
Periodic Architecture for High
Performance Shock Absorbing
Composites
Abha Misra1 & Praveen Kumar2

1Department of Instrumentation and Applied Physics, 2Department of Materials Engineering, Indian Institute of Science, Bangalore
560012 (India).

A novel composite architecture consisting of a periodic arrangement of closely-spaced spheres of a stiff
material embedded in a soft matrix is proposed for extremely high damping and shock absorption capacity.
Efficacy of this architecture is demonstrated by compression loading a composite, where multiple steel balls
were stacked upon each other in a polydimethylsiloxane (PDMS) matrix, at a low strain-rate of 0.05 s21 and a
very high strain-rate of .2400 s21. The balls slide over each other upon loading, and revert to their original
position when the load is removed. Because of imposition of additional strains into the matrix via this
reversible, constrained movement of the balls, the composite absorbs significantly larger energy and endures
much lesser permanent damage than the monolithic PDMS during both quasi-static and impact loadings.
During the impact loading, energy absorbed per unit weight for the composite was ,8 times larger than the
monolithic PDMS.

C
omposites are often prepared with multiple constituents having widely different properties to meet critical
requirements of an application. The desired properties of composites are sometimes contradictory, and
attainment of these properties often involves design of novel material architectures, such as placement of a

few volume fraction of percolating carbon nanotubes (CNTs), nano-sized metallic wires, etc. in a non-conducting
soft matrix, like polymers, etc. to achieve different functionalities such as flexible electrical conductors1–3, uniform
placement of particulates of a high conducting-high melting material, such as Cu, in continuous channels of
mechanically soft matrix, such as In, for enhancing the thermal conductivity of a composite while maintaining the
high compliance4,5, etc. The common theme in these efficient architectures is the controlled placement of different
constituents adhering to a specified design; this allows efficient division of the functionality amongst the con-
stituents leading to the desired behavior of the material. This work proposes a novel architecture for manufac-
turing composites with superior damping and shock absorption properties.

Elastomeric polymers based composites are important damping and shock absorption materials6–9. A few
tunable properties of polymers, such as the ability to endure very large strains9,10, high energy absorption to weight
ratio7, easy placement of a continuous coating on large structures9, etc., have made polymer based composites as
the material of choice for shock absorption applications7. Various composites, such as carbon-black, SiC and
other nanoparticles reinforced polymers1,10–14, laminated composites with interlayers of polymers and metals6,15,16,
and polymers reinforced with fibers of glass, carbon and specialized polymers17,18, etc., have been particularly
developed to improve the damping properties of monolithic polymers. This improvement primarily occurs
through increase of one or a combination of more of the following: (i) number of the micro-fracture sites, (ii)
volume fraction of the strain induced crystallites in the polymer matrix, and (iii) the strength of the composites
without compromising its strain endurance limit. However, one of the inherent drawbacks in these composites is
that their improved properties are based on a certain combination of particular materials and therefore they do
not have the generality of the architecture or the specific design based composites. The latter allows tailoring the
properties of a composite by placing the micro-constituents in a certain fashion; this provides an additional
valuable tool for further improving the damping and shock absorbing capabilities of even an existing composite
material. This work proposes and validates the damping and shock absorbing capability of a composite archi-
tecture consisting of a chain like periodic inclusions of a stiff material into a polymer matrix.

Results
Quasistatic behavior. Figure 1a, b show stress-strain behavior of monolithic polydimethylsiloxane (PDMS)
during the first and the second loading-unloading cycles, respectively. A finite non-zero stress-strain
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hysteresis was observed in the samples even compressed only up to a
strain of 5%; this indicates that the polymer chains in these PDMS
samples started to non-conservatively compress10, glide over each
other10 and form stable strain-induced crystallites, as reported in
several thermo-plastics19,20 including PDMS based composites20,
right at the onset of the deformation. Furthermore, a close inspec-
tion of the stress-strain plot reveals ideal rubbery behavior of the
PDMS samples consisting of the two distinct regimes: (i) the
stress-strain plots were linear up to the strains of ,20 to 25%, and
(ii) the stress-strain behavior became non-linear at higher strains,
where the stress increased rapidly with the strain. Nominal values of
Young’s modulus were calculated from the slope of the linear region
of curves and were equal to 2.2 and 3.6 MPa, respectively for the first
and the second loadings. Also, irrespective of the maximum strain
incurred during the first loading, the maximum stress as well as the

stress-strain hysteresis during the second loading-unloading cycle
became bigger as compared to the first loading-unloading cycle.
These additional observations also confirm the onset of the irre-
versible polymer chain stretching, gliding and formation of stable
strain-induced crystallites during the loading – accumulation of
these makes the sample stronger during the subsequent loading.

Figure 1c shows stress-strain behavior of the PDMS-steel ball
composites during a loading–unloading cycle; different samples were
compressed up to different maximum strains (10–50%). Comparison
of Fig. 1a, c clearly indicates that the maximum stress sustained by
these composites during any strain cycle was much higher than the
monolithic PDMS. Similar to the monolithic PDMS samples, the
stress behavior of the composite material consisted of a linear region
followed by a non-linear region; however, the linear region for the
composite materials was much smaller (less than 10%) than that of

Figure 1 | Stress-strain behavior of PDMS with and without steel balls embedded in it. (a) Monolithic PDMS samples during the first loading-

unloading cycle. (b) monolithic PDMS samples during the second loading-unloading cycle. (c) PDMS – steel ball composite during the first loading-

unloading cycle. (d) energy dissipated due to the stress-strain hysteresis for all samples tested at the strain rate of 0.05 per s. A best fit curve analysis of

(d) with equation, C~0:5Ee2z0:25Ge4 results E and G parameters in the units of MJ/m3 as 49.507 and 737.3, 94.31 and 1095, and 369.96 and 1160 for

PDMS samples during the first loading-unloading, PDMS sample during the second loading-unloading and PDMS-steel ball composite during the first

loading-unloading, respectively. As compared to the maximum stress during the first loading/unloading cycle of PDMS sample, the stresses at a strain for

the 2nd loading-unloading of PDMS and 1st loading-unloading of PDMS-steel ball composites were ,1.7 6 0.1 and 3.5 6 0.2, respectively, times larger.

Different samples were tested for each test (i.e. maximum strain condition).
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the monolithic PDMS samples. Young’s modulus, as calculated from
the linear region of the stress-strain plot of the PDMS-steel ball
composites, was in between 3.8 and 6.8 MPa, which was almost 2
to 3 times more than that of the monolithic PDMS sample. It is
interesting to note that Young’s modulus of these composites, which
contained almost 60% of steel, was only 2 to 3 times larger than that
of PDMS. This will be explained later while discussing the deforma-
tion mechanism of these composites.

Figure 1d compares the total strain energy dissipated during a
stress-strain hysteresis of the monolithic PDMS and the PDMS-steel
ball composites. For all the samples tested in this study, the energy
dissipated during the hysteresis seems to non-linearly depend on the
maximum imposed strain. Consistent with the aforementioned
observation of the larger stress-strain hysteresis for the PDMS-steel
ball composites, Figure 1d also shows much larger energy dissipation
in the PDMS-steel ball composites at any strain. Moreover, the non-
linearity in the composite material is much larger as compared to the
PDMS samples. This shows that the performance of the composites
for the damping or shock absorption becomes more efficient at larger
strains; this being a major advantage associated with this novel archi-
tecture over the base material and the detailed physical mechanism
for the same will be discussed later.

Figure 2 shows the time-sequence photographs of a composite
during loading and unloading segments of a test (refer to supple-
mental material 1 for videos showing the movement of steel balls
during deformation). Following the sequential photographs of two
balls, highlighted with broken arrows, whose motion can be consid-
ered to be on the plane normal to the camera line-of-sight, reveals
that the steel balls did not deform during the loading-unloading
cycle, and only slid over each other. Perhaps, the occurrence of a
small peak in the stress-strain profile of these ball filled PDMS com-
posites at the strain near the onset of non-linearity (i.e., ,6–8% of
strain), as shown in Fig. 1c, corresponds to the initiation of the sliding
phenomenon. Since the steel balls did not deform and only slid over
each other, the composite became only ,3 times stronger than the
PDMS even though the volume fraction of the steel was ,60%. The
additional strength in the PDMS-steel ball composite can be attrib-
uted to the deformation of additional volume of the PDMS due to the
movement of the steel balls away from their original position. The
visible recovery of the original stacking following the complete

removal of the load (Fig. 2i, vi) indicates that the movement of the
steel balls was completely reversible, macroscopically. Based on the
facts that the stacking of the steel ball was fully recovered and the
energy absorption capacity of the monolithic PDMS was enhanced
during the sequential loadings (as shown in Fig. 1), it can be specu-
lated that the energy absorption capability of the PDMS-steel ball
composites would improve in the sequential loadings.

High strain rate behavior. Figure 3 shows the mechanical response
of the PDMS and the composite under dynamic loading, imposed
during a split Hopkinson bar test. Fig. 3a shows a few examples of the
PDSM-steel ball composite samples following one instance of the
dynamic loading. Except for a few samples, as shown in Fig. 3a-III,
most of the composite samples showed insignificant accumulation of
macroscopic damages during dynamic loading. On the other
hand, the structural integrity of all monolithic PDMS samples was
compromised, and the cylindrical samples of ,1 aspect ratio turned
into thin broken discs following one instance of dynamic loading. A
few representative strain rate versus time plots are shown in Fig. 3b.
Consistent with the tests at the low strain rates which showed that the
composites were significantly stronger than the PDMS samples, the
imposed strain rates on the composites were significantly smaller
than that incurred by the monolithic PDMS samples during a split
Hopkinson bar test. The representative stress-strain behavior of
these samples is shown in Fig. 3c. Fig. 3c clearly shows that the
PDMS-steel ball composite samples not only endured much higher
stresses but also accumulated significantly larger strains under the
shock loading condition. Calculation of the area under the stress-
strain curves reveals that the total energy absorbed by the PDMS-
steel ball composite was almost 40 times larger than that of the
monolithic PDMS sample. Noting that steel is only ,8 times
denser than PDMS and hence the effective density of the
composite with 60% volume fraction of the steel balls was only ,5
time larger than PDMS, a gain in energy absorption per unit weight
by a factor of ,8 is quite valuable for impact or ballistic shock
absorption applications. Interestingly, Fig. 3c also shows that the
peak stress in the steel ball packed PDMS composite was only ,3
times larger than that of the monolithic PDMS, but the PDMS-steel
ball composite showed ,40 times more shock absorption capability;
this property of the proposed architecture is particularly suitable for

Figure 2 | Time-sequence photographs of a shortened composite sample. The wide arrows show the direction of loading at a given time-sequence,

whereas the broken arrows show the movement of a ball as the loading and unloading occurs. One type of arrow show sequential movement of one ball.

The time between different frames is not the same. Only two pictographs during unloading is shown as the unloading sequences were identical to the

corresponding loading sequence.
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the applications where high shock absorption is demanded with
small load transfer to the atta-
ched structure, such as armor, automobile exterior, sports acces-
sories, etc.

Discussion
The non-linear stress-strain behavior, as observed in Fig. 1a–c, can be
explained by using the standard mathematical models for the ideal
rubbery materials, such as given in references 22 and 23. For strains
smaller than 0.5, as relevant in this study, these models22,23 can be
transformed into a polynomial function. For mathematical simpli-
city, the following empirical polynomial stress-strain relationship
was employed for the loading segment (and the unloading segment
if taken separately) of the stress-strain plots:

s~e azbe3
� �

ð1Þ

where s and e are the equivalent uniaxial stress and strain, respect-
ively, and a and b are microstructure dependent constants, whose

physical significance is highlighted below. Table 1 shows the values of
a, b and the fitting parameter, R for all tested materials. A value of R
close to 1 indicates that equation (1) aptly satisfies the stress-strain
behavior of all of the tested samples. Table 1 also compares a with the
value of Young’s modulus, YM calculated from the linear regions of
the stress-strain curves. The close similitude in the values of a and
Young’s modulus indicates that the representation, as given by equa-
tion (1), essentially treats the stress-strain behavior of these materials
as the superposition of continuously occurring a linear and a non-
linear (or, nonlinear elastic and marginal inelasticity) phenomenon.
The linear behavior, governed primarily by the value of a, dominates
the small strain response whereas the non-linear behavior, governed
primarily by the value of b, is prominent at the larger strains. The
observed increase in the value of a, and equivalently Young’s modu-
lus, following one cycle of loading and unloading (Table 1) is con-
sistent with the fact that polymeric chains require more stress to be
stretched following the initial partially irrecoverable stretching of the
bonds and the cross-links. Since the non-linearity in the rubbery

Figure 3 | High strain rate effects on PDMS-steel ball composites. (a) A few PDMS-steel ball composite samples following single instance of the

split Hopkinson bar loading. The volume fraction of steel in I, II and III were 60%, 72% and 40%, respectively. (b) Resultant profile of the strain rate

imposed on the samples during a spilt Hopkinson bar test. (c) Stress-strain behavior of the samples at the strain rates shown in (b).

www.nature.com/scientificreports
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polymers arise due to stretching of the bonds and the cross-links,
sliding of the polymeric chains over each other and reduction in the
open-space (or, free-volume) between the polymeric chains22, the
significant increase in the value of ‘‘b’’ following the first loading
and unloading cycle of the monolithic PDMS can be attributed to
the associated non-recoverability of the aforementioned microscopic
features. It is interesting to note that the monolithic PDMS (and the
PDMS-steel ball composites) did not change macroscopically follow-
ing the initial loading and unloading cycles; however, the aforemen-
tioned microscopic features of these samples evolved; parameters a
and b efficiently captured these microscopic changes. Therefore, the
two constants of equation (1), a and b, can be thought as microstruc-
tural parameters controlling the linear and non-linear behaviors of
the materials, respectively; larger the values of these parameters,
stronger will be the polymer based material.

The effective resistance against deformation of the chains of the
steel balls under quasistatic loading cannot be calculated using the
elastic coefficients of steel because the steel balls did not deform like a
monolithic material and only slid over each other during deforma-
tion; however, it can be calculated by subtracting the contribution of
the PDMS from the overall response of the PDMS-steel ball compo-
sites. This can be conducted by employing isostrain analysis as the
chains of steel balls are aligned in the direction of the overall
deformation of the sample. The stress endured by the chains of steel
ball can be given as:

ssteel~
stotal{sPDMSfPDMS

fSteel
ð2aÞ

g sð Þsteel~
stotal{g sð ÞPDMSfPDMS

fSteel
ð2bÞ

where f is the volume fraction of a constituent, g(s) is a stress function

and is defined as equation (1), and the subscript ‘‘steel’’ and ‘‘PDMS’’
denote the corresponding values for the chains of the steel balls and
the PDMS matrix, respectively. Following the analysis based on
equation (2), the load endured by the chains of the steel balls was
calculated; it is shown in Fig. 4. Interestingly, the chains of the steel
balls also showed an ideal rubbery behavior, as shown by the mono-
lithic PDMS (Fig. 2a,b), with a value of a and b in the range of 5.05 to
9.66 MPa and 121.6 to 135.5 MPa, respectively.

The rubbery behavior of the chains of the steel balls, as shown in
Fig. 4, can be justified through a simple analysis, which accounts for
the additional stress required to displace the steel balls ‘‘sideways’’
into the PDMS. Figure 5a schematically shows sliding of a ball rela-
tive to another by an angle h from its position (shown by broken line)
to a new position (shown by the continuous line). Assuming perfect
sliding over the ball with center at the origin, the locus of the center of
the sliding ball will follow the dotted circle, whose center coincides
with the center of the stationary ball. The arrow joining the centers of
the sliding and non-sliding balls will be direction of the normal force.
A force balance, as shown in Fig. 5b, can relate the required force for
the incurring deformation, Fappl and the resistance due to the
deformation of PDMS (FPDMS and FDV are the forces arising due to
the uniaxial deformation of PDMS and the additional deformation of
PDMS due to the sliding of the steel balls, respectively). Now, a
restoring force is generated on the ball as the ball slides from its
original position; the PDMS in the region, where the ball is displaced,
endures a compressive stress and it tries to push the ball back to its
original position, and the PDMS in the region from where the ball has
moved away undergoes a tensile stress and it also tries to bring back
the ball to its original position. This restoring force can be estimated
by assuming that the additional strain in the PDMS due to the side-
ways movement of the ball scales directly to the total area of the
affected PDMS, DA. Thus, this additional strain in the PDMS, eDV

can be given as:

eDV~c
DA
A

~c
4r2h

pr2
~

4c
p

h ð3Þ

where A is the cross-sectional area of the sliding ball, r is the radius of
the ball, and c is a dimensionless scaling factor, which can be taken as
the volume fraction of the steel balls for the simplicity. Since the
uniaxial strain, e is related to the sliding of the ball and is equal to
d/2d, where d 5 d(1 2 cosh) is the net downward movement of the
ball and d is the diameter of the ball, h can be given as follows:

h~ cos{1 1{2eð Þ ð4Þ

Now substituting h from equation (4) into equation (3), the following
gives the relationship between strain due to the displaced volume of
PDMS, eDV and the uniaxial strain in the composite, e:

eDV~
4c
p

cos{1 1{2eð Þ ð5Þ

Now, writing the equilibrium equation for forces in the vertical dir-
ection (Fig. 5b) and noting that N~FDV cot h (i.e. the force balance
in the horizontal direction), the following can be derived:

Fapp~
FDV

sin h
zFPDMS ð6Þ

Dividing the forces by the cross-sectional area of the composite and
substituting for s and e from equations (1) and (5), respectively give

Table 1 | Calculated values of the parameters, a and b of equation (1) and comparison of a with the Young’s modulus

Material a (MPa) b (MPa) R EM (MPa)

PDMS – 1st Loading-Unloading 2.03 18.99 0.999 2.2
PDMS – 2nd Loading-Unloading 3.05 39.57 0.999 3.6
PDMS-steel ball composite – 1st Loading-Unloading 6.62 80.79 0.982 6.8

3.85 89.00 0.997 3.8

Figure 4 | The calculation of the stresses endured by the chain of the steel
balls using the isostrain condition. The maximum and the minimum

endured stresses correspond to the composites which showed the

maximum and the minimum loading capabilities.

www.nature.com/scientificreports
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the following:

sapp~fPDMS e azbe3
� �

z
4c
p

cos{1 1{2eð Þ
sin cos{1 1{2eð Þð Þ

�

az64b
c
p

cos{1 1{2eð Þ
� �3

� �	 ð7Þ

Here the values of a and b corresponds to those of PDMS (Table 1).
Figure 5c shows the stress-strain behavior of the chains of the steel

balls, as predicted by equation (7) and it also compares this predic-
tion with the corresponding experimental data. The experimental
data was back-calculated from the experiments using iso-strain ana-
lysis (i.e., Fig. 4) and indeed, there is a very good match between the
experiments and equation (7). The predicted values of a and b using
equations (7) are 10.96 and 141 MPa, respectively, which are again

very close to the higher experimental values reported, as shown in
Fig. 4. It should be noted that a close match between the model
(equation (7)) and the experimentally calculated higher stiffness data
is not incidental. Since the damages related to the sample preparation
mostly tend to reduce the stiffness of a composite, it is usually
expected that only the experimental data showing near-ideal beha-
vior (i.e. higher stiffness in this case) would match better with the
model.

The energy dissipation in a thermo-plastic, such as PDMS, and a
thermo-plastic based composite may have one or a combination of
more of the following origins: (i) strain-induced nucleation and
growth of crystallites, which may not completely disappear while
unloading, (ii) energy dissipative glide of polymeric chains over each
other, (iii) fracture of polymeric bonds and micro-fracture of inter-
facial bonds between the inclusion and the polymer, and (iv) friction

Figure 5 | A model for ball sliding. (a) A schematic showing the sliding motion of a steel ball over another. (b) the forces acting on the sliding ball. (c) a

comparison between equation (7) and the experimental data.

www.nature.com/scientificreports
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between the sliding inclusions, as well as between inclusions and the
matrix. The observation of monotonous enhancement of the
strength in the non-linear region of the stress-strain plot of the
monolithic PDMS as well as the PDMS-steel ball composite
(Fig. 1a–c) suggest occurrence of the strain-induced crystallization
of the PDMS matrix, as reported in other thermo-plastic based mate-
rials including PDMS based composites19,20. The formed crystallites
remained stable during unloading, as revealed by the steeper slope
during the initial unloading (Figure 1a–c)21. This hypothesis is fur-
ther supported by the higher stress as well as larger hysteresis during
the second loading-unloading cycle of the monolithic PDMS samples
as compared to the first loading-unloading cycle. For the PDMS-steel
composite, equation (5) predicts that the strain in the PDMS, espe-
cially in the regions close to steel balls, will sustain much higher
strains as the steel balls slide over each other. This is also supported
by the early onset of the non-linearity in these samples (Fig. 1c).
Therefore, the strain-induced crystallization of PDMS will be more
vigorous in the PDMS-steel ball composite; this dramatically
enhances the energy dissipation in these composites as compared
to the monolithic PDMS. Nevertheless, the stresses in the PDMS
region in the vicinity of the sliding balls are also very high (equations
1, 5), and this will also increase the severity of the energy dissipative
glide of the polymeric chains, as well as fracture of polymeric bonds
in these regions; this deformation behavior is consistent with the
observation of localization of deformation in the narrow ligaments
in thermoplastic vulcanizate24. Furthermore, the friction between the
sliding steel balls as well as between the steel balls and the adjacent
polymer will add on to the net dissipation of the strain energy in the
PDMS-steel ball composite. Since the surface of the steel balls were
very smooth (chrome plated) as well as contact area between steel
balls was very small, the majority of the friction-induced dissipative
energy would be produced due to the sliding between the steel balls
and the PDMS. Friction between PDMS and steel balls depends on
the shearing and fracture of the adhesion bonds between the con-
tacting surfaces, and the plastic deformation as well as abrasion of the
asperities25. Since the steel balls were mechanically implanted inside
the PDMS matrix, the contribution from shearing and fracture of
adhesion bonds between the contacting surfaces to the total dissipa-
tion energy should be negligible as compared to the deformation and
the abrasion of PDMS asperities. Furthermore, since the friction
force between steel balls and the PDMS increases with the normal
(and equivalently, the applied) force25 and the loading rate26, the
energy dissipation due to this mechanism will greatly enhance at
higher loads and during high strain rate loadings; both aspects of
this dissipative mechanism is highly desirable in a shock absorption
and damping application. Although the quantification of the relative
contributions of the aforementioned different energy dissipative
mechanisms is beyond the scope of the present work, it is reasonable
to speculate that the localized strain-induced recrystallization of the
PDMS matrix and the friction between the steel balls and the PDMS
may primarily be responsible for the damping and shock absorption
in the materials tested in this study.

Table 2 compares the efficacy of the proposed design over some of
the polymer based composites in terms of the increase in the energy
absorbing capacity under quasi-static loading conditions. Clearly,
the proposed design seems to be significantly superior to the other
composites in terms of energy absorption per unit volume.

During high strain rate loading, a PDMS-steel ball composite
could absorb much higher energy under high strain rates without
any obvious degradation in its structural integrity as the high volume
fraction of the steel balls, which has much higher specific heat as
compared to the PDMS, absorbed significant amount of this energy;
therefore, the matrix PDMS could not be heated above a temper-
ature, where it could be irreversibly deformed. This is particularly
important at high strain rates where heat generation in the polymeric
structure is very high due to the high friction between the sliding
polymeric chains as well as in between a steel ball and the surround-
ing polymeric region26. Due to the limited time available for the heat
conduction (or transfer) to ambient at high strain rates, local heating
is exacerbated in monolithic PDMS leading to complete melting or
destruction of these samples; on other hand, steel balls in PDMS-steel
ball composite act as effective heat sink and relieve excessive heating
of the composite sample. This can be further justified by critical
observation of Fig. 5a, where the volume fractions of steel in three
composites I, II and III were 60, 72 and 40%, respectively. The sample
which showed the minimum and the maximum damage accumula-
tion were the composites containing the maximum and the min-
imum volume fractions of steel. In conclusion, the extraordinary
enhancement in the energy absorption capability at high strain rates
along with the minimal structural damage under impact loading of
the composites clearly show the potential of these novel structured
materials for myriad shock absorption or damping applications.

In principle, the discussed approach can be generalized for any
polymer matrix, including dispersion hardened polymer composites,
and can be enacted at smaller length scales by selecting stiff balls of
smaller diameters and by employing contactless methods to arrange
balls in periodic arrays, such as by application of magnetic field if the
stiff balls are magnetic29, etc. The energy absorption is to weight ratio
of composites with the periodic array inclusions can be further
enhanced by using bio-inspired design of double layered balls30,
where inner metallic foam like core is uniformly coated with an
optimized thickness of solid steel or other hard material. However,
it should be noted that the mechanical behavior of the proposed
composite architecture is expected to be different in the tension
and the compression. This is evident as spheres come in contact
and then slide over each other under compression loading whereas
they will move away from each other in the tension precluding any
strengthening due to the contact between spheres and an increase in
the deformed volume of PDMS due to the sliding between two
spheres. This behavior of the composite architecture is similar to
the granular media31.

The mechanical behavior of PDMS and the steel ball filled PDMS
composites were studied under quasi-static and dynamic loading
conditions. The PDMS-steel ball composites showed superlative

Table 2 | A comparison of effectiveness of different composite structures as compared to the base material in terms of energy absorption per
unit volume

System Increase in Absorption Energy per Unit Volume, CComposite/CBase Material Reference

Carbon Nanotube-PDMS layered composite ,1.5 27
Morten filled with ,5% of carbon nanotubes ,1.5 19
20% Glass fiber reinforced Nylon6/61 ,0.4 28
20% Carbon fiber reinforced Nylon 6/6 ,0.7 28
Quasi-isotropic carbon with PBO hybrid fiber ,2 18
PDMS-steel ball composite ,4.5 This work
1The nylon based composite data were derived using the damping coefficient at the temperature where they were maximum.
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mechanical behavior as compared to the monolithic PDMS samples-
under quasi-static loading conditions, it showed both high stress for
an imposed strain and the high energy absorption during the stress-
strain hysteresis, and under dynamic loading condition, it not only
retained the structural integrity but also showed orders of magnitude
higher energy absorption capability. The deformation mechanism in
these PDMS-steel ball composites consisted of: (i) sliding of the steel
balls over each other, (ii) deformation of an additional volume of the
PDMS during this sliding process providing the composite with an
extra strength, and (iii) reversion back of the steel balls to their
original position upon the removal of the load. The replacement of
a continuous steel rod with multiple disjoint balls forming a periodic
chain like structure is the key to the extraordinary shock absorption
and damping behaviors of these PDMS-steel ball composites at both
the low and the high strain rates.

Methods
Sample preparation. PDMS monomer and the appropriate cross linker were mixed
in a 1051 ratio and then poured into an aluminum mold of 13.5 mm inner diameter
and 11.7 mm height. Consequently, the fluid mixture was cured at 80uC for 60
minutes to produce the monolithic PDMS samples of the same dimensions as of the
interior of the mold. For preparing PDMS samples with a periodic arrangement of the
steel balls, the above mold was modified by affixing a 5 3 6 array of steel rods of
0.78 mm diameter and 20 mm length to its base. The center to center spacing
between the steel rods was 1.5 mm. Following the curing of the PDMS in this
modified mold, the steel rods were pulled out creating through holes of 0.78 mm
diameter in the otherwise solid PDMS sample. Ten chrome-plated stainless steel balls
of 1.17 mm diameter were mechanically inserted in the already existing holes in the
cured PDMS resulting in a periodic stacking of balls in each hole. A schematic of the
resulting PDMS-steel balls composite is shown in Fig. 6. Since the implantation of
the steel balls inside the cured PDMS was purely mechanical, no chemical interaction
via interfacial bonding occurred. Therefore, the chemical composition and behavior
of the PDMS matrix of the PDMS-steel ball composite is expected to be same as that of
the monolithic PDMS. The volume fraction of the steel in the prepared PDMS-steel
ball composite was ,60%. The PDMS-steel ball composite samples had the same
height and diameter as the monolithic PDMS samples.

Quasi-static and high strain rate compression testing. At first, both monolithic
PDMS and the PDMS-steel ball composites were compressed to different engineering
strains, ranging from 5 to 50%, at a nominal strain rate of 0.05 s21. After compression
to the set strains, the samples were unloaded at the same strain rate of 0.05 s21. A few
of the monolithic PDMS samples were also tested through another loading and
unloading cycle to determine the effect of the cumulative damage accumulation on
the stress-strain behavior of the polymer matrix. To minimize the effect of bulging
while compressing these samples, an iron encapsulation with an inner diameter of
13.5 mm was placed around each sample. Even though this type of adaptation

produced hydrostatic stresses and hence tri-axial state of stress in the sample, it
allowed continuation of these tests up to very large compressive strains. If the iron
encapsulation was not placed, the transparent PDMS matrix allowed direct
visualization of the movement of the steel balls during a mechanical test. Hence in-
situ video imaging during a few of the tests was conducted with a standard optical
camera operating at a rate of 20 frames per second.

A comparison of the behavior of these samples, i.e. monolithic PDMS and PDMS –
steel ball composites, under dynamic or shock loading conditions was conducted
using the split Hopkinson bar technique. After a sample was placed in a steel
encapsulation attached to the split Hopkinson bar test set-up, an incident bar hit the
sample and the signals pertaining to the strain rate and stress data were recorded.
Reloading of the sample was precluded by attaching momentum traps to both the
incident and the transmission bars. The tested samples were visually inspected for the
signs of macroscopic damages. Strain rates of .2400 s21 were recorded during split
Hopkinson bar test.
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