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Abstract

Variations in the experimental constraints applied within blast simulations can result in dramatically different measured biome-
chanical responses. Ultimately, this limits the comparison of data between research groups and leads to further inquisitions
about the “correct” biomechanics experienced in blast environments. A novel bilayer surrogate brain was exposed to blast
waves generated from advanced blast simulators (ABSs) where detonation source, boundary conditions, and ABS geometry
were varied. The surrogate was comprised of Sylgard 527 (1:1) as a gray matter simulant and Sylgard 527 (1:1.2) as a white
matter simulant. The intracranial pressure response of this surrogate brain was measured in the frontal region under primary
blast loading while suspended in a polyurethane spherical shell with 5 mm thickness and filled with water to represent the
cerebrospinal fluid. Outcomes of this work discuss considerations for future experimental designs and aim to address sources
of variability confounding interpretation of biomechanical responses.
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1 Introduction

Overpressures produced by explosive devices are known to
cause primary blast-induced traumatic brain injury (bTBI).
Primary bTBI results exclusively from the energy transfer
from the blast overpressure to the brain tissue. To investi-
gate the mechanics of primary bTBI, free-field explosions
are replicated in a laboratory environment using blast sim-
ulators. It is crucial that these simulators replicate the blast
physics idealized by the Friedlander waveform [1, 2]. In par-
ticular, the advanced blast simulator (ABS) was designed
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to generate overpressures with distinct positive and negative
phases and contains an end-wave eliminator designed to pre-
vent inadvertent shock and rarefaction waves from causing
unwanted secondary insults to the test specimen [2]. ABS
systems have been developed with variable cross-sectional
areas of the test section ranging from 0.25 to 1.2 m [3-6]
with both compressed gas and gas-detonation methods. How-
ever, experimental designs and imposed boundary conditions
even within ABS systems are highly variable, which makes
it difficult to compare experimental outcomes and ultimately
determine which simulated responses are most representative
of those experienced by military and civilian populations in
regions of conflict. Therefore, the main purpose of this study
was to show experimentally how changes in these design
considerations may affect interpretation of brain mechanics
under blast loading.

Brain mechanics are commonly measured by the changes
in intracranial pressure (ICP) during a blast exposure as it
provides a quantitative metric related to the stresses and
strains imparted on the brain tissue. Previous studies have
measured ICP during blast in preclinical models, such as
rats [7-9] and pigs [10-12], which allows for comparison of
the mechanics with the pathophysiological response to bet-
ter understand bTBI. Postmortem human surrogate (PMHS)
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ICP has also been tested under blast loading [13, 14] aimed to
define the human biomechanics. While the preclinical models
are physiologically relevant and the PMHS is anatomically
relevant, there are a number of limitations such as ethical
considerations, restrictions on sample sizes, and subject-to-
subject variability. To fill this gap, interest in the development
of biofidelic surrogate models has been on the rise due to
numerous advantages as a low-cost, repeatable alternative.
Although the brain is comprised of two materials of varying
stiffness, brain simulants are commonly tested as a uni-
form material such as gelatin [4, 15-20], biogel [21, 22],
and silicone [16, 17, 19, 23-27]. These simulants contain-
ing a single material have been previously tested under blast
loading [21, 23, 26, 28-30]. However, computational models
show that high-level shear stresses between the cerebrospinal
fluid (CSF) and brain tissue as well as the gray matter—
white matter junctions influence the pressure distribution and
overall understanding of bTBI mechanics [31-33]. Wermer
et al. [20] recently introduced a highly complex bilayer sur-
rogate model intended for blast testing that contained gray
and white matter simulants from bovine and polyacrylamide
gelatins and molded these materials into a surrogate skull
with a central sulcus, simplified gyri, sulci, ventricles, and
vasculature. Considering the influence that these structural
complexities have on the biomechanical response during
blast, we designed a novel bilayer brain surrogate composed
of white and gray matter simulants and then utilized this new
surrogate model to compare the ICP response during blast
under various experimental conditions.

2 Experimental methods
2.1 Material characterization

Silicone gels were found to have more similar mechanical
properties to brain tissue, leading to further investigation of
polydimethylsiloxane (PDMS) simulants [15-18]. Sylgard
527 [15, 19, 24-27] and Sylgard 184 [23] (Dow Corning
Corporation, Auburn, MI) have been tested as brain simu-
lants upon varying the proportion of curing agent (part B)
added to the base (part A). Chanda et al. [25] considered
varying the proportions of part A and part B in a silicone
gel material and tested the resulting mechanical properties
relating to gray and white matter. Based on this reasoning,
we decided to develop gray and white matter simulants by
varying the A:B ratios of Sylgard 527. The gray matter simu-
lant was mixed at a 1:1 ratio of the base (part A) to the curing
agent (part B), while the white matter simulant was mixed at
aratio of 1:1.2. The elastic modulus of Sylgard 527 1:1 was
previously reported to range from 1.04 to 5.0 kPa, consistent
with the expected range for human gray matter [19, 34, 35].
However, the white matter elastic modulus is approximately
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40% stiffer, and thus, the hardener ratio was increased [36].
The ratio of 1:1.2 was selected based on interpolation of the
elastic modulus between tensile data collected at ratios of
1:1 and 1:2.

The isotropic elastic material properties were then deter-
mined for a set of performed uniaxial tension and compres-
sion tests. These tests were conducted according to ASTM
D638 [37] and D575 [38] standards, respectively. Five sam-
ples were fabricated for each loading case and mixture ratio
with Type I dogbone specimens for the tensile loading and
cylindrical specimen geometries for compression testing.
Examples of the negative molds are shown in Fig. la, b,
and mean sample geometries are provided in Table 1. All
samples were degassed for 10 min at 98.2 kPa (29” Hg) in
a vacuum chamber and cast in silicone and acrylic negative
molds. Samples were then allowed to cure at 22 °C for 48 h
before being removed prior to testing.

Mechanical testing was completed in a model 6800 Instron
universal testing machine (Instron, Norwood, MA). Test
profiles were displacement-controlled, with a crosshead dis-
placement rate set to 10 mm/min, consistent with ASTM test
standards, resulting in an effective strain rate of
1.6 x 1073 s71. The end of test condition was achieved
when an effective axial strain of 100% was reached in
tension or 50% in compression. These test conditions
were selected based on experimental constraints. Further,
post-processing revealed instances of grip slipping and/or
camera obstruction at deformations above 50% in ten-
sion and 20% in compression, and therefore, data beyond
these limits were not analyzed. Surface strain measure-
ments were taken through the gage sections of the sam-
ples using a two-camera digital image correlation (DIC)
setup, as depicted in Fig. lc, d, which was sampled at
0.5 Hz. Deformation fields were calculated using DaVis
10.2 software (LaVision Inc., Ypsilanti, MI) based on the
two-camera DIC setup. Instron and DIC data were aligned
in time, and the axial stress and effective axial and trans-
verse strains were computed from the displacement fields
(Fig. 1e, f). The two-camera DIC system was aligned with the
loading direction of the Instron, which allowed for direct use
of the axial and transverse displacement components from the
DIC measurements. Young’s modulus (E) was then estimated
by fitting a linear regression line through the axial stress
and strain data. The resulting elastic properties of the gray
and white matter simulants were then compared to human
tissue.

2.2 Bilayer surrogate brain
To develop the bilayer brain, a hemispheric mold was

designed using CAD software (Autodesk, Mill Valley, CA)
based on the assumption that gray matter thickness ranges
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(a)

Fig. 1 Tension and compression fabrication and test setup. a Silicone
negative mold for Type I dogbone tension samples and b acrylic neg-
ative mold for compression samples. ¢ Test setup for tension samples
and d compression samples, with speckled samples between crossheads

(©

()

Tmage Tntensity (counts)

and compression plates. e Processed axial displacement from tension
and f compression test samples with view of speckled sample (top) and
corresponding displacement fields (bottom)

Table 1 Geometries of tension

and compression samples Sylgard 527 (AB)

Tension

Compression

Width (mm)

Thickness (mm) Diameter (mm) Thickness (mm)

1:1 12.50 +0.03
12.49 £ 0.05

1:1.2

3.01 £0.04
3.02£0.05

28.56 +0.05
28.55+0.04

11.05 +£0.12
11.01 £0.07

Values reported as mean £ SD

from 1 to 4.5 mm [39]. To incorporate the two layers,
inner white matter simulant volume (Sylgard 527 1:1.2)
was reduced by 14% to allow for an approximately

4-mm-thick layer of gray matter simulant (Sylgard 527
1:1) along the outside of the mold. The brain dimensions
were 116 mm left-right x 152 mm anterior—posterior x
79 mm superior—inferior with a volume of 789 cm>. These
dimensions are smaller than the average human brain
(140 mm x 176 mm x 130 mm) [40], and improvements
to this mold design may consider upscaling by at least 12%
for future testing. However, this limitation was not expected
to greatly influence the ICP comparisons between config-
urations. The stl files for the hemispheric molds can be
downloaded in the Supplemental Information. Each file was
3D-printed on a Makerbot X (MakerBot Industries, LLC,
Brooklyn, NY) with temperature-stable ABS plastic fila-
ment. Four support sticks were printed along with one inner
piece and outer mold for the left hemisphere and one inner
piece and outer mold for the right hemisphere. For each hemi-

/\Support Sticks

Outer Mold

/

Inner Mold

Fig.2 Hemispheric bilayer mold configuration

sphere, two support sticks were adhered to the flat side of the

inner piece and rested on top of the outer mold (Fig. 2).
The two hemispheric molds were then lined with polyvinyl

alcohol (PVA) and plastic wrap to allow for easy material
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(@)

Fig.3 Schematic of surrogate brain suspension within a SYNBONE®
spherical shell. a Sagittal view of fluid-filled surrogate with pressure
sensor placed in the frontal brain region where the gray matter (GM)

separation once cured. The gray matter simulant of Sylgard
527 1:1 was then mixed, degassed, and slowly poured until
it was level with the top edge. The molds were then placed
in an oven at 100 °C for 3.5 h and allowed 15 min to cool
once removed. The inner brain mold was then detached from
the cured layer of Sylgard 527 1:1. The degassed Sylgard
527 1:1.2 white matter simulant was then poured until it was
level with the top edge of the outer mold. After an additional
3.5 h at 100 °C, the hemispheres were removed from the
oven, allowed to cool, extracted from their respective molds,
and adhered to each other using Sil-Poxy (Smooth-On, Inc.,
Macungie, PA).

2.3 Instrumentation and suspension

To measure the ICP response under blast loading, the
developed bilayer simulant needed to be instrumented and
suspended within a surrogate skull. A Millar Mikro-tip
Catheter Transducer (SPR-524; ADInstruments, Inc., Col-
orado Springs, CO) was placed in the frontal region of
the brain surrogate between the boundary separating the
gray and white matter simulants (Fig. 3a). ICP response in
the frontal region is commonly measured and was selected
in this study to allow for ease of comparison with other
surrogate ICP responses to frontal blast loading. These
pressure transducers have previously shown high perfor-
mance under blast loading and are advantageous due to their
small size (tip diameter equal to 1.2 mm) and sensitivity
(1.296 mV/psi) [11, 41]. The brain was then suspended in a
modified bone-like polyurethane spherical shell with 5 mm
thickness and 190 mm diameter (SYNBONE®, Malans,
Switzerland) by surrounding the brain in a mesh and attach-
ing it to four eye hooks on the inside of the shell (Fig. 3b). The
SYNBONE® half-spheres were bonded using an epoxy
adhesive (J-B Weld Plastic Bonder), and the sphere was then
filled with water to simulate the CSF. The opening at the
top of the skull was sealed using a cap to ensure a closed
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(b)

Cap

Synbone Half Sphere

Mesh Suspension

Eye Hooks (x4)

simulant Sylgard 527 (1:1) and white matter simulant (WM) Sylgard
527 (1:1.2) layers met. b Expanded view of how the brain was suspended
and attached to eye hooks within the surrogate sphere

system. These design selections were determined based on
previous adoption of similar simplifications using spherical
surrogates [4, 17, 18] and water as a CSF simulant [26, 27]
under both impact and blast loading conditions. The use of a
mesh suspension was a novel addition necessary to function-
ally suspend the brain and prevent large-scale movement or
rotation. Although largely simplified, boundary conditions
imparted by the mesh may be structurally relevant to the role
of the meninges.

2.4 Blast configurations

Change in surrogate ICP under primary blast loading was
measured for two different experimental configurations.
Advanced blast simulators (ABSs) with varying gas and det-
onation type, test section area, and boundary conditions were
considered (Table 2). ABS1 was a compressed helium-driven
system that generated an overpressure from a membrane
burst, which traveled down a 0.3 m x 0.3 m test section
over the test specimen. ABS4 was a gas detonation system
where the magnitude was governed by volumetric changes in
oxygen and acetylene within the driver. The pressures within
the ABS were measured on the walls of the 1.2 m x 1.2 m test
section. In both cases, the ABS contained an end-wave elim-
inator to restrict reflections back on the test section as well
as sensors along the test section wall to measure overpres-
sure waveforms adjacent to the specimen (PCB Piezotronics,
Inc., Depew, NY). In the ABS1 configuration, the surrogate
was suspended in a taught mesh sling and in the ABS4 con-
figuration, the surrogate was rigidly fixed to a metal post at
the center of the test section (Fig. 4). For each configuration,
duplicate ICP profiles were collected in response to static
overpressure magnitudes of 117 kPa, which simulates mild
bTBI conditions.

Data were acquired at 800 kHz using a TMX Multi-
Channel High Speed Data Acquisition Recorder (AstroNova,
Inc., West Warwick, RI). The resulting pressure traces were
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Table 2 Comparison of testing configurations

ABS1

ABS4

Gas Helium
Membrane burst
0.3m x 0.3m

Wave generation mechanism
Test section area

Boundary conditions

Hanging in a mesh sling

Oxygen + acetylene
Gas detonation
1.2mx 1.2m

Bolted to a metal plate on the bottom surface

(a) ABS1 Configuration

Fig. 4 ABS1 and ABS4 testing configurations. a The surrogate was
placed in the ABS1 and secured in a taught mesh sling with three ring
clasps. b The surrogate was placed in the ABS4 and secured to a metal
plate with four screws. Each ABS consisted of a (I) driver, (II) test

exported, and all data were processed in MATLAB R2022a
(MathWorks, Natick, MA). Offsets from baseline were cor-
rected for all pressure traces. Filtering was not performed in
order to preserve and examine frequency contributions. ICP
characteristic curves as well as rise time, positive duration,
peak pressure, and frequency response were compared in
the ABS1 configuration versus the ABS4 configuration. Rise
time was measured as the time from baseline to peak pres-
sure at the arrival of the shock front and the positive duration
was measured from the baseline just before the arrival of the
shock front up until the pressure returned to zero. The ICP
frequency response was measured manually as the inverse
of the time between the first two oscillations (Supplemental
Figure). Two-sided t-tests were performed to detect signifi-
cant differences between ICP characteristics where p < 0.05
was significant.

0.3m

0.3 m

A
v

1.2m

section, and (IIT) end-wave eliminator. As seen on the right, the spec-
imen was located in the test section, and the surrounding dimensions
are variable

3 Results and discussion
3.1 Brain simulant properties

To create biofidelic models, material properties should mimic
the human brain tissue. The brain consists of two distinct
types of cortical tissue: gray and white matter. Due to the
low elastic modulus, nonlinear viscoelastic tissue response,
and heterogeneity throughout the brain, a wide range of
elastic moduli have been reported for both gray and white
matter (Table 3). Material properties of ex vivo brain tissue
have been measured under compression loading [23, 42, 43],
indentation methods [36, 44, 45], and tensile loading [43].
An alternative method for measuring in vivo material proper-
ties using magnetic resonance elastography (MRE) has also
been employed [46].

@ Springer



C. Norris et al.

As shown in Table 3, the elastic modulus of brain tis-
sue can be affected by loading condition, loading rate, brain
region, in vivo versus ex vivo tissue conditions, and species.
In this study, the elastic modulus was measured in tension and
compression for a single loading rate of 1.6 x 1073 s~! con-
sistent with ASTM standard testing. Engineering stress was
plotted up to 50% axial strain under tensile loading (Fig. 5a)
where the elastic modulus was 2.01 &+ 0.15 kPa for Syl-
gard 527 (1:1) and 3.57 & 0.14 kPa for Sylgard 527 (1:1.2).
Engineering stress was plotted up to 20% axial strain under
compressive loading (Fig. 5b) where the elastic modulus was
2.38 £ 0.48 kPa for Sylgard 527 (1:1) and 6.93 £ 0.73 kPa
for Sylgard 527 (1:1.2). Downsampled data are provided in
the Supplemental Information for reference. The modulus
ranges were 2—4 kPa for the gray matter simulant (Sylgard
527 1:1) and 3.5-7 kPa for the white matter simulant (Sylgard
527 1:1.2), which fell within the anticipated range of human
in vivo and ex vivo gray and white matter elastic moduli
(Table 3).

Nevertheless, the viscoelastic and delicate nature of these
soft materials render it difficult to validate the material
response when tested under different loading rates and exper-
imental setups. More specifically, the loading rate is known
to have a significant effect on the elastic behavior of brain
tissue such that an increased rate corresponds to an increased
elastic modulus [23, 43, 47, 48]. There remains a significant
need for standardization of methods for testing brain sur-
rogates. Furthermore, although we showed that the Sylgard
simulant formulations followed similar elastic properties to
gray and white matter at low displacement rates, this work
is not without limitations. Full characterization of the vis-
coelastic properties should be performed in future work to
expand on these findings and assess the dynamic response
at strain rates greater than 50 s~! comparable to predicted
conditions under blast loading [49-52].

Single material brain surrogates lack structural and mate-
rial complexities that have been shown to influence blast-
induced biomechanical responses predicted in computational
models [31-33]. To best replicate biofidelic responses under
blast loading, research efforts should aim to incorporate
gray and white matter as well as structural complexities
introduced by the ventricles and vasculature, similar to
Wermer et al. [20]. Increased surrogate complexity was
achieved in this study by combining two layers of Sylgard
527 in a brain mold to simulate gray and white matter.
This detailed approach demonstrated feasibility and pro-
vided a means to compare the biomechanical responses
under different experimental conditions. However, exper-
imental testing comparing the ICP response with a sin-
gle material versus added complexities should be per-
formed in future iterations to validate the computational
models.
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Fig. 5 Engineering stress (kPa) plotted against engineering strain (%)
of Sylgard 527 (1:1) and (1:1.2) under a tension up to 50% strain and
b compression up to 20% strain

3.2 Experimental design considerations

The instrumented surrogate was placed in two test configura-
tions according to Table 2. Blast testing prior to the placement
of the surrogate ensured calibration of the sensors within
the ABS system and followed free-field blast conditions.
Once the surrogate was secured in the ABS, the overpressure
profiles surrounding the surrogate were analyzed to ensure
free-field blast physics were replicated. The static overpres-
sure 30 cm upstream of the test specimen in the ABS1 and
40 cm upstream in the ABS4 configurations (Fig. 6a) resulted
in repeatability of the Friedlander waveforms with average
peak overpressures of 118.1 & 4.2 kPa. Visual comparison
of these profiles upstream of the surrogate also demonstrates
that the overpressure properties prior to contact with the sur-
rogate remained consistent regardless of the mechanism of
blast wave creation (membrane burst vs. gas detonation) or
cross-sectional area (0.09 m? vs. 1.44 m?). However, while
the overpressures directly adjacent to the surrogate brain
(Fig. 6b) were repeatable within each respective configura-
tion, the ABS1 overpressures were amplified and contained
significant fluctuations from the calibration profiles that were
not representative of a clean Friedlander waveform, as indi-
cated by the red arrows. These fluctuations are most likely
wave reflections resulting from lack of clearance around the
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Table 3 Human, porcine, and bovine elastic modulus (E) of gray and white matter calculated under different testing parameters compared to the

current study

Study

Species

E (kPa)

Test parameters

White matter
Jin et al. [43]

Arjun et al. [44]

Huang et al. [46]
Kaster et al. [45]
Budday et al. [36]
Current study

Gray matter
Jin et al. [43]

Arjun et al. [44]

Huang et al. [46]
Kaster et al. [45]
Budday et al. [36]
Current study

Whole brain
Zhang et al. [23]

Falland-Cheung et al. [42]

Human (ex vivo)

Human (ex vivo)

Human (in vivo)
Porcine

Bovine

Sylgard 527 (1:1.2)

Human (ex vivo)

Human (ex vivo)

Human (in vivo)
Porcine

Bovine

Sylgard 527 (1:1)

Porcine

Porcine

Compression: 10.96 + 4.62
Tension: 3.13 £ 1.05

Motor cortex: 1.05 £ 0.14
Sensory cortex: 2.81 £ 0.16
Frontal cortex: 10.64 £+ 1.93
336 £0.11 —3.85£0.12
1.787 £ 0.186

1.895 £+ 0.592

Compression: 6.93 +0.73
Tension: 3.57 £ 0.14

Compression: 8.26 + 7.22
Tension: 2.49 £ 0.90
Motor cortex: 0.33 £ 0.03
Sensory cortex: 1.18 £ 0.05
Frontal cortex: 1.29 £ 0.23
224 +£0.14 —3.33 £0.14
1.195 £ 0.157

1.368 £+ 0.289

Compression: 2.38 + 0.48
Tension: 2.01 £0.15

2.618-11.176

2.44

Tissue was loaded at 0.5s~! in compression and
tension and values were calculated at 20% strain

Indentation

MRE collected at 40-60 Hz
Indentation

Indentation
Tissue was loaded at 1.6 x 1073 s~! in compression
and tension and values were calculated at 20% and

50% strain, respectively

Tissue was loaded at 0.5 s~! in compression and
tension and values were calculated at 20% strain

Indentation

MRE collected at 40-60 Hz
Indentation

Indentation

Tissue was loaded at 1.6 x 1073 s~! in compression

and tension, and values were calculated at 20% and
50% strain, respectively

Compression at a range of crosshead displacement
rates up to 20% strain

Compression at a strain rate of 0.25 s~! up to 20%
strain

Values reported as mean £ SD

test specimen within the 0.3 m x 0.3 m area (Supplemen-
tal Figure). Although many blast configurations are limited
by space, most agree that the test specimen should restrict
less than 20% of the area or else the wave profiles become
more complex and the flow streamline no longer simulates
free-field blast conditions [53]. Blockage of the sphere in the
ABSI test section was 30% compared to 2% in the ABS4.
Profiles shown in Fig. 6b demonstrate the influence of low
clearance surrounding the test specimen on the overpres-
sure blast physics. Upon further inspection, the reflections
introduced by the surrogate in ABS1 are suspected to have
influenced the corresponding ICP impulse (Fig. 6¢) such that
there is a large secondary peak in the ICP response, indi-
cated by the red arrow. To avoid potential confounding effects
within the biomechanical response, these data support rec-
ommendations to maintain ample clearance around the test
specimen.

Surrogate biomechanical responses were found to be dis-
tinctly different in the ABS1 configuration compared to

the ABS4 (Fig. 6¢). When examining the ICP response,
quantification and comparison of ICP profile characteristics
can help distinguish whether the modes of energy trans-
fer differ between configurations. The ICP profiles showed
that the ABS1 configuration had a significantly greater rise
time to peak pressure (0.148 £ 0.01 ms) and positive dura-
tion (0.90 £ 0.14 ms) compared to the ABS4 rise time
(0.058 £ 0.00 ms) and positive duration (0.42 £ 0.00 ms).
These major differences in biomechanical responses are most
likely attributed to the variations in boundary conditions
between configurations. More specifically, the imposed rigid
constraint on the deformation of the spherical shell under
frontal blast loading decreased the rise time and positive
phase duration such that energy dissipation occurred at a
higher rate compared to in the suspended mesh configura-
tion.

This proposed influence of boundary conditions on the
biomechanical response was further supported by compar-
ing ICP traces from rigidly fixed surrogates to suspended,
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Fig.6 Static overpressure and surrogate ICP comparison in the ABS1
(gray) and ABS4 (black). a Static overpressure upstream of the speci-
men, b static overpressure adjacent to the specimen, and ¢ ICP response.
Duplicate pulses are provided to demonstrate repeatability within each
configuration. The red arrows indicate suspected contributions intro-
duced by the test configuration

unconstrained PMHS responses. In Bir [14], ICP response
of a PMHS was collected while suspended in a mesh and
inverted inside of a cylindrical shock tube. The PMHS was
located 125 cm from the end of a shock tube and exposed
to 104 kPa. The resulting frontal ICP rise time and positive
duration were approximately 0.2 and 0.8 ms, respectively.
These results were reproduced in a surrogate head testing
ICP response under the same boundary conditions in Ouellet
et al. [54]. In contrast, studies by Goeller et al. [28], Banton
etal. [21], and Du et al. [55] measured ICP of rigidly attached
surrogate heads placed outside of a free-field blast simula-
tor where the resulting frontal ICP rise time and positive
duration were approximately 0.04 and 0.2 ms, respectively.
It is possible that mounting of the specimen outside of the
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blast simulator, known as end-jet testing, may influence the
free-field blast and subsequent ICP profiles [2, 53]. However,
based on comparison of our data with previously reported
data, we conclude that surrogate ICP profiles have longer
rise times and positive phase durations when suspended in
mesh compared to those rigidly mounted. This leads to the
question of which boundary condition is more physiologi-
cally relevant.

The use of a semi-rigid neckform, such as a Hybrid III
neck, has been previously employed to account for this
boundary condition. Even though the flexural stiffness is
greater than a human neck, it could provide less overall
damping to the ICP response compared to a fully rigid sup-
port [30]. Ouellet et al. [30] and Azar et al. [26] used Sylgard
527 as a brain simulant and attached a head surrogate to a
Hybrid III neck. Based on visual approximations, the frontal
ICP rise time and positive durations fell between the rigid
and suspended configuration boundaries. Further, it is pos-
sible that the “true” frontal ICP profile characteristics fall
within this range. Future surrogate testing should consider a
semirigid mounting configuration that accounts for similar
neck properties at the base of the skull, as it was shown
here that the mounting mode greatly influences the ICP
dynamics.

Another consideration related to brain injury mechanics
is the ICP frequency response. A distinct ICP frequency
was visible over the first 0.2 ms in both ABS1 and ABS4
configurations (Fig. 6¢) and ranged from 11 to 13 kHz.
Evidence of these frequencies in other surrogates under
frontal blast loading has been shown in Du et al. [55], Ban-
ton et al. [21], Ouellet et al. [30], and Goeller et al. [28].
Bir et al. [14, 56] and Leonardi et al. [57] also showed
an initial frequency response in PMHS ICP under frontal
blast loading. Low-frequency contributions on the order of
700 Hz in the PMHS and 1100-1200 Hz in the surrogate
head are also commonly reported [54]. This low frequency
was visible for both configurations around 1200 Hz in
Fig. 6¢c. These frequencies have been linked to contribu-
tions from the surrounding skull flexure [7, 9, 55]. At high
rates of skull deformation, the response of the coupled sys-
tem between the skull, CSF, and brain tissue is sensitive to
the constitutive material properties between interfaces [31,
32, 58, 59]. At the transition between gray and white mat-
ter, or the cortico-medullary junction, computational models
have identified high shear stress and concentrated regions
of increased ICP [31, 32]. ICP profile peak pressures and
frequency responses were not found to be statistically sig-
nificant between ABS1 and ABS4 configurations, which
suggests that these metrics were less sensitive to differences
in imposed boundary conditions compared to the rise time
and positive phase duration and may be more sensitive to
changes in constitutive material properties, as proposed by
the computational models. Therefore, when the boundary
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conditions imposed on the surrogate are not translational to
human biofidelic constraints and the tested surrogate lacks
structural and material complexities, the deformation fields
across the surrogate skull and subsequent regional ICP pro-
files likely contain compounded errors.

4 Conclusions

A bilayer surrogate was exposed to frontal blast loading in
two different configurations within ABS systems and the ICP
response in the frontal region was compared. The follow-
ing considerations summarize potential sources of variability
confounding interpretation of biomechanical responses:

1. Baseline assessments of overpressure blast dynamics
should be performed both pre- and post-surrogate place-
ment within the test configuration. Surrogate obstruction
of the ABS test section should not be greater than 20%
as this led to overpressure amplifications and reflections
that influenced the ICP response.

2. The imposed constraints on the surrogate (mesh suspen-
sion or fully rigid fixation) significantly influenced the
ICP profile characteristics such as the rise time and posi-
tive duration. Surrogates with semi-rigid fixation resulted
in ICP rise times and positive durations in-between mesh
and fully rigid constraints. These findings suggest that
both human and surrogate biomechanical responses are
mostly driven by the boundary conditions that constrain
the head during blast. Therefore, future studies should
focus on ways to incorporate biofidelic neckform con-
straints on surrogate models in order to approach the
“true” biomechanical response.

3. A bilayer surrogate brain was developed in this study
using Sylgard 527 (1:1) as the gray matter simulant
and Sylgard 527 (1:1.2) as the white matter simulant,
which is a first step toward added complexity in surro-
gate models. Experimental surrogate models currently
lack the complexity to validate computational findings,
which motivates the need for future surrogates to include
anatomically correct skin-skull-fluid-brain ratios.

Reducing these sources of variability in experimental blast
testing of surrogates will ultimately improve the validation
of computational models, streamline interpretation of results
between research groups, and more accurately model brain
mechanics under blast loading.

Supplementary Information  The online version contains supplemen-
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