless, the change
of contact interaction becomes much smaller when the ratio of modulus
increases, which can be derived from the difference between adjacent
curves. This result indicates that the control of the ratio of elastic
modulus is limited.

The V—F,, relations are also shown in Fig. 8(b). The entire level of
wave velocity increases with the increase in modulus ratio. Thus, a high
but limited wave speed can be achieved by increasing the modulus
mismatch. This relation can be attributed to an increase in the stiffness
of the entire granular chain and results in less-deformed contact regions
in particles, thus causing the traveling wave to pass through the chain

5.4. Density of the dimer

The contact and wave properties of dimer chains with different
density ratios of particles are shown in Fig. 9. The nonlinear contact
interaction is entirely unchanged when the ratio of density varies
(Fig. 9(a)). The density of particles has no effect on the local de-
formation in the contact region between adjacent particles. Thus, the
nonlinearity of the granular system remains nearly the same.

Meanwhile, the wave velocity changes as the ratio of density in-
creases. When the ratio of density increases to 1.00, the level of wave
velocity seems to climb to the largest value and then decline afterward,
indicating that close values of density of the two kinds of beads in a
dimer lead to a high wave velocity to some extent.

6. Conclusion

The propagation of solitary waves in 1D 1:1 steel:PTFE dimer chain
of hollow spherical particles is investigated using systematic experi-
mental, FE simulation, and theoretical methods. Compared with the
Hertz contact between solid particles (n = 3/2), a power law type in-
teraction can demonstrate the contact between hollow particles more
exactly. The nonlinearity of the system can be tuned from a nearly
linear to strongly nonlinear regime by controlling the wall thicknesses
and the ratio of elastic modulus in a dimer, and the relation of wave
velocity Vs and dynamic force F,, varies accordingly. The wave prop-
erties (V—Fy, relation) can also be influenced by the ratio of density.
These findings offer some controlling factors to tune the wave proper-
ties in a granular crystal and the patterns of change. Results may lay a
solid foundation for the understanding of wave behaviors in light-
weight, hollow-structured chains and provide useful guidance for en-
gineering design.
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