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ARTICLE INFO ABSTRACT

Aqueous methylcellulose solutions are fascinating inverse-freezing materials, known to reversibly form gels upon
heating. Recently, these materials have been found to undergo this endothermic solidification upon impact. The
impact-induced solidification was shown to occur in the microseconds’ timescale, setting the path for examining
their functionality for shock absorption purposes. This present work focuses on characterizing the ability of
methylcellulose solutions to mitigate impact forces, and on quantifying their attenuation coefficients for weak
ultrasonic pulses as well as violent impacts. Ultrasonic attenuation measurements at temperatures higher than
the gelation temperature (solid gel), reveal unique behavior which is attributed to the thermogelation me-
chanism. Impact experiments on 2 cm thick solutions have shown unexpectedly strong force and impulse mi-
tigation, along with a high attenuation coefficient that grows exponentially with frequency. This attenuation
performance was even further improved by increasing the concentration of gel-forming material. Reducing the
thickness of the sample to 1 cm does not apparently reduce the force and impulse mitigation characteristics from
those measured for 2 cm thickness, which is a distinct "anomaly" of materials used for wave mitigation. These
observations imply that in the materials investigated herein, the main mechanism of shockwave attenuation is
the sol—gel phase-transition, in contrast to shockwave passage through the viscous material bulk. Thus, the
common normalization of the attenuation coefficient to the thickness of the medium is not valid for these
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materials.

1. Introduction

Upon impact, detonation, strong vibrations or hard collision be-
tween bodies, a significant amount of energy is transferred to the im-
pacted structure by means of elastic stress waves. Blunt shock trauma
caused by stress waves significantly raised the percentage of casualties
of U.S army veterans who were exposed to explosion blast waves in
short and intermediate range in Afghanistan and Iraq. [1,2]. Since the
impact to the body was caused by airborne shock waves, there was no
visual evidence for injury or hematoma, but the damage to the internal
organs was severe in many cases. [3-6]. A similar effect was observed
in American football and combat sports, where many young active
players suffered from irreversible brain damage following blunt shock
[7,8]. Similarly, marathon athletes are known to suffer from spine in-
juries due to the repeated shocks that each and every step imparts to the
body [9]. The potentially devastating effect of stress waves has led to an
extensive investigation of the phenomenon and development of
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engineering techniques to mitigate the energy, or to isolate the object
intended to be protected from these shockwaves.

Nowadays there are many different methodologies and techniques
to attenuate impact and mitigate energy transfer, both at the design and
the material selection levels. In terms of design, one can find plastically
collapsing mechanisms [10-14]. Multiple layer composites can take
advantage of the layers' different acoustic impedances, such as to reflect
most of the incoming energy [15-19]. Moreover, the thickness of each
layer can be tuned to reduce the bandwidth of the transmitted signal
[15,20]. Alternatively, one can find porous media in which the porosity
acts to reflect and dissipate incoming stress waves [11,21,22].

At the material level and in the mechanical design concepts, most
suspension and shock absorbing devices are based on springs and
dampers. Here, the spring is the load bearing component and the
damper absorbs energy with a proportional relation to the impact ve-
locity. Viscoelastic materials like polymers, rubbers and gels, act simi-
larly, the spring is the material storage modulus, and the energy
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absorption determined by the viscosity and the loss modulus [23-25].
The versatility and the ability to control and modify many of the
properties of these materials render them favorite candidates for many
engineering applications [19,26-30]. Another concept in the materials
group, are shock absorbing liquids. These liquids are usually highly
viscous and nonNewtonian, hence rapid shocks lead to significant
hardening, which does not necessarily imply shock mitigation [31-33].
Another type of material recently proposed for study in the context of
shock attenuation is an inverse freezing liquid [34].

Inverse freezing materials are unique in their ability to undergo li-
quid to solid transition upon heating [35]. In a previous report, we have
demonstrated how one such system — aqueous methylcellulose (AMC)
gels not only harden when heated beyond their gelation point, but also
respond to dynamic compression by a considerable increase in their
flow stress [36]. More recently, we reported that room-temperature
solutions of these materials undergo impact-induced gelation [34]. This
very fast phase transition enables the uptake of the impact energy, and
translates it into chemical energy, raising the possibility of using such
materials as shockwave energy attenuators. However, the energy-mi-
tigation properties of these aqueous solutions remained mostly un-
characterized.

Here we report on a study of the shock attenuation of AMC solutions
in their liquid state, at room temperature. The investigation includes
these materials' attenuation performance with respect to the loading
regime, methylcellulose (MC) concentration and thickness of the ab-
sorbing layer. The properties of the material of interest, 5.6% wt. AMC,
were compared to those of pure water, and 5% and 20% ballistic gelatin
(BG). Our choice of these control materials was dictated by the fact that
water composes 90-95% of AMCs and is known as a non-dissipative
material with minimal attenuation of sound waves. 20% ballistic ge-
latin, on the other hand, is one of the most commonly tested materials
in impact studies due the similarity of its mechanical properties to those
of human tissues [37-41]. This report is the first to expand on the novel
phenomenon of shock attenuation by AMCs, and explores the effect of
basic factors which have not yet been examined, but which can none-
theless have considerable contribution to both the mechanistic under-
standing of how the attenuation occurs and also to the future im-
plementation of these solutions into actual protective elements in
engineering systems.

2. Experimental details
2.1. Materials and gel preparation

Methylcellulose (SG-A7C Food Grade, Dow Chemical Company,
USA) and Ballistic Gelatin (Bloom 300, MM Ingredients, UK) were used
as purchased, without further purification. Aqueous solutions of MC
were prepared by heating ultrapure water (18 M, 0.1 pm, Millipore
Milli-Q instruments) to 70 °C and then adding the required amount of
methylcellulose powder for a given concentration. The mixture was
then stirred vigorously, at 70 °C, for at least five more minutes. The
mixture was then transferred to an ice-bath for one hour, followed by
incubation for at least 12 h at 4-8 °C, before use. 5% wt. and 20% wt.
ballistic gelatin was prepared similarly to the AMC, omitting the ice-
bath stage.

2.2. Ultrasonic attenuation (Linear attenuation)

The ultrasound experimental setup used for measuring the linear
attenuation coefficients consists of a high voltage ultrasonic pulser
(Olympus 5058PR) and an ultrasonic longitudinal probe with a nominal
frequency of 1MHz (SIUI-1M-24). The measured ultrasonic signals
were recorded using an oscilloscope (Agilent DSO-X 2004A, 2 Gsa/sec).

For the ultrasound measurements, AMC solutions were cast into a
cylindrical PMMA holder, Doyter =40 mm (wall thickness of 3 mm),
covered with a thin (0.2 mm) plastic slide as the lower plate, which was
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practically transparent to the ultrasonic pulse. The lower plate was
placed directly on the ultrasonic probe, and the measurements were
performed using the pulse-echo technique [42-44]. The experimental
setup is identical to the one used in previous work on A7C MC [36].

The recorded pulse-echo signal, was converted into rectified mode
using Hilbert transform [45], and then each consecutive pulse was
signed into an individual vector. The length of each vector of the pulse
repetition was then artificially extended to a length of 2048 points
using zero padding [46]. An example for raw ultrasonic signal and a
calculated power spectrum are shown in Supplementary Material
(Fig. 1S). For the frequency dependent attenuation coefficient, the
pulses were compared in the frequency domain using fast Fourier
transform. The expression of the attenuation coefficient () is given by
Eq. (1) where X is the height of the material in the sample, and I; and I,
are the intensity levels of two consecutive repetitions at a given fre-
quency. Eq. (1):

oy (Np/em) = ln(ll(f))/ZX

L) @

The plots of attenuation coefficients as a function of the frequency
presented in the paper are the results averaging at least 200 experi-
ments. More detailed information on the attenuation calculation and
the statistical error appears in the supplementary material. (Fig. 25).

2.3. Nonlinear attenuation

The nonlinear attenuation experimental setup consists of two main
parts: 1. a 12.7 mm diameter Hopkinson bar [47], made of 7075-T6
aluminum-alloy, and a 15 cm projectile made of the same material. 2. a
liquid-containing chamber with internal dimensions of h = 93 mm,
w=96mm, d=20mm, made of 10mm thick aluminum plates.
(Fig. 1a and b) The rear plate of the box was connected to a tunable
screw mechanism, so that thickness of the medium within the box could
be varied. Experiments were conducted at thicknesses of 20 mm and
10 mm.

The impacting stress waves are generated by propelling the alu-
minum striker towards the Hopkinson bar, using a gas gun. As the
striker hits the bar, an elastic stress wave starts to propagate towards
the far edge of the bar, which is in contact with the gel-containing
aluminum chamber. As the stress wave reaches the bar's far end/
chamber interface, part of the wave continues to propagate in the ori-
ginal direction through the impacted wall of the chamber and into the
AMC solution (transmitted wave) while the other part of the wave is
reflected back into the bar (reflected wave). From the original incident
and reflected stress pulses, the applied force on the aluminum chamber
was calculated. (Eq. (2)) Where E,, is the bar's Young's modulus, Ay, is
the bar's surface area and ¢; and ¢, are the incident and the reflected
stress waves respectively. Eq. (2):

Fy = ApEp(s; + €) (2

During the experiments the recorded impacted forces were in the
range of 2500-22,000 N. An example of typical force profiles recorded
on the Hopkinson bar is shown in Fig. 3S (see supplementary material).

The transmitted wave propagating through the medium filling the
chamber was recorded by a set of two A201 FlexiForce™ sensors, as
described previously [36,48,49]. One sensor was placed on the inner
side of the impacted (front) wall of the chamber and the other was
placed on the rear (far) wall of the chamber. This allowed for load
recording on both sides of the investigated gel. The impact attenuation
calculation was performed according to the same procedure as the ul-
trasonic attenuation. The force profiles (before and after the liquid
filler) recorded using the Flexi-force sensors can be compared to two
consecutive ultrasonic pulses (Figure S1). These force profiles were
converted to power spectra using a Fourier transform (intensity vs
frequency). Finally the attenuation coefficient is calculated according to
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a: Hopkinson Bar

b: front chamber wall
c: rear chamber wall
d: examined liquid

e: front force sensor (provides
"Fi,"), cemented to front wall,
within the liquid

f: rear force sensor (provides
"Fout'), cemented to rear wall,
within the liquid

b

Fig. 1. Experimental setup for nonlinear attenuation measurements. (a) From left to right: Hopkinson bar and a top/front view of the impacted chamber. The front
plate of the impacted chamber is in contact with the Hopkinson bar; top view of the contents of the chamber, with the placement of the Flexi-Force™ sensors.(b) a

scheme of the experimental system.

Eq. (1).

Prior to each experiment, the chamber and the solution were ther-
mally equilibrated at 23 + 2°C. More than 50 repetitions were con-
ducted for each material concentration and thickness.

3. Results

The results are divided into linear and nonlinear attenuation. The
terminology of the sections originates from two main reasons. Soft
materials at low frequencies (~ <5MHz) are known to exhibit a po-
sitive linear correlation between the attenuation coefficient and the
frequency [50-54]. In addition, linear elasticity theory applies to small
amplitude deformations, such as those excited by ultrasound [55,56]. In
contrast, Hopkinson bars generate large amplitude stress/shock waves
[47,57,58], which are likely to cause a nonlinear material response.
Any attenuation caused by nonlinear strains will hereby be referred to
as nonlinear attenuation.

3.1. Linear attenuation

The attenuation calculation was performed by dividing the intensity
at any given frequency of two consecutive pulse repetitions. The re-
sulting averaged attenuation coefficient was found to be of a similar
value when compared between different pairs of pulse repetitions. The
calculated average attenuation coefficient of the different tested solu-
tions is shown in Fig. 2.

As a general remark, except for water which is not considered as a
viscous fluid, the attenuation increases with frequency. As shown in

Table 1

Averaged attenuation coefficients at frequencies of 500KHz and 950KHz, as
measured for water, 5% BG, 20% BG, 10% AMC, 5.6% AMC at room tem-
perature and 5.6% AMC gel at 80 °C.

Material Water 5% BG 20% BG 5.6% 5.6% 10%
AMC AMC gel AMC
a; (Np/cm)
(500KHz) 0.005 0.0097 0.23 0.15 0.53 0.54
a; (Np/cm) 0.003 0.10 0.78 0.22 0.72 0.91
(950KHz)

Fig. 2, the attenuation coefficient of water is approximately 0.005 Np/
cm with almost no frequency dependence. The measured attenuation
coefficients of the tested materials are summarized in Table 1. Note that
the measured value for BG was found to be in good agreement with
literature.

The viscosity of BG and AMC increases with increase in con-
centration of these solutions, as found in previous rheological mea-
surements [59-61]. This correlates well to the expectations from a more
viscous medium, which should exhibit higher attenuation as shown in
the 5% wt. AMC heated gel compared to the 5% AMC solution.

In contrast to the expectation due to viscosity considerations, the
chemical considerations lead to the opposite expectation. Based on the
energy-consuming sol— gel transformation, it is expected that the li-
quid would show higher attenuation performance than the gel, due to
the gel having less polymers available to undergo gelation. A possible

12 T T T T
—Water
—5% BG
1 |---20% BG 1
—5% AMC
-==10% AMC
~ 08r 0 = i
g —5% MC gel (70°C)
% /
& 06/ i
S 04 |
0.8 ~
07250 500 550 600 650 700 750 800 850 900 950
Frequency (KHz)

Fig. 2. Averaged attenuation coefficients as a function of the frequency, of the different tested materials.
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Fig. 3. Averaged attenuation coefficients as a function of the frequency, of 5.6% AMC as it cools down to room's temperature.

explanation to this supposed contrast would most likely rely on the
structure of the gel, which has been shown to include fibrils of varying
length and near constant diameters of about 15nm [60,62]. Un-
fortunately, it is yet to be discovered how such fibrils further associate
with each other and possibly other structural elements, to form the
macro-sized organic structures which exist in the gel. These latter are at
least large enough to scatter light in the visible wavelengths, to form
opaque gels in their heated form. Thus, how the ultrasound waves,
having wavelengths of 3.5mm and 1.6 mm at frequencies of 450 and
950 Hz respectively, interact with the structures of the gel is currently
unknown.

These results motivated the exploration of the dependence of the
attenuation coefficient, on the temperature of the AMC solution. For
this purpose, two identical sealed 5.6% MC samples were kept at
~85 °C for 20 min. Then, one of the samples was used for attenuation
measurements while the other was used for temperature measurements
using a thermocouple inserted into the bulk of the gel. Immediately
after the heating stage, one sample was placed on the ultrasonic probe
and the second was placed on a similar probe in close proximity to the
first sample, in order to replicate the heat loss from the first sample. The
frequency dependent attenuation coefficients of the 5.6% MC sample at
different temperatures, as it cooled down, are shown in Fig. 3.

As shown in Fig. 3, as the gel cools down from 66.6 °C to 58.2 °C,
there is a significant increase of the measured attenuation, at fre-
quencies in the range of 0.75-0.95 MHz. The studied temperature range
is above the gelation point (T,) of the sample, 42 °C [36]. Several earlier
studies have shown considerable hysteresis of the T, between heating
processes (sol—gel) to cooling processes (gel—sol) of these materials
[63,64], which lowers the Ty in the cooling process by more than 10 °C
compared to the T, found on heating. It was also found that on cooling
T, shows relatively little dependence on the rate of cooling and on the
MC concentration in the solution. Thus, over the temperature range
reported, the T, was not reached in our sample, and the changes in
attenuation observed for the sample at 66.6 °C to 58.2 °C are not due to
the entire medium undergoing phase transition. We are currently ex-
ploring possible mechanisms to account for this observed behavior, in
which the "cold" gel shows higher attenuation than the "hot" gel. We
suggest that the mechanism relies on the interactions of solvated
polymers with the existing gel network. When energy is provided to the
gel, in this case in the form of ultrasound waves, these solvated poly-
mers are “recruited” to the gel network in a local gelation process that
uptakes the provided energy. Support for this possibility can be found
in two previous findings: first, the gel heated beyond its T, continues to
harden [36]; second, the addition of rigid particles, which interact with
the MC polymers and likely facilitate the recruitment of solvated
polymers into the gel network in AMC hydrogels, increase this

temperature-hardening dependence [65], This “recruitment” in the ul-
trasound-irradiated gels would be more considerable with the rise in
solvated polymer population, which in turn is expected to grow in the
lower temperature range of the existence of the gel structure. If indeed
this occurs, it would fit the increase in attenuation with the lowering in
temperature in this range. However, this mechanism still requires fur-
ther evidential support, and why the phenomenon is observed at the
frequency range between 0.75Mz and 0.95 MHz still needs to be clar-
ified.

3.2. Nonlinear attenuation

Nonlinear attenuation experiments are a direct follow-up to the
newly found phenomenon of impact-induced gelation of AMC solutions
[34]. In this previous report, we have demonstrated large mitigation of
forces passing through this material, in correlation with the impact-
induced endothermic phase transition. In this report, the impact forces
studied are considerably larger, and the attenuation was measured by
following three main parameters: the reduction of the maximum force
amplitude measured by force sensors before and after the medium, the
reduction of the transmitted impulse, and the attenuation coefficient
itself as a function of the frequency. All these parameters are common
measures in the standardization of protective gear [66-68].

The first set of experiments was conducted at a constant thickness,
where the distance between the aluminum chamber walls was set to
2 cm. (Fig. 1a and b). In this set, all the loading force amplitudes re-
mained within the range of 9-10KN. Representative force amplitudes
recorded on the force sensors for water, 5% ballistic gelatin and 5.6%
AMC are shown in Figs. 4a-c. in which the signals have been shifted in
time for them to coincide.

In the reference experiment, Fig. 4a, the forces recorded before and
after the water are almost of the same amplitude. Since water is con-
sidered as non-attenuating material, we assume that the minor reduc-
tion in the force amplitude is due the dissipation of the wave front that
transitions from 1D when leaving the Hopkinson Bar into a 3D front
upon interaction with the chamber structure. The averaged force re-
duction and impulse of the tested materials are summarized in Table 2.

In the ultrasound experiments, 5% BG and 5.6% AMC exhibit
comparable attenuation coefficients. However, in the nonlinear ex-
perimental conditions, which are more similar to blunt shock generated
by impact, the reduction of the load peak by the AMC is more than three
times higher than that of the BG. This remarkable difference is tenta-
tively ascribed to the mechanism of endothermic phase transition in
AMC, as previously reported for systems with lower impact energies
[34].

The power spectra of the force profiles reveal valuable information
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Fig. 4. Representative forces profiles recorded on the force sensors before and after the medium. (a) for water. (b) for 5% BG. (c) for 5.6%AMC. Note that the forces
have been shifted according to the maximum amplitude and that the y axis amplitude is different for each figure.

Table 2

Averaged amplitude and impulse reduction together with the minimum and
maximum calculated values for water, 5% BG and5.6% AMC, based on 60 ex-
periments per group.

Material Amplitude force Min/max Impulse Min/max
reduction (%) Values (%) reduction (%) Values (%)
Water 3.1 [1.1 4.3] 3.2 [2.6 4.1]
5% BG 11.1 [7.8 16.7] 12.9 [9.1 18.5]
5.6% AMC 35.4 [29.1 40.3] 25.6 [22.1 33.5]

on the energy attenuation performance as a function of the frequency.
(Figs. 5a—c).

Fig. 5a, shows again that water is an excellent reference material for
calibration of the experimental setup with hardly any force mitigation.
The power spectrum clearly shows that apart of a minor energy loss in
frequencies of < ~12 KHz, the energy intensity is fully preserved. The
power spectrum of BG (Fig. 5b) exhibits an almost constant ratio be-
tween the intensity levels before and after the BG over the tested fre-
quencies range (< ~43 KHz). This observation implies that the at-
tenuation coefficient is almost constant over these frequencies.

Fig. 5¢c shows that AMC is a considerably more potent energy mi-
tigator than the other two examined materials. For frequencies in the
range of 0-20 KHz the intensity ratio is about 60%. At frequencies
higher than 20 KHz full attenuation is observed and there is practically
no energy transmitted to the rear sensor.

Up to this point, all the presented impact experiments were

performed at relatively constant loading amplitudes of 9-10 KN.
Additional experiments, which were conducted with higher loading
amplitude (~20 KN) did not yield any new observations or different
measured value values in water, BG, or 5.6% wt. AMC. For the sake of
brevity, a comparison between different loading amplitudes will only
be presented for 10% AMC.

3.3. On the influence MC concentration

Apart from the increased viscosity of AMC solutions, it was expected
that increase in concentration of methylcellulose would lead to higher
attenuation capabilities of the liquid. This is due to two main reasons:
first, a linear relationship was previously found between the MC con-
centration and the enthalpy required for gelation [69]. Second, it has
been well established that increase of polymer concentration lowers the
T, thus lowering the threshold bar of the impact stimuli [63,70,71].
These properties led to the assumption that AMC solutions of larger
concentrations were worth studying, as they are expected to be even
better shock attenuators. A concentration of 10% wt. was chosen, as at
higher concentrations, the material behaves like an inhomogeneous
solid rather than a solution. While this behavior does not prevent it
from serving as a successful shock mitigator, the aspiration in this work
was to maintain a material that could be more easily compared to the
5% wt. AMC. In contrast to the 5% AMC, the 10% wt. solution dis-
played different attenuation performance for different impact loading
amplitudes.

Representatives force amplitudes recorded before and after 2 cm of
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Fig. 5. Representative calculated power spectra from the force sensors before and after the medium. (a) for water. (b) for 5% BG. (c) for 5.6%AMC.

10% AMC submitted to impact loading amplitude of 10 and 20 KN are
shown in Figs. 6a and b.

Figs. 6a and b shows two main changes in the "out force". Strong
reduction in the force amplitude and the force profile is smeared over
time in comparison to the profiles shown in Figs. 4a—c. For all of the
tested loading amplitudes, the averaged force and impulse mitigation
was found to be similar. The calculated averaged amplitude force re-
duction is now 65.5% [61.2-71.4%] and the impulse reduction is
43.5% [36.9-48.4%]. This significant improvement is the outcome of
the addition of less than 5% MC to the previously studied AMC. How-
ever, this increment embodies more solvated polymers that would en-
dotehrmically be able to gel upon impact. This increase in energy up-
take capabilities, along with the reduction of Tg, correlates well to these
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observations.

The calculated power spectra for the 10% AMC experiments sub-
mitted to loading impact amplitude of 10 and 20 KN are shown in
Figs. 7a and b.

Figs. 7 shows that for impact loading amplitude of ~10 KN, before
the 10% AMC, the incoming signal spans up to a frequency of ~75 KHz,
while for 20 KN the frequency range reaches almost 200 KHz. Despite
this difference in the incoming signals at the different loading ampli-
tudes, the 10% AMC shows complete attenuation of both shockwaves at
frequencies beyond ~ 60 KHz. Another observation shown in Figs. 7 is
that in both loading amplitudes, the ratio between the power spectrum
curves before and after is very small, in the order of 20% or less.

A comparison between the response of the solution to both impacts

2500 T

2000

1500

Force (N)

1000

3.35 34 3.45 35 355 36
Time (sec) x10*

325 33

Fig. 6. Representative forces profiles recorded on force sensors before and after the 10% AMC. (a) loading amplitude of ~10KN. (b) loading amplitude of ~20KN.
Note that the forces have been aligned according to the maximum amplitude and that the y axis is different between the different figures.
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Fig. 8. Averaged nonlinear attenuation coefficients as a function of the frequency in comparison to the linear attenuation coefficient, of 5% BG, 5.6% AMC and 10%

AMC.

amplitudes shows that the AMC's solutions exhibit an increased attenuation
for the more powerful (energetic) impacts.

To summarize the results gathered so far from the impact experi-
ments on different materials (at 2 cm thickness), the nonlinear and the
linear attenuation coefficients are shown as a function of frequency in
Fig. 8.

As shown in Fig. 8, the attenuation behavior is markedly different,
for the different loading regimes. While ultrasonic attenuation displays
a linear correlation with frequency, the impact attenuation exhibits a
steep exponential dependence on the frequency.
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3.4. On the influence of the AMC thickness

The forces profiles and the power spectrum of 1 cm thick water are
shown in Figs. 9a and b.

According to the reference experiments shown in Fig. 9a, the force
reduction decreased to 1.5 = 0.5% and the impulse reduction to
1.0 £ 1% in comparison to 3.6% and 3.1% respectively at 2 cm. This
behavior is expected from the reduction in the geometrical path be-
tween the two sensors, which leads to decreased dissipation of the stress
wave. In the frequency domain, Fig. 9b shows that both lines have al-
most the same intensity amplitudes at all frequencies. The waviness of
the amplitude originates from the strong impact of the Hopkinson bar
on the box in addition to almost identical F;, and F,,, amplitudes.

—Before the water
— After the water
0 1 . L L
0 20 40 60 80 100 120 140 160 180

Frequency (KHz)

Fig. 9. (a) Representative forces profiles recorded using the force sensors before and after 1 cm thick layer of water. (b) Representative calculated power spectra from

the force sensors before and after 1 cm thick layer of water.
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—Before the 5.6% AMC
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Fig. 10. (a) Representative forces profiles recorded on the force sensors before and after 5.6% AMC at thickness of 1 cm. (b) Representative calculated power spectra

from the force sensors before and after 5.6% AMC at thickness of 1 cm.

1 cm thick 5% BG showed that the amplitude force reduction was
decreased from 11.1% and 12.9% at 2cm to 7.1% and 6.5%, respec-
tively. These values correlate very well with the 50% decrease in the BG
thickness. Results for 1 cm thick 5.6% AMC are shown in Figs. 10a and
b.

The results shown in Figs. 10 were surprising and rather counter-
intuitive. The average amplitude force reduction of 1 cm 5.6% AMC was
33.5% which is the approximately the same value as measured for the
2 cm samples by reducing the difference of the change in the distance.
(~2% like shown for water). Moreover the average impulse reduction
is 24%, which again is within the range of values measured for the 2 cm
specimens. Intriguingly, the power spectrum analysis shows that the
attenuation coefficient at 1 cm is almost twice than the attenuation
coefficient calculated according the 2 cm thickness. This finding shows
that the main attenuation mechanism of AMC under impact is not based
on the decay of waves while traveling through a viscous medium. The
similar force mitigation shown for 1 and 2 cm demonstrates that for
AMC, the attenuation is not a function of the thickness. For this situation,
the common presentation of attenuation coefficient (Np/cm) is not
suitable for AMC solutions under impact, hence the attenuation cannot
be divided by the AMC thickness. According to these findings, one
should relate the attenuation coefficient presented at Fig. 8 as suitable
only to a thickness of 2 cm. Experiments with 10% AMC at 1 cm have
also shown similar behavior those presented at 2 cm thickness for the
10% AMC.

Additional work is currently performed to explore the existence of
minimum thickness (if at all) for which the attenuation properties re-
main independent of the gel layer's thickness.

4. Conclusions

This research was primarily motivated by the growing need to re-
duce the extent of damage to living tissues and vital organs, caused by
blunt shock trauma. In the continued quest to find new methodologies
to mitigate stress waves, the recent discovery that MC gelation can
occur upon impact by fast impact energy uptake, has rendered AMC
solutions the preferred candidates for the exploration reported herein.

Ultrasonic experiments show that the attenuation coefficients of
AMC and BG at concentrations of 5.6% wt. are in the range of
0.1-0.2 Np/cm, with a weak frequency dependence on the frequency.
At higher concentrations, both materials exhibit higher attenuation,
with stronger frequency dependence. As they cool down, AMC hydro-
gels show abnormal behavior of the attenuation coefficient in the fre-
quencies at the range of 0.75-0.95 MHz. In this range, colder gels dis-
play higher attenuation of the ultrasound waves than hotter gels. It is
currently assumed that this phenomenon is based on the ultrasound-
induced network recruitment of solvated polymers, but further in-
vestigation into this proposed mechanism is required.

5.6% AMC shows very high efficiency in attenuating impacts and

shocks, which can be even further improved by increasing the polymer
concentration to 10% wt. This improvement is quantified by amplitude
force mitigation of 65.5% and decrease in the impulse ratio of 43.5%.
These values are rather surprising since the 10% AMC consists of 90%
water, which is a non-attenuating material. Moreover the calculated
attenuation coefficient exhibits exponential increase with frequency
upon impact, in contrast to the common linear correlation relation fa-
miliar from ultrasound experiments. Further examination of AMC at
concentration of 10% wt. have shown an improved performance in
comparison to the other tested materials,

Study of the AMC attenuation performance at 1cm thickness
yielded similar force and impulse mitigation as observed for 2cm
thickness. The fact which for AMC the energy mitigation is not a
function of the thickness, emphasizes the unique ability of AMC to gel
upon impact, through a reversible endothermic transition. This ab-
normality leads to a case where the common presentation of normalized
attenuation coefficient with respect to the medium thickness is mis-
leading and irrelevant.

The results of the study reported here are, in our view, novel when
compared to the performance of other materials employed in applica-
tions of shock attenuation. Naturally, there are still more properties to
explore and several abnormal findings which require further in-
vestigation. However, we hope that these findings will help pave the
way to introducing these inverse-freezing materials to fields and ap-
plications into which they have not yet been combined.
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