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Abstract. Novel techniques and tools are needed in helmet performance and injury evaluation. Advances in
headforms have been made in recent years, with a shift towards the use of deformable skull and brain surrogates.
The development of these headforms has also brought about the integration of new diagnostic capabilities that reach
beyond the classic rigid body mechanics approach to injury evaluation. The majority of these diagnostic systems
provide only discrete measurements within the headform, that are dependent on the choice of gauge placement. In
the present work, we demonstrate advances that have been made in making temporally-resolved full-field
intracranial strain and displacement measurements within the surrogate brain of a deformable headform during an
impact event. The approach involves the use a custom-built in situ high-speed X-ray system. Radiopaque contrast
media were integrated into the surrogate to enable tracking of the displacement fields that can then be used to
calculate intracranial strain. The measurements presented in this work were taken along a parasagittal plane within
the headform. The interaction between the helmet and headform as well as the deformation fields measured within
the brain surrogate show tremendous potential for future use in equipment performance evaluation, returning tissue-
level metrics that are related to injury mechanisms of traumatic brain injury.

1. INTRODUCTION

Mild-Traumatic Brain Injury (mTBI), whether caused exposure to blast or a direct impact event, remains
a primary non-lethal health concern. A recent study of the epidemiology of mTBI among military
veterans from the Iraq and Afghanistan war era found that approximately 15.1% had sustained an mTBI
relating to their service, of which one third were due to blast exposure, while nearly half were due to
blunt impact events (e.g., object hitting head or falls) [1]. Reducing the incidence of these injuries will
require improvements to personal protective headgear. Aside from their ballistic performance, military
helmets are also subjected to a variety of performance characterization tests for their blunt impact
performance [2]. The approaches used to qualify their response are similar to testing methodologies for
athletic headgear [3-5]. Those testing procedures, typically involving drop-testing of a helmeted
headform onto an anvil in different orientations and measuring the resulting acceleration profiles,
focused on reducing the risk of focal injuries (e.g., skull fracture or severe brain trauma) from an impact
[3,4]. Given the known link between rotational acceleration of the head and mTBI risk [6,7], linear
impactor test protocols have recently been used to set additional performance criteria on athletic
headgear [6]. These test protocols have yet to be mirrored in military helmet impact testing. Despite the
continued modernization of testing standards, they are not yet able to directly address tissue-level metrics
in their testing platforms, focusing exclusively on the rigid body mechanics of the head. Assessing injury
risk from these tests has relied on either impact severity criteria [8-11] or coupling the testing protocols
to computational models validated against limited cadaveric datasets [12,13]. In the present work, we
present the first efforts to establish a deformation-based measurement within a helmeted headform to
describe the performance of helmet.

Although current testing procedures use rigid headforms, there have been a considerable effort to
design headforms with deformable structures that provide for various modal and inertial responses [14-
17]. Several advanced tissue-simulating headforms with elastomeric brain surrogates have been designed
in recent years to investigate blast-induced traumatic brain injury (bTBI). These headforms have all been
optimized and calibrated for bTBI events. The brain surrogates of these headforms providing researchers
with new opportunities to extract local measurements at the brain level. As these headforms improve in
their biofidelity, the diagnostic capabilities must be adapted to take advantage of the opportunities for
tissue-level metrics to be captured. The headforms have thus far been primarily limited to measurements
of global head kinematics and discrete pressure measurements [17]. As such, the full potential of these
tissue-simulating headforms has yet to be achieved. Thus, there is a need for new testing methodologies
that directly investigate full-field tissue-level metrics of relevance to mTBI, such as brain displacement
and deformation.
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Monitoring full-field tissue-level metrics associated with blunt trauma required a new diagnostic
approach to investigating the headform. The approach chosen involves the use of a custom-built in situ
high-speed X-ray (HSXR) cinematography system, capable of high capture rates through the headform,
to monitor radiopaque marker motion within the headform to determine intracranial displacement and
deformation [18]. In the present study, we use this approach to determine the response of the surrogate
brain to a frontal impact on a tactical military helmet. The focus was to determine the response of the
brain surrogate. This new helmet evaluation technique, once adequately calibrated, represents an
opportunity to use tissue-level deformation metrics to evaluate helmet performance and head trauma
risks associated with head impacts. At this time, this headform is undergoing a calibration in relation to
cadaveric datasets using the same physical setup, however this phase of the work is ongoing and the
purpose of the present study is to show the early development of this capability.

2. EXPERIMENTAL CONFIGURATION

The BIPED headform, a thorough description of which can be found in [16,17], was used in the present
study. The headform features several intracranial anatomical structures, such as a cerebellum, artificial
cerebrospinal fluid (CSF), and falx and tentorium membrane simulants. For the present work, the brain
surrogate, which was cast from Sylgard 527, was altered by the insertion of radiopaque markers during
the casting process. The markers were placed along a parasagittal plane, 15 mm from the midsagittal
plane. Marker composition included a mixture of a thermoplastic gel (Humimic gel #4) with barium
sulphate powder (60% by mass). The markers were cylindrical with a 1.5-mm diameter and 2-mm length.
Once the brain was sealed within the headform, water was flushed through the intracranial spaces to act
as CSF and ensure that the headform was fully perfused prior to testing. During testing, a static pressure
of 1 m of H,0 was maintained on the fluid to replicate the vasculature and intracranial repressurization
used in prior cadaver studies [12].

For the impact tests, the headform was placed on a linear impactor platform (Cadex) and subjected
to a series frontal impacts from a 13.13 kg ram to test the response of the Viper helmet (Galvion). The
end cap of the impacting ram was a steel front plate backed by a rubber to simulate the anvil used in
military helmet drop testing. The headform was attached to a neck-form variation on the Hybrid III neck
that does not have a directional bias [19]. The neck was pre-tensioned to 1ft-1b. The data presented in
this paper was generated by two impacts on the same helmeted headform that was subjected to impacts
at speeds of 3.15m/s and 3.54 m/s. These impact conditions correspond to impact energies of
approximately 65J and 82J, respectively. The headform was inclined at an angle of 15° for both of these
impacts. The headform acceleration history was recorded on a rigidly attached neck extension with an
attached DTS 6DX Pro accelerometer and then translated to the centre of gravity of the headform. A
photograph of the headform, mounted to a linear impactor table, prior to a test is shown in Figure 1.

Figure 1. Photograph of the helmeted headform with the end cap of the linear impactor visible.

The images captured by the HSXR were processed using an open-source Matlab-based Digital
Image Correlation (DIC) script, NCorr [20] to determine the displacement and deformation fields within

PROCEEDINGS OF THE PERSONAL ARMOUR SYSTEMS SYMPOSIUM 2020

https://doi.org/10.52202/078352-0051 480



the headform. For the DIC analysis, a speckle radius range of 7-10 pixels, a subset radius of 25 pixels, a
strain radius of 15 pixels and a subset spacing of 2 pixels were used to generate the results.

3. RESULTS

The linear and rotational acceleration at the centre of gravity of the headform for the impact are shown
in Figure 2a and 2b, respectively. The headform was subjected to peak linear and rotational accelerations
of 50 g and 2,280 rad/s> and 65 g and 3,300 rad/s? for the 65J and 82J impacts, respectively. These two
impact conditions resulted in peak resultant rotational rates of the headform of 15.8 rad/s and 17.8 rad/s,
respectively. X-ray images of this impact were captured with our custom HSXR at a frame rate of
5,000 fps. A series of images captured over the first 70 ms of the 82J impact event are shown at 10 ms
intervals in Figure 3. The corresponding shear strain fields in the head fixed reference frame at the
associated time intervals are also shown in Figure 3. Note that the strains are shown in a reference frame
fixed to the initial skull position in the initial frame of the sequence. The displacement paths of the brain
surrogate from this impact, in the skull-fixed reference frame, are shown in Figure 3. These paths are
not tracking the displacement of a single marker within the surrogate, but rather are related to the motion
paths of pixel subsets. Figure 5 shows the resultant displacement histories of the points from Figure 4
over the first 70 ms following this impact. These results can also be plotted out in the same fashion to
demonstrate the shear strain fields within the headform, as shown in Figure 6.
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Figure 2. (a) Linear and (b) Rotational acceleration profiles of the headform at its centre of gravity.
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Figure 3. The original X-ray images of the headform impact beside the corresponding X-ray DIC
images of the shear strain fields calculated from the image.
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Figure 4. Complete displacement paths of the brain surrogate over a period of 70 ms following impact.
The circles mark the start of the paths, and each path has a different colour for clarity.
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Figure 5. The resultant displacement field within the brain.
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Figure 6. Shear strain histories of individual points within the brain surrogate.

4. DISCUSSION

The results shown in Figures 3 through 6 demonstrate the amount of information relating to tissue-level
metrics associated with injury outcomes that can be gleaned from this experimental technique. There are
several features in the results that are worthy of note. In Figure 4, there are distinct motion patterns that
develop as a result of the impact. The overall motion of the brain surrogate results in a clear rotation of
the brain about its centre of gravity. The temporal region is subjected to broader lateral motion than other
regions of the brain. When we examine these features in the resultant displacement plots of Figure 5,
which are not directional, we see similar features. The displacement magnitude of the brain is notably
region dependent. For instance, the peak displacement in the parietal and occipital regions had peak
displacements of approximately 4 mm from their initial positions, while the motion in the frontal,
temporal, cerebellum regions was notably larger, on the order of 6-7 mm. The displacement histories in
Figure 5 also shows a double peak in the displacement field. This is related to the initial motion, change
of direction and slowing of the brain, with the second displacement peak coinciding with the full extent
of motion of the head. While the primary phase of head acceleration occurs in the first 15 ms of the
impact, brain motion continued to occur over a considerably longer timescale. Furthermore, the second
displacement peak was slightly larger than the primary peak in certain regions of the brain, such as the
temporal region. While the displacement histories represent the resultant motion and are thus non-
directional, comparing these paths to Figure 4 shows that the total deviation of a given marker was
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approximately double the peaks seen in Figure 5, as the markers first moved in one direction, then
reversed their course.

This motion reversal had a notable effect on the shear strain field calculated within the head, as
seen in Figure 3. The shear strain histories show a shear reversal, which is essentially a reversal in the
distortion angle of the tissues during the impact event. The inversion of the strains was seen in every
region of the brain. The peak shear strain for the impact was on the order of 18% and occurred in the
temporal region. This is consistent with the strain fields shown in Figure 3. The parietal, occipital, and
cerebellum regions saw the lowest strains. Of particular interest was the response in the frontal and
temporal regions, where the strain rate associated with the second strain peak was significantly higher
than the initial strain rate associated with the impact. The timing of this inversion is unrelated to the

global kinematic response of the head and demonstrates the effect of the decoupled motion of the brain
and skull.
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Figure 7. Maximum Principal Strain (MPS) profiles within the brain surrogate for the (a) 65J impact
and the (b) 82J impact. The thick lines represent the mean MPS within the brain surrogate, while the
shaded bounds represent the 95™ percentile MPS values.

The results of the tests were plotted to show the Maximum Principal Strain (MPS) values
associated within the brain surrogate for the two impact conditions in Figure 7. The mean and 95™
percentile values are shown for tensile and compressive MPS. While the trends in the MPS profiles were
the similar under both impact conditions, this comparison showed that there were notable differences in
the peak strains within the surrogate, demonstrating that the headform is sensitive enough to measure
strain differences associated with increasing impact severity. Thus, this measurement capability has
potential as a future helmet performance evaluation tool, returning intracranial strain response
measurements.

While there is still work to be done to ensure the biofidelic response of this headform lies within
an acceptable human performance corridor, particularly in its impact response, the methods developed
in this work are broadly applicable to the field of injury biomechanics. The tissue-level responses that
were measured in the present work present a new avenue for research in injury biomechanics, returning
metrics that can be directly related to suspected injury mechanisms, such as brain tissue strain. While
the datasets currently generated by this headform cannot be directly linked to clinical outcomes, the long-
term objective will be such a validation to allow its use as a helmet testing and evaluation platform.

5. CONCLUSIONS

A new testing approach for helmet evaluation has been presented, demonstrating its ability to generate
high temporal and spatial resolution tissue-level displacement and strain fields across the entire headform
model. A tactical military helmet was tested under a linear impact load and the resulting strain and
displacement fields were measured. Using this headform and DIC technique, we have demonstrated
some interesting dynamics within the brain surrogate relating to the rotation and inversion of the tissue
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distortion field at high strain rate. Further calibration and validation of this headform is warranted and
will help it develop into a useful tool for helmet performance evaluation.
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