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Abstract

Biological materials are often viewed as composites, consisting of weaker components arranged hierarchically, leading to
exceptional mechanical capabilities that are challenging to replicate in synthetic materials. Natural shape and structure
develop through the process of striving for improved performance. This paper will provide a summary of observations from
experiments conducted on a composite material designed to closely mimic a sophisticated multifunctional biological structure.
The Split Hopkinson Pressure Bar (SHPB) was utilized to test strain rates ranging from 10° s to 10* s, providing reliable
and comprehensible data for analyzing the behavior of the composite material at high strain rates. The Split Hopkinson
Pressure Bar (SHPB) device is frequently utilized for evaluating metals and other materials with high strength and mechanical
resistance. This study will detail the changes made to a standard Split Hopkinson Pressure Bar (SHPB) apparatus for testing
low impedance materials. An aluminum sample was seen to lose its specific stiffness as impact strain rate increased, but the

produced material continued to improve.
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1.0 Introduction

Biological materials are typically viewed as composites
composed of rather fragile components. Their hierarchical
structure leads to a unique mix of mechanical qualities
like as stiffness, strength, toughness, and low density,
which are challenging to achieve in synthetic materials'.
Researchers have recently become interested in studying
these materials, specifically focusing on their structure-
property relationship. There is a growing interest in
the materials research community to comprehend the
mechanisms that control the behavior of natural materials
in order to replicate them in newly created synthetic
materials®. The field of study known as biomimetics has
resulted in numerous advancements in material science.

*Author for correspondence

It is a multidisciplinary study subject that has lately been
applied in several technical contexts. Biomimetics is a
design methodology that involves creating novel materials
and addressing technical challenges by imitating natural
structures. Nature contains numerous sophisticated
systems that can be readily replicated using modern
technologies’. Over the past few decades, the biomimetic
approach has resulted in a wide range of solutions inspired
by nature, also referred to as bio-inspired or biomimetic
structures®’.

Wood, bone, and nacre are regarded intriguing
structural materials among biological composites due to
their load-bearing capabilities. These materials are now
being viewed asbiomimetic models,leading to the creation
of new biomimetic solutions. Bone is highly valued for its
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superior mechanical qualities, such as stiffness, strength,
and toughness, which make it an excellent support
structure for many species®”. Bone is a highly old and
prevalent biological material that has been extensively
studied for many years. It serves as a significant source
of inspiration for various biomimetic materials®*'°. Bone’s
distinct mechanical characteristics, including stiffness,
strength, and toughness, make it an appealing biomimetic
model for research and development of newly created
biologically inspired composites. Bone is a mineral-
protein combination noted for its exceptional toughness.
This mechanical property is significantly higher, by three
to five orders of magnitude, than that of its basic mineral
due to toughening mechanisms at several hierarchical
levels''.

This study examines the response of a sandwiched
composite material at high strain rates, which is
engineered to replicate the structure of human skull
bones'>"*. The composite consists of a low impedance
foam core layer shielded by high strength fiber reinforced
skin layers'***, This study aims to investigate if the split
Hopkinson Pressure Bar (SHPB) equipment can provide
reliable and comprehensible data for analyzing low
impedance materials under high strain rates. This device is
frequently utilized to test metals and other materials with
high strength and mechanical impedance. Engineering
materials like rubbers and foams are being employed
more frequently in applications that involve high strain
rates and deformations.

2.0 Methodology

This section outlines the biomimetic method employed
to replicate the microstructure of biological structure in
a new composite material, covering the entire process
from the initial idea to the final product design and
production. The method used to replicate the internal
structure of biological structure involves several phases:
selecting the hierarchical level to imitate specific
toughening mechanisms, defining a concept, assessing
feasibility, choosing materials and manufacturing
techniques, and finally, the implementation. In addition
to the bio-inspired composite, we also provide the design
and characterization of a traditional laminate with a
similar kind and quantity of reinforcement and matrix as
the bio-inspired composite, but with a different internal
structure. The bio-inspired composite material design
is not intended to simply replicate the microstructure
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of biological structure. The structure is simplified and
contains the major characteristics involved in the fracture
process, such as osteons, which are replicated on a
bigger scale using synthetic fibers. We want to imitate
bone structure to reproduce the primary toughening
mechanisms that take place in bone at this hierarchical
level.

At high speeds, even lightweight items can produce
a considerable amount of impact energy, which can
negatively damage the performance and durability of the
constructed component when the energy is transferred
through it. Developing enhanced lightweight composite
materialsthat canreduce the transmission ofimpactenergy
is advantageous for several applications. Testing polymer
materials with a SHBP system can be challenging because
of their low mechanical impedance. The mechanical
impedance, denoted as ‘Z} is calculated by multiplying the
area, density, and longitudinal sound speed. To achieve
maximum sensitivity from the instrument, it is ideal to
closely match the impedance of the pressure bar material
to that of the sample. Table 1 presents the Mechanical
Impedance values for specific metals and polymers. The
multi-layer polymer composite effectively reduces the
compressive strain-waves generated by the initial impact,
making it challenging to obtain accurate readings from
the strain gage on the output bar of the SHPB system.
Using a high initial impact velocity is preferred since it
results in a larger amplitude wave, making it easier to
measure precisely. The highest impact velocity that can
be utilized is restricted by the material qualities of the
pressure bars. To prevent damage to the bars, the impact

Table 1. Impedance of various materials

Metals and Alloys Impedance
304 Stainless Steel 36.08
Brass 31.48
Titanium 23.64
Beryllium 14.80
6061 Aluminum 14.40
AZ31B Magnesium 8.02
Polymers Impedance
Neoprene 4.01
Teflon 3.96
Polyurethane 3.14
Nylon 2.93
Lucite 2.67
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pressure should not exceed the Yield Strength of the
bar material. The impact pressure is calculated by the
Rankine-Hugoniot Jump Equations, which depend on
the density, sound speed, and impact velocity. Table 2
displays the maximum permitted impact velocities for
Aluminum 6061 and Magnesium AZ31B alloy pressure
bars, based on yield strengths of 145 MPa and 97 MPa for
the corresponding alloys. The Magnesium AZ31B alloy
enables a 20% increase in wave amplitude compared to
the previously employed Aluminum 6061 bars.

2.1 Split Hopkinson Pressure Bar (SHPB)

The equipment consists of a gas pistol with an impactor
bar, an input bar, and an output bar. A shock wave is
sent by the impactor through the input bar, the sample
being studied, and the output bar. Figures 1 illustrate the
setup of the device. A strain gauge measures the strain
caused by the shockwave in the input and output bars.
This information is then used to figure out the material’s
strain and other features. Figure 2 illustrates the diagram
showing the links between the sample and the input
and output bars. As Kaiser' says, the SHPB ideas can be
summed up like this:

1. The relationship between strain rate and stress is the
amount of waves that are reflected and transmitted.

2. By integrating the test’s strain rate trend over time, the
strain in the sample may be found.

3. You may determine the stress-strain features by look-
ing at the strain in the input and output bars. The form
of the impact is illustrated in Figure 3.

The impactor hits the input bar (incident bar), which
makes a pulse that is measured by the strain gauge on
the incident bar. The input bar and sample interface then
send back a pulse that is measured by the strain gauge
in the incident bar. The strain gauge on the impact bar
measures both the pulse that comes in ¢i (t) and the pulse
that bounces back er (t). Ninan et al®> shows the detail
mathematical functionality of SHPB illustrated in Figure 3.

Table 2. Maximum impact velocities required to
remain below bar yield point

Bar Material Maximum Maximum
Velocity (m/s) | Velocity (MPH)
6061 Aluminum 20.0 44.74
AZ31B Magnesium 24.1 53.91
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Composites can also be calculated using the Split
Hopkinson pressure bar formula that was stated earlier.
According to Ninan et al?, statistically characterizing
the rate-dependent deformation of composite laminates
outside of the elastic domain has only been attempted
a handful of times, and that was just recently. Figure 4
displays the loads, displacements, and stresses at different
places on the sample.

An elastic wave is produced by the impactor’s
collision with the incident bar and propagates through
the specimen and bars. The specimen undergoes plastic
deformation as a result of the elastic wave. Research
involving plastic wave propagation is not appropriate
for the SHPB. When testing low impedance materials for
high strain rate characteristics, the SHPB can be useful.
Since the majority of the incident pulse is reflected
back into the incident bar and only a small amount is
transmitted to the transmission bar, low-impedance
materials enable the incident bar-specimen interface
to move freely under stress wave loading. The incident
bar should be made of high-strength aluminum alloy,
while the transmission bar should be constructed from a
hollow aluminum tube. As per Equation 9, the presence
of the hollow aluminum tube will lead to a rise in os
stress. In the transmission bar, the signal will be amplified
by means of the hollow tube. A circular piezoelectric
transducer, which is essentially an X-cut quartz crystal
disk, can be inserted into the center of an aluminum
transmission bar of matching diameter to directly
measure the time-resolved transmitted force. This

impactor input bar output bar
| = il - |
[ > Sample |

[ \

> PO
Strain gauges

Figure 1. Schematic illustration of the SHPB setup.

Input bar

Output bar

Figure 2. Sample-bar interface and sample.
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g1 (t) and gr (t) measure how far the incident bar-sample interface moves, which is denoted by
w®
&i(t) = el(t - At) 0))

er(t) = el(t + At) @
The pulse takes At time to get from the strain gauge on the input bar to the sample, and t iz a
single instant in time.

ul =CO [1(—& + &) dt _(3)

In equation 3, the distance between the input bar and the sample interface is shown. In equation
4, the distance between the sample bar and the output bar is shown.
t

u2=-C0 [ e, dt _(4)

The average strain in the sample is:
- o [t
|ES=“21_D"1:ff0(_gt + & — g)dt e)]

10 is the sample length and CO is the longitudinal wave velocity in the bar. Loads at the sample
interfaces P1 and P2 can be determined from the folowing equations:

P1=AsE (sl + e ©)
P2 = AsEet =7

Assuming that the pressure difference at each interface of the sample is negligibly small then
according to Graff 3, gt = g1 + er and substituting this into equation 5 gives:

2Co [t
es(t) =- T." o Erdt _(8)
which represents the sample average strain. The stress is obtained directly from the transmitted
strain, and the strain rate in the speciment from the reflected strain and are given by;

gs= E‘:—:st 9)
. _—2C
&s = T"a' _(10)

Figure 3. Ninan et al.” shows the mathematical functionality of SHPB.

3.0 Results and Discussion

15¢
it Plates measuring 10.16 cm by 10.16 cm from Table 1 were
o 951 utilized to assess the physical properties. Test samples with
§ 02 a diameter of 25.4 mm were cut from the plates. Figure 5
el displays test observations for two samples (Blue curve for
st 779 Kevlar on both sides and red curve for Aluminum).
21 Incident bar The plots illustrate the relationship between specific
25 Transmitted ber ||

stiffness, which is defined as the ratio of stiffness (in MPa)
to mass density (in N/m?), and strain rate (per second).

100 200 300 400 500 600
Time (us]

Figure 4. Shape of incident, reflected and transmitted pulse.

improves the signal in the bar, which is useful for testing
low-impedance materials. When it comes to sensing
forces in the x-direction, X-cut quartz outperforms the
indirect surface strain gage method. The self-generating
quartz transducer’s mechanical impedance is nearly
identical to the aluminum transmission bar’s mechanical
impedance, therefore adding the quartz disk won't affect
the bar’s ability to transmit waves in a single dimension.
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To compare the observation of the created composite,
an isotropic material like as Aluminum is used. The red
curve shows how specific stiffness changes with strain
rate for aluminum, whereas the blue curve represents
the specific stiffness variation for the composite with two
skin layers on either side of the core layer. To investigate
the impact behavior of a composite material with a foam
core and FRP skin layers on both sides, the standard Split
Hopkinson Pressure Bar (SHPB) apparatus was modified.
The transmitted pulse’s signal is amplified using an
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Figure 5. Specific stiffness with strain rate.

aluminum tube with an empty space within serving as the
output bar. A small amount of signal is passed through
the specimen because the low impedance of the foam
material causes the incidence pulse to bounce back into
the incident bar.

4.0 Conclusions

Because its internal structure is different, the mechanical
behavior of the newly created biomimetic composite
differed from that of the conventional one. The bio-
inspired construction exhibits enhanced characteristics
and, as anticipated, a notable anisotropy. To verify that
the low impedance material mainly causes most of the
incident wave to bounce back into the input bar, an
aluminum disc specimen is tested on the Split Hopkinson
Pressure Bar (SHPB). Results from the aluminum disc
test show that the response from the output bar represents
the majority of the incoming pulse that goes through the
sample. According to equation 9, the transmitted pulse
determines the impact-induced tension in the sample.
Since the input and output bars show the intensity of the
impactload immediately, testing proves that larger impact
loads cause increased stress on the aluminum sample.
A decrease in modulus is observed as the strain rate of
the aluminum sample is increased. As the strain rate
increases, the samples of the produced composite become
stiffer. At first, the aluminum sample’s cross-section is
not deformed as much because of its higher modulus of
elasticity. As strain increases, the material stiffens up as a
result of work-hardening that occurs during deformation.
Composite specimens exhibit a rise in modulus with
increasing strain rate. There is room for improvement
in the proposed design. By including nanoparticles that
serve as reinforcements, ideally with a platelet shape
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and appropriate size characteristics, as indicated by the
outcomes of molecular dynamics simulations.
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