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Bo Qing® and Krystyn J. Van Vliet

Synthetic polymer gels that accurately mimic key mechanical properties of brain tissue are valuable tools
for evaluating protective equipment and understanding injury mechanisms, for example in response to
concentrated mechanical impact events. Here, we employ impact indentation to investigate the response
of brain tissue from three species (mice, rats, and pigs), quantified in terms of penetration resistance, en-
ergy dissipation capacity, and energy dissipation rate. We identify measurable variations in these three met-
rics among the different animal models, suggesting that a highly tunable materials system is required to
capture the full impact response of specific brain models. To achieve enhanced tunability of energy dissi-
pation, we engineer bilayered polymer composites based on polydimethylsiloxane (PDMS) elastomers and
swollen organogels. This bilayer design leverages the key properties of each individual layer to decouple
Received 14th June 2016, the penetration resistance and energy dissipation characteristics of the composite material. Additionally, we
Accepted 27th July 2016 demonstrate that by sequentially tuning the stiffness and thickness of the top layer, all three of these im-
pact response metrics can be optimized to match that of porcine brain tissue. Together, these results sug-
gest that the mechanical behavior of composite gels under impact loading can be modulated to mimic dif-
rsc.li/molecular-engineering ferent brain tissues and brain injury models with high fidelity.
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Design, System, Application

Design of a polymeric system that mechanically mimics brain tissue presents several challenges. For applications such as ballistic testing and robotic
surgery optimization, the tissue simulant should replicate viscoelastic properties of brain and must also exhibit structural stability in ambient air; the latter
constraint excludes biocompatible hydrogels. Here, we synthesize simple bilayered composites comprising a silicone-based elastomer atop a swollen sili-
cone organogel, and find that this hierarchical structure enables the decoupling of the penetration resistance and energy dissipation characteristics of the
material. The extent to which we can decouple these parameters is constrained by the properties of each individual layer, since only intermediate responses
can be achieved. By varying the stiffness of the top elastomeric layer, the impact response of the composite can be tuned to attain the desired penetration
resistance. Next, by varying the thickness of the top layer, which negligibly affects penetration resistance within the range studied here, the energy dissipa-
tion response can be optimized to also match that of the target tissue. This hierarchical approach greatly widens the design space for soft-tissue simulant
materials and can be translated to other biological and structural applications that require precise, independent modulation of elastic and viscous or en-
ergy dissipative properties.

l. Introduction mimicking the mechanical deformation of brain tissue under
such insults are valuable tools for developing protection strat-
egies that effectively dissipate the mechanical energy. These
mechanical brain surrogates can serve as test media for
assessing new protective helmets, enabling the prediction of
injury severity both experimentally and computationally.>™*
However, the soft matter employed to date, such as ballistic
gelatin®® and Roma Plastilina #1 ballistic clay,® are poor rep-
resentations of the mechanical response of this so-called soft
; tissue - as the brain is one of the most compliant organs in
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Traumatic brain injury (TBI) caused by a focal impact to the
head negatively affects millions of individuals each year in
the United States.' Athletes and soldiers are two subpopula-
tions exposed frequently to adverse impact events ranging
from head collisions to ballistic attacks, and are thus suscep-
tible to TBI. Synthetic tissue simulant materials capable of
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mechanically comparable to muscle tissue® but approxi-
mately three orders of magnitude stiffer than brain tissue.’
Roma Plastilina #1 ballistic clay, an oil-based modeling clay,
is even stiffer than ballistic gelatin with a Young's elastic
modulus on the order of 1 MPa,'® and also exhibits notable
temperature sensitivity that introduces undesirable testing
variation."* Therefore, there remains a critical need for a
class of tissue simulant materials that more accurately repli-
cates the deformation response of brain tissue under impact
loading, specifically in terms of penetration resistance and
impact energy dissipation. Moreover, there exists a need to
understand quantitatively how the impact response can vary
as a function of species for biological tissues, or as a function
of molecular composition and structure for synthetic
polymers.

A recent study of individual polydimethylsiloxane (PDMS)
organogels as potential tissue simulant candidates indicated
a wide range of mechanical tunability, but failed to fully re-
flect the complex rate-dependent behavior of brain tissue.'?
The elastic and viscoelastic properties of such PDMS
organogels can be tuned systematically by adjusting parame-
ters such as the concentration of chemical crosslinkers, mo-
lecular weight of polymer chains, and amount of solvent
loading.”*™"> However, a significant limitation of those
organogels was that each of these composition parameters
influenced both the penetration resistance and energy dissi-
pation characteristics of the impacted material. As a result,
independent modulation of each of these properties has not
been achieved."” To address this problem, we here extended
that monolithic system to create a simple bilayered compos-
ite, by bonding a highly compliant PDMS elastomer (CY52-
276 Dow Corning®) with a PDMS organogel. Our objective
was to introduce hierarchical structure into the synthetic ma-
terial, chiefly to decouple these impact dissipation character-
istics but also noting that biological tissues naturally exhibit
complex hierarchical structures that influence their mechani-
cal properties at different time and length scales.®™® We
chose to build on the existing PDMS organogels because this
polymer is environmentally stable in air, easily
manufactured, and cost effective - all of which are important
features of a practical tissue simulant material for applica-
tions including ballistic testing and robotic surgery
optimization.>"’

Using a computational finite element model, we have
shown that a bilayered composite provides additional design
parameters that potentially enable the decoupling of penetra-
tion resistance from impact energy dissipation.>® Here, we
aimed to further validate those computational predictions
and demonstrate experimentally that the bilayered composite
can indeed be optimized to fully match the impact response
of brain tissue - among the most mechanically compliant tis-
sue comprising biological organs. First, we quantified the
penetration resistance, energy dissipation capacity, and en-
ergy dissipation rate of hydrated brain tissues harvested from
mice, rats, and pigs via impact indentation, a technique that
applies concentrated impact loads with corresponding strain
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energy densities approaching ballistic conditions.> We then
synthesized variations of the bilayered PDMS composite and
conducted impact indentation experiments to explore
whether and how the layer stiffness and thickness modulated
the impact response metrics over a range of impact velocities.
With this understanding of how the properties of each layer
modulate the material's overall impact response, we designed
and optimized a bilayered composite to match the impact re-
sponse of porcine brain tissue, which is considered the most
suitable animal model among these three mammalian spe-
cies for analogy to human brain tissue.””

Il. Materials and methods
Tissue harvesting

Whole brains were harvested from two healthy rodent models
(infant mice, adult rats) and one healthy porcine model
(adult pigs). A total of six mouse brains, three rat brains, and
four pig brains were collected from Boston Children's Hospi-
tal, the Division of Comparative Medicine at MIT, and a local
stockyard in Massachusetts, respectively. All experiments in-
volving animals followed the University IACUC protocol and
the NIH guidelines for animal care. After excision, brains
were sliced into several sections of 6 mm thickness along dif-
ferent anatomical directions and immediately stored in
Hibernate®-A medium on ice. All subsequent characteriza-
tion experiments were conducted with the tissues immersed
in the same medium at room temperature, as the mechanical
properties of tissue depend strongly on their hydration state
and the goal of this study was to characterize the mechanical
response of these tissues to impact loading in near-
physiological conditions.”>** The total post-mortem time
elapsed between animal death and mechanical characteriza-
tion of the prepared brain tissue slices varied between 3 and
48 h. Over this duration, the brain slices maintained their
structural integrity, and measured impact properties did not
vary detectably.

Fabrication of bilayered polymer composites

The bilayered polymer composite consisted of a viscoelastic
PDMS organogel beneath a more compliant PDMS elastomer.
The PDMS organogel was a chemically crosslinked PDMS net-
work (formed from vinyl-terminated PDMS and tetra-
functional silane crosslinkers) swollen in a non-reactive
methyl-terminated PDMS solvent. Full processing details for
the organogel, developed by Mrozek and Lenhart et al., have
been reported earlier.'> Each polymer composite in the pres-
ent study included a organogel layer of 5 mm thickness and
the same composition: 60 vol% 1.1 kg mol™ solvent with
2.25:1 silane:vinyl stoichiometry. The silicone rubber that
served as the top layer was a commercial grade of PDMS
called CY52-276 (Dow Corning®). Similar to the more com-
monly known Sylgard® 184, CY52-276 is a two-component sil-
icone kit comprising a prepolymer base (Part A) and a cata-
lyst (Part B), which allows for facile variation of elastomer
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stiffness based on the relative amount of each component in
the mixture. However, CY52-276 produced fully cured elasto-
mers with a lower shear elastic modulus G ~ 1 kPa that we
confirmed via macroscale rheometry and was necessary for
mimicking brain tissue compliance; Sylgard® 184 is consider-
ably stiffer at concentrations required for full polymerization.
The thickness of the compliant top silicone layer was con-
trolled by the volume of mixture that was prepared, and these
samples were cured at 80 °C overnight. Because the top and
bottom layer were both PDMS-based, oxygen plasma treat-
ment of each layer enabled complete bonding. It has been
shown previously that oxidation at the surface of PDMS layers
creates covalent siloxane bonds from exposed silanol
groups.”>”® Immediately after exposure to oxygen plasma (30
s, 30 W), the two layers were pressed together to form a
bilayered polymer composite.

Rheology

Shear rheology experiments were conducted using a parallel
plate rheometer (Anton Paar MCR 501, 10 mm diameter
plate) to characterize the stiffness of the CY52-276 silicone.
After the PDMS cured, a surgical punch was used to cut out
samples with the appropriate diameter while they were im-
mersed in 150 mM NaCl phosphate buffered saline (PBS)
containing 3% Pluronic® F108. Because some mixtures pro-
duced highly compliant and adhesive gels, this surfactant fa-
cilitated clean detachment of the silicone from the con-
tainer.”” Frequency sweep measurements were conducted at
1% shear strain in the linear viscoelastic regime. The total
thickness of each sample was determined by the gap height
at which the instrument first detected contact, and the stor-

(a) .

electromagnetic coil

frictionless lever anm

H —_— (e
pivot l probe

o sample
capacitor plates sample post
magnetically _ «_removable

fluid cell plate mount

soft Fe -1

‘] <« pendulum

solenoid

View Article Online

Molecular Systems Design & Engineering

age modulus G’ at 1 Hz was used to quantify and compare
the stiffness of the CY52-276 layers.

Impact indentation

To characterize and compare the dynamic response of brain
tissues and polymer gels under concentrated impact loading,
impact indentation experiments were conducted at 25 °C
using a pendulum-based instrumented nanoindenter as de-
scribed in previous work.'” The experimental configuration is
illustrated in Fig. 1(a), highlighting the ability to conduct
tests in fully hydrated conditions.”® Electromagnetic interac-
tions between a conductive coil at the top of the pendulum
and a stationary magnetic plate behind the coil (not shown)
apply the load, causing the pendulum to move about a fric-
tionless pivot. The parallel plate capacitor measures indenter
displacement as the pendulum moves. Activating the sole-
noid causes the pendulum to swing back and maintain its
position. After the electromagnetic coil current increases to
the desired amount, deactivating the solenoid releases the
“loaded” pendulum such that the probe swings into the sam-
ple at an impact velocity that increases with increasing
electromagnetic coil current (stored energy).

Fig. 1(b) illustrates examples of recorded probe displace-
ment obtained from one porcine brain sample and the visco-
elastic PDMS organogel at the same impact velocity of 4.2
mm s~'. With this raw displacement profile and the corre-
sponding velocity profile, we can compute key impact energy
dissipation response parameters such as the maximum pene-
tration depth x,,,y, energy dissipation capacity K, and dissipa-
tion quality factor Q.>' To quantify x,.., we must first deter-
mine the impact velocity v;,, which is the maximum probe
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Fig. 1 (a) Schematic of pendulum-based instrumented indenter (Micro Materials Ltd.) used to conduct dynamic impact indentation experiments

on brain tissues and simulant gels in fully immersed environments. (b) Probe displacement is recorded over time and can be described by damped
harmonic oscillatory motion. Representative raw displacement profiles, obtained from a pig brain (black) and a PDMS organogel (red), correspond
here to strain energy densities on the order of 1 kJ m™>. Zero displacement is defined as the position at which the probe makes contact with the
undeformed sample surface. These raw data can be analyzed to extract key impact energy dissipation response parameters including maximum
penetration depth xmax energy dissipation capacity K, and dissipation quality factor Q. Inset: Schematic illustrating the impact orientation of flat
punch probe of 1 mm radius with respect to sample surface.
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velocity immediately prior to contact and thus defines the
contact position x,. After setting the displacement profile rel-
ative to the contact position, we calculate x,,x as the defor-
mation at which the probe velocity first decreases to zero.
The calculation of K is less straightforward because we need
to account for the inherent damping of the pendulum it-
self.*>*° We define K as the energy dissipated by the sample
E3 normalized by the sum of dissipated and restored sample
energies (E3 + Ep) in the first impact cycle:

Es
= Es ‘ s " (1)
d + Er
The total energy of the system is calculated as
Essen — %mv; CE 4B +E +E, D)

where m is the pendulum mass, E? is the energy restored by
the pendulum at its minimum rebound velocity v, and E§
is the energy dissipated by the pendulum. Note that the sub-
scripts r and d denote restored and dissipated energies, re-
spectively, and the superscripts s and p denote the sample
and pendulum, respectively. E? and E} are calculated as fol-
lows:

E‘rp = _kp (xmax - xr )2 2 (3)

Ya o, OX % o Ox
EP = bpgdﬁjxmbpgdx, (4)

where k, is the rotational stiffness of the pendulum, b, is
the pendulum damping coefficient, and x, is the displace-
ment at Vo, Lastly, we can relate the total recovered energy
at Voye to the sum of Ef and EY:

—mv,,’ =E® +EP, (5)

2 out

Eqn (2)-(5) can be combined and substituted into eqn (1)
to formally calculate K as follows:

I e, O .
S\ )= [ bpa—):dx—fxm bpa—);dx

K= G
1 , 1 2w, OX % o Ox
2 =gk (=) [ b [

To determine the third energy dissipation parameter Q,
which is directly related to how quickly the sample dissi-
pates the impact energy, we fit an exponential decay func-
tion to the peaks of the probe displacement as a function
of time profile. The dimensionless quantity Q is defined
as the product of n and the number of impact cycles re-
quired for the oscillation amplitude to decay by a factor
of e. Therefore, a larger magnitude of Q corresponds to a
lower energy dissipation rate.
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In this study, we employed a stainless steel cylindrical flat
punch probe with a radius of 1 mm for impact on all mate-
rials. This probe connected to a lever arm attached to the
pendulum, which allowed for lowering of the probe into the
fluid cell. Each sample was adhered to an aluminum sample
post also within the fluid cell. Due to the adhesive nature of
these PDMS surfaces, the synthetic polymers adhered readily
to the sample post. However, a thin layer of low-viscosity cya-
noacrylate adhesive (Loctite® 4013) was required to attach
brain tissue (of 6 mm thickness) to the sample post. In this
configuration, loading occurred in the horizontal direction,
normal to the sample surface. For annotation purposes,
the “top” layer of a composite gel corresponds to the layer
that experiences direct contact with the probe. During me-
chanical testing, brain tissue was immersed in Hibernate-A
CO,-independent media to preserve tissue integrity and syn-
thetic polymers were immersed in PBS + 3% Pluronic® F108
to reduce probe adhesion; these solutions have similar vis-
cosity. Separate experiments were conducted previously in air
and in fluid on non-adhesive samples, to confirm that the
presence of fluid caused negligible damping; this verified
that testing in fluid did not influence the measured energy
dissipation properties.>!

[1l. Results and discussion

How do brain tissues from different species respond to
concentrated impact loading?

To design polymers as mechanically biofidelic brain tissue
simulants, we first studied the impact response of animal
brain tissue under loading conditions relevant to mechanical
insult and injury. Additionally, because numerous animal
models of traumatic brain injury exist, each with its own
strengths and weaknesses,>"*> we hypothesized that we
would detect species-to-species variation in terms of the three
impact energy dissipation parameters of interest. We
conducted impact indentation experiments on brain slices
obtained from infant mice, adult rats, and adult pigs.
Fig. 2(a—c) shows the measured x,,,, K, and Q, respectively,
for each species at impact velocities between 2 and 6 mm s .
Because brain is highly compliant (low elastic moduli as
compared with other biological organs such as heart or
bone), impact velocities greater than 6 mm s~ tended to pen-
etrate the sample so deeply that the pendulum motion was
impeded physically by the electromagnetic coil contacting
with the stationary magnetic plate. Although the velocities in-
vestigated here are on the order of only mm s, the corre-
sponding impact strain energy densities, which range from
0.5 k] m™ to 3.5 k] m™® due to the small size of the probe,
are comparable to ballistic strain energy densities.>® We ob-
served all brain tissues to exhibit the following trends: as the
impact velocity increased, the probe penetrated into the sam-
ple further, the sample dissipated more energy and this en-
ergy was dissipated at a quicker rate. Compared to previous
impact loading studies on other soft tissues, brain tissue was

Mol. Syst. Des. Eng., 2016, 1, 290-300 | 293


https://doi.org/10.1039/c6me00051g

Published on 09 August 2016. Downloaded on 2/14/2026 5:31:24 PM.

View Article Online

Paper Molecular Systems Design & Engineering
(a) (b) (c)
. & Pig ¥ Rat & Mouse =
£ 3
£ 1.09 x 1.0~ @ & O 251
] = s
X o 3 § 3 2.0-
-~ 0.8 o 0.8+ @©
g ¢ 2 S 4
5 t ¢ 2 1.54 % 3
S 0.6- c 0.6+ g 5 *
s % = S 1.04 ¢ ®
Bosd & = 04 S
T B © 0.5
c © e
@ > 7
Q_‘ 0.2 T T T 1 2 0.2 T T T 1 A 0.0 T T T 1
(>é 2 3 4 5 6 g 2 3 4 5 6 2 3 4 5 6
= Impact velocity (mm/s) W Impact velocity (mm/s) Impact velocity (mm/s)
(d) (e)
£
© 1.5+ 1 1
Kol 1 1
2 1 I '
Q 1 1
2 1.04 1k
(7] 1 1
(0] 1 1
=] b 1 1
§ 1 1
< 0.5 : '
[0) 1 1 — —
N 4 ! ' 10 mm 1 mm 1 mm
m 1 1
E 0.0 : :
Z Xmax 1 K 1 Q

Fig. 2 Impact response of brain tissues harvested from pigs, rats, and mice at a range of impact velocities: (a) maximum penetration depth, (b)

energy dissipation capacity, and (c) dissipation quality factor. (d) To emphasize the variations observed among the different species, the values
corresponding to the boxed data points in (a), (b), and (c) at an impact velocity of approximately 4 mm s™* were normalized to that of pig brain. A
one-way ANOVA confirmed a statistical difference among the three species (p-values < 0.0001) for all three energy dissipation metrics. Data are
represented as mean * standard deviation (n = 7-27 replicate measurements per data point specified by a given tissue and impact velocity). (e) His-
tological stains of coronal brain sections from the three species adapted with permission from http://brainmuseum.org (supported by the United
States National Science Foundation), illustrating significant differences in structure, size, and composition. The arrows indicate the direction of im-

pact during experiments, and the dashed circles indicate the probe contact area at scale.

similar to liver tissue in terms of penetration resistance and
was much more dissipative than either liver or heart tissue.'?
Note that all experiments on tissues were conducted in aque-
ous fluid at 25 °C. Previous studies of brain tissue macroscale
rheology have noted decreased stiffness (specifically, shear
storage modulus) at 37 °C as compared to the ambient room
temperature of interest here,®* and such increased compli-
ance may potentially and slightly reduce x,,,x and increase K.
Future work includes extending the impact indentation in-
strumentation to enable characterization of such tissues at
37 °C.

Additionally, we identified detectable differences in the
magnitude of all three impact response parameters when
comparing brain tissue from different species (Fig. 2(a—c)).
Impact velocities were not necessarily identical because the
control parameter is the electromagnetic coil current (related
directly to a pre-load on the cocked pendulum) and the mag-
nitude of the corresponding velocity may vary slightly due to
the pendulum swing distance calibration conducted for each
set of experiments. To highlight the species-to-species varia-
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tion, we normalized the magnitudes of each impact response
parameter to that of porcine brain and conducted one-way
ANOVA. Fig. 2(d) shows normalized data corresponding to an
impact velocity of approximately 4 mm s (boxed data points
in Fig. 2(a-c)). A statistically significant distinction was iden-
tified among the three species for xnay, K, and Q (p-values <
0.001) at this impact velocity, and also at the other impact ve-
locities considered (not shown). These variations in mechani-
cal properties among species were anticipated, due to
species-dependent differences in structure and composition.
Histological staining of coronal brain sections in Fig. 2(e) in-
dicates several key differentiating features such as brain size,
degree of convolution in the outer cerebral cortex, and the ra-
tio of white to gray matter. Of the three species considered
herein, porcine brain is the most similar to human brain, as
both are gyrencephalic (highest degree of convolution) and
consist of roughly 60% white and 40% gray matter.*>*® In
contrast, rodent brains are lissencephalic (not convoluted)
and contain only roughly 10% white matter.*” Several studies
have reported the stiffness of white matter to be greater and

This journal is © The Royal Society of Chemistry 2016
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the stress relaxation times to be longer, as compared to gray
matter from the same species.”***° Qur observations are
consistent with those findings, in that porcine brain was
more resistant to penetration (lower x,,,c) and dissipated en-
ergy more slowly (higher Q) than both types of rodent brains.
These data do not resolve why the impact response of rat and
mouse brains differs, but we note that the animal ages for
each cohort also differed and may reflect differences in the
maturity of the brain structure and composition (rats aged 6
to 18 months, and mice aged 3 weeks). Additionally, we note
that the relatively smaller dimensions of mouse brain tissue
constrained the measurement positions near the sample cen-
ter to be within 1 to 2 mm from the tissue perimeter. As this
distance is similar to the probe contact radius, it is possible
that the closer proximity of those measurements to the sam-
ple edge could have contributed to increased penetration
depths in mouse brain tissue (as compared with larger tissue
samples from porcine brain that were located at least 10 mm
from sample perimeters).

From Fig. 2(d), we also observed that the impact response
parameters varied to different degrees among species. For ex-
ample, at an impact velocity of 4 mm s, the mean penetra-
tion depth xp,,x of mouse brain was 23% greater than that of
pig brain (with a 95% confidence interval of this difference
ranging from 19 to 27%), whereas the mean impact dissipa-
tion capacity K of mouse brain was only 5% greater than that
of pig brain (with a 95% confidence interval of this difference
ranging from 4 to 6%). This contrast could be problematic
when developing mechanically biofidelic tissue simulant ma-
terials that are capable of mimicking multiple animal
models, because the primary limitation of existing materials
is the strong coupling between penetration resistance and en-
ergy dissipation. If the material is well-matched to the pene-
tration depth exhibited by the target soft tissue, but not well-
matched to the targeted magnitude of K, further tuning to
approximate the brain tissue K would be at the expense of a
change in x;,.x As a result, the implications of the differ-
ences among species are twofold: first, they highlight the im-
portance of selecting an appropriate animal model for brain
injury because differences in anatomy and structure translate
to a difference in mechanical behavior; second, they prompt
the need for a more tunable materials system to afford such
variation in and decoupling of these metrics.

How does the bilayered composite design offer enhanced
tunability?

Motivated by the need to decouple energy dissipation capac-
ity and penetration resistance in synthetic polymers, and by
the inherent hierarchical structure of many biological tissues,
we sought to investigate whether a simple bilayer composite
could provide the necessary tunability to match the impact
response of brain tissue with respect to all three impact en-
ergy dissipation metrics. As in all composites, the goal was to
leverage key properties of different materials to optimize
overall performance. Using a previously characterized PDMS

This journal is © The Royal Society of Chemistry 2016
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organogel'® as a starting point, which did not reflect the en-
ergy dissipation characteristics of brain tissue, we added a
more compliant PDMS elastomer (CY52-276 Dow Corning®)
as a top layer. One advantage of multiple layers is the intro-
duction of two new tunable parameters: the thickness and
the stiffness of the top layer. Although we could also adjust
the mechanical properties of the PDMS organogel, we chose
to maintain one molecular composition of the bottom layer
for all composites and focused on how the addition of the
top layer modulated the overall penetration resistance and
energy dissipation characteristics of the composite.

We first considered the effects of varying the stiffness of
the top layer, while maintaining the layer thickness constant.
Fig. 3(a-c) shows the measured impact response for three
bilayered composites at a range of impact velocities. The stor-
age modulus G of the CY52-276 layer of bilayer 1, 2, and 3
was 4.75 kPa, 1 kPa, and 0.85 kPa, respectively; the top layer
thickness ¢t was 2.6 mm and the overall sample thickness was
8 mm. As expected, a bilayered composite with a stiffer top
layer exhibited lower xny.. (Fig. 3(a)). Additionally, K de-
creased and Q increased with increasing stiffness of the top
layer (Fig. 3(b and c)). These results reflect the fact that in-
creasing the crosslinking density of the PDMS top layer leads
to higher elastic moduli but also lower surface adhesion.*"*>
This effect was especially pronounced for the silicone formu-
lations studied here. During the impact event, the rebound
velocity v, is expected to decrease if adhesive forces inhibit
the pendulum from retracting; eqn (6) implies that K will
then effectively increase. Because more energy is dissipated
during the first impact cycle, the overall energy dissipation
rate will also increase, corresponding to a lower Q value. Al-
though we reduced molecular interactions between the probe
and sample surface by conducting experiments in PBS
containing 3% Pluronic® F108, adhesion is likely still a non-
negligible mechanism of energy dissipation in these material
systems.

Next, we maintained G’ of the CY52-276 layer constant at 1
kPa and explored the effects of varying only the thickness. Bi-
layer 2, 4, and 5 consisted of a 2.6 mm, 0.9 mm, and 0.7 mm
thick top layer, respectively. Tuning the thickness of the top
layer, within the range studied here, negligibly affected the
penetration resistance of the composite (Fig. 3(d)). Interest-
ingly, the measured x,,,x of these three composites was also
identical to that of the CY52-276 PDMS material itself
(Fig. 4(a)). Note that this monolithic CY52-276 sample was
also of stiffness of 1 kPa but was made thicker (5 mm), to
minimize contributions from the finite thickness effect.*’
This indicates that the penetration resistance of the bilayered
composite is governed strongly by the stiffness of the top
layer, when the top layer is more compliant than the bottom
layer. To support this conclusion, we also conducted impact
indentation experiments on a thin CY52-276 monolayer (0.9
mm thick) adhered directly to the aluminum sample post.
We found x,,.x to be the same magnituede for the thin mono-
layer and thick monolayer at impact velocities under 4 mm
s, and observed a finite thickness effect only at the higher
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Fig. 3 Mechanical tunability of bilayered composite gels. All bilayers included the same bottom PMDS organogel layer of 60 vol% 1.1 kg mol™
solvent with 2.25:1 silane : vinyl stoichiometry. Bilayer 1, 2, and 3 consisted of a top PDMS layer of 2.6 mm thickness and varied stiffness (4.75 kPa,
1 kPa, and 0.85 kPa, respectively). Bilayer 2, 4, and 5 consisted of a top layer of 1 kPa stiffness and varied thickness (2.6 mm, 0.9 mm, and 0.7 mm,
respectively). (a, d) Maximum penetration depth, (b, €) energy dissipation capacity, and (c, f) dissipation quality factor as a function of impact
velocity. Bilayers with a stiffer top layer are more resistant to penetration, dissipate less impact energy, and dissipate energy faster. Bilayers with a
thicker top layer exhibit a slightly higher energy dissipation capacity and a slightly lower dissipation quality factor. Maximum penetration depth is
not affected detectably when only the top layer thickness is varied over the range considered. Data are represented as mean * standard deviation,
and error bars may appear smaller than data symbols (n = 3-4 measurements per data point).

impact velocities. The contributions from the underlying alu-
minum substrate were sufficiently small (considerably less
than the differences in x,,,x between bilayer 1 and 2) that it
is understandable that the viscoelastic PDMS organogel sub-
strate of kPa stiffness did not detectably influence the com-
posite's overall resistance to penetration at the loading condi-
tions investigated here.

Separately, varying only the thickness of the top layer,
while maintaining its composition and thus mechanical
properties constant, detectably altered the energy dissipation
characteristics of the composite (Fig. 3(e and f)). As the thick-
ness decreased, K decreased and Q increased - trends that
were particularly evident at the lower impact velocities. Bi-
layer 5, which included the thinnest top layer among these
samples, responded most similarly to the monolithic PDMS
organogel, suggesting that the bottom PDMS organogel layer
dominated the composite’'s overall energy dissipation re-
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sponse. When comparing Fig. 3(a—c) with Fig. 3(d-f), the dif-
ferences among bilayers 2, 4, and 5 were not as pronounced
as those among bilayers 1, 2, and 3. Therefore, these data
demonstrate the means to first coarsely tune the composite
system (by adjusting the stiffness of the top layer) and then
finely tune (by adjusting the thickness of the top layer) to-
ward an overall targeted energy dissipation response. Also,
because X, is independent of top layer thickness whereas K
and Q are not, we are able to decouple the composite's pene-
tration resistance from its energy dissipation characteristics -
an important feature that was lacking in previous polymer
simulant materials. However, we note that the extent to
which we can decouple x,,x from K and Q is still bound by
the properties of each individual layer. For example, with the
bilayered composites studied here, it would not be straight-
forward to achieve a magnitude of X, exceeding that of the
PDMS organogel and also a magnitude of K less than that of

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Comparison of the impact response of a bilayered composite to that of the individual layer components and the target porcine brain
tissue: (@) maximum penetration depth, (b) energy dissipation capacity, and (c) dissipation quality factor as a function of impact velocity. The
composition of the bilayered composite corresponds to that of bilayer 5 from Fig. 3. This composite gel reasonably approximated the impact
response of porcine brain tissue for all three metrics, whereas the individual layers alone did not. Data are represented as mean t* standard

deviation, and error bars may appear smaller than data symbols.

the PDMS organogel. Nonetheless, for compliant biological
tissues such as brain tissue, which exhibit both substantial
penetration and high energy dissipation capacity, the tunabil-
ity accessible within this system is sufficient.

Can a bilayered composite gel be optimized to match the
impact response of adult porcine brain?

With the improved tunability of this bilayered PDMS compos-
ite, we next considered whether the impact response of adult
porcine (pig) brain could be replicated over a range of load-
ing conditions. Porcine brain was chosen as the target in this
study because it was the closest representation of human
brain that is readily accessible for replicate experiments, such
that adverse tissue preservation steps (such as freezing that
can alter tissue structure) are not required. The first objective
of our optimization process was to identify a composition of
CY52-276 PDMS with mechanical stiffness that resulted in
the same penetration resistance as porcine brain. We itera-
tively characterized the storage modulus G’ (at 1 Hz) of this
polymer for different prepolymer : initiator-catalyst ratios, and
measured the corresponding x,,.x via impact indentation. If
penetration resistance was too low compared to that of brain
tissue, we synthesized a more compliant CY52-276 by increas-
ing the volume fraction of prepolymer, and vice versa. These
steps were iterated to establish the composition and stiffness
required to achieve the target penetration depth over the
range of velocities of interest. For adult porcine brain tissue,
a CY52-276 layer with G’ = 1 kPa (6:5 prepolymer to initiator-
catalyst v/v) was needed. The next objective of our optimiza-
tion process was to tune the thickness of the CY52-276 layer
such that the bilayered composite exhibited the same K and
Q as porcine brain over a range of impact velocities. Recall
that varying the thickness of the top layer incurred negligible
effects on x;.x, SO if we met our second objective, this com-

This journal is © The Royal Society of Chemistry 2016

posite would be expected to recapitulate all three energy dis-
sipation metrics. Following the trends in Fig. 3(e and f), we
used a thinner CY52-276 layer to decrease K and increase Q,
and iteratively identified a top layer thickness of 0.7 mm and
stiffness of 1 kPa reflected the penetration resistance, energy
dissipation capacity, and energy dissipation rate of porcine
brain tissue over a range of impact velocities.

Fig. 4 illustrates that neither of the individual components
of this bilayer exhibited all of these impact energy dissipation
properties, such that the bilayer provided a unique composite
response. The PDMS organogel failed to replicate any of the
three metrics of porcine brain. Although the CY52-276 PDMS
monolayer exhibited the same penetration resistance as por-
cine brain (Fig. 4(a)), its energy dissipation characteristics
were noticeably different (Fig. 4(b and c)). When we com-
bined these two materials in a simple bilayer, x,,x was simi-
lar to that of the monolithic CY52-276, but both K and Q were
modified to intermediary values that reflected those of por-
cine brain.

Fig. 4 demonstrates clearly our primary design objective of
a simple composite that serves as a mechanical surrogate for
porcine brain tissue under concentrated impact loading.
However, we also note that this mechanical impact response
indicated mechanisms of energy dissipation that motivate
further study. Upon closer examination of the rate depen-
dence in Fig. 4, we found the bilayered composite to behave
similarly to the bottom organogel at the lowest impact veloc-
ity in terms of K and Q. However, as the impact velocity in-
creased, the energy dissipation response of the composite de-
viated from that of the organogel and approached that of the
CY52-276. One may have initially predicted the opposite
trend, because higher impact velocities translate to greater
penetration depths (very close to the total thickness of the
top layer when using the highest impact velocity), which
should lead to a greater contribution from the underlying
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organogel. We thus posit that adhesion between the
impacting probe and top layer strongly modulated impact en-
ergy dissipation, despite the fact that these experiments on
the PDMS bilayers were conducted in saline that included a
surfactant to reduce probe-sample adhesion. Experiments on
brain tissues intentionally did not include this surfactant.
Greater penetration depths also imply a greater contact area
between the probe and sample surface when interfacial wet-
ting occurs between the probe and impacted polymer, pro-
moting adhesive interactions that would increase K and de-
crease Q.** Although the bilayered composite mechanically
mimicked porcine brain during these impact indentation ex-
periments, and thus met our primary goal of tunability and
parameter decoupling, we note that in the wider context of
certain tissue surrogate applications (e.g., assessment of a
new protective helmet subjected to ballistic tests), the
simulant polymer may not directly come into contact with
the fired projectiles. In those cases and applications, the ad-
hesive nature of the CY52-276 surface would no longer con-
tribute significantly to impact energy dissipation. Finally, we
note that soft tissues may also exhibit stickiness, and the ex-
tent of probe-tissue adhesion depends on the molecular com-
position of the tissue, the impacting probe, and the sur-
rounding medium. Future work in this area could include
using computational modeling to distinguish the relative
contributions of surface adhesion affecting the impact energy
dissipation response.

IV. Summary and outlook

Our goals in this study were to characterize the dynamic im-
pact response of various brain tissues, and to identify a sim-
ple, manufacturable polymer system capable of generating
the same response with material stability in room-
temperature air. Impact indentation experiments provided a
means to quantify the penetration resistance, energy dissipa-
tion capacity, and energy dissipation rate of tissues and
simulant gels in fully hydrated conditions. Brain tissue from
all three animal models was highly susceptible to penetration
and highly dissipative when compared to other soft tissues
characterized in previous studies. Additionally, we observed
slight but detectable species-to-species variation in all three
impact response metrics, which may be attributed to the
structural and compositional differences among mouse, rat,
and pig brains. We thus designed and fabricated PDMS-
based bilayered composites, and demonstrated that such an
approach leverages the key properties of each component to
facilitate the independent tuning of penetration resistance
and energy dissipation. We deliberately chose to limit the
number of composite layers to two because tissue surrogate
applications ideally use materials that are simple, cost effec-
tive, and easily manufactured at large scales. Additional
layers or compositionally graded soft matter could certainly
be introduced for situations that require even more tunability
than our current system, though not required and beyond
the scope of the present focus on mammalian brain tissue.
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With only two layers, we showed that we could optimize the
impact response of the composite gel to match that of por-
cine brain by independently modulating the stiffness and
thickness of the more compliant top layer. In summary, these
findings provide the design principles required to synthesize
a physical surrogate of brain tissue for use in material model-
ing or in testing of protective strategies, by enabling accurate
predictions of mechanical deformation of brain tissue under
concentrated impact loading.
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