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Behind helmet blunt trauma is a significant health concern in modern warfare. The ballistic response of the human head under ballistic impact is highly sought. Towards this end, we conducted ballistic experiments on three different headforms. The following headforms were considered: a) National Institute of Justice based rigid headform, b) Hybrid-III based flexible headform, and c) head model based headform. Headforms b, c were assembled with the Hybrid-III neck. An advanced combat helmet was fitted to the headforms. Helmet-head assembly was subjected to a 9 mm × 19 mm full metal jacket projectile having velocities of 430 ± 15 m/s. The response of the head surrogate in the front, back, side, and crown orientations was studied. Back face deformation (BFD), head kinematics, and intracranial pressures in headforms were measured. In addition, equivalent stress and maximum principal strain in the brain were obtained using concurrent finite element simulations. Results suggest that both local (i.e., due to the localized crushing of the helmet) and global (i.e., due to the bulk motion of the helmet-head parenchyma) responses were dominant under investigated ballistic impacts. Further, the type of the headform affected the biomechanical response. As compared to the rigid headform, a statistically significant increase in head kinematics was observed with the flexible headforms; changes in BFD were statistically insignificant. The orientation dependent responses have been observed. Overall, these results provide novel insights regarding the ballistic response of the headforms with the combat helmet and underscore critical considerations during the ballistic evaluation of helmets.
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1 INTRODUCTION
Protection against ballistic impact is vital in the design and development of military helmets and armor (Hamouda et al., 2012; Kulkarni et al., 2013; Feli and Jafari, 2017; Mortlock, 2018; Han et al., 2020; Hu et al., 2022; Li et al., 2022; Pinkos et al., 2022; Khodaei et al., 2023). Over the years, combat helmets have undergone significant modifications (Hamouda et al., 2012; Kulkarni et al., 2013; Mortlock, 2018; Hu et al., 2022; Li et al., 2022). In order to improve comfort and protection, cushion foam pads have been added. For better ballistic protection, the outer shell has been upgraded from metal to Kevlar. Due to the progress made in helmet design, some of the existing military helmets are generally capable of stopping the bullet within the helmet and do not perforate the helmet shell (Mortlock, 2018; Li et al., 2022), offering protection from lethal ballistic injuries. Despite this progress, behind helmet blunt trauma (BHBT), resulting from non-penetrating ballistic impact is a significant concern (Sarron et al., 2000; Hisley et al., 2011; Rafaels et al., 2015). In a non-penetrating ballistic impact, considerable kinetic energy is transferred to the helmet-head parenchyma due to the retardation of the bullet in a considerably limited space. This in turn can cause traumatic injuries to the head and the brain (Sarron et al., 2000; Sarron et al., 2004; Raymond et al., 2008; Liu et al., 2012; Freitas et al., 2014; Rafaels et al., 2015; Weisenbach et al., 2018; Li et al., 2023a). Investigations in post-mortem human subjects have reported skull fractures (Sarron et al., 2004; Freitas et al., 2014; Rafaels et al., 2015; Li et al., 2023a), brain contusions (Sarron et al., 2004; Rafaels et al., 2015; Li et al., 2023a), and injurious intracranial pressures (ICPs) (Sarron et al., 2004; Liu et al., 2012; Freitas et al., 2014) due to the non-penetrating ballistic impact.
The interaction of the bullet with the helmet-head parenchyma is characterized by three major dynamic events (Supplementary Figure S1) (National Research Council, 2012) with typical timescales marked in the bracket. a) localized crushing of the helmet due to the bullet impact (<0.5 ms) resulting in local back face deformation (BFD) of the helmet b) bulk motion of the helmet-head parenchyma (0.5–15 ms) resulting in the acceleration of the helmet and the head c) neck reaction due to the bullet impact (1–50 ms). Evaluating the ballistic performance of the helmet against each of these events is vital for overall performance.
To evaluate the military helmets for ballistic performance, several ballistic standards (National Institute of Justice, 1981; H.P. White Laboratory Inc., 1995; VPAM, 2010; National Research Council, 2012; NME, 2013), Table 1, are available and military helmets are generally evaluated using one or more of these standards. These standards specify a headform (consisting of head and neck) made up of a stiff material (e.g., magnesium or aluminum alloy) with infilled witness material (Table 1). A neck is an integral part of the headform and made of the same material as the head. For non-penetrating ballistic impact the stiff material of the headform makes the headform nearly rigid, barring the deformation of infilled witness material.
TABLE 1 | Summary of the existing standards for the ballistic performance evaluation of the helmets.
[image: Table 1]For ballistic evaluation, the helmeted headform is mounted on the base. The bullet is fired onto the helmeted headform with the desired velocity. The evaluation of military helmets for ballistic performance is based on two main criteria a) perforation of the helmet shell by the bullet (National Institute of Justice, 1981; H.P. White Laboratory Inc., 1995; National Research Council, 2012; Crouch and Eu, 2017) and b) BFD of the helmet (National Research Council, 2012; NME, 2013; National Research Council, 2014; Crouch and Eu, 2017). None of these standards consider acceleration of the head as a metric for the evaluation of the ballistic performance of military helmets.
Several studies have evaluated the performance of ballistic helmets in terms of penetration resistance of helmet shells and BFD (Tham et al., 2008; Rodríguez-Millán et al., 2016; Miranda-Vicario et al., 2018; Palta et al., 2018). They found BFD values in the range of 4–16 mm. However, a direct correlation between BFD and head/brain injuries could not be established. Even though the aforementioned protocols for helmet evaluation against ballistic impact are routinely used, their robustness in evaluating the risk of BHBT is not known. The use of rigid or semirigid headform, rigid neck, and suitability of infill witness material as a head/brain substitute are a few of the testing protocol-related concerns. Further, it is unclear if the ballistic performance evaluation measures of perforation and BFD are sufficient to holistically evaluate mild and moderate injuries arising from the BHBT.
It is well known in the blunt impact literature (e.g., (Margulies et al., 1990; Rowson et al., 2012a; Kleiven, 2013; Wright et al., 2013; Ji et al., 2014; Zhao and Ji, 2016; Hernandez et al., 2019)) that acceleration and ICP of the head play an important role in causing mild and moderate brain injuries. However, data regarding head acceleration, ICP, and associated injuries is sparse in ballistic impact literature. Freitas et al. (2014) measured the head acceleration and ICP in a head surrogate, equipped with US Marine Corps helmet, during ballistic impact. They reported peak linear head acceleration and peak ICP of 500g and 120 kPa, respectively. Tan et al. (2012) measured the head acceleration on the Hybrid III head equipped with ballistic helmet. They found the head acceleration in the range of 150–400 g. In a recent study, Rodriguez-Millan et al. (2023) measured the considerable head acceleration (∼400 g), and neck motion in the Hybrid III headform. These data suggest that the head acceleration is a potential critical consideration during ballistic impact, especially for mild and moderate injuries. These investigations are encouraging, however, one-to-one tcomparison between BFD and associated head response (i.e., acceleration, ICP) is not available.
The goal of the present work was to examine the effect of the type of the headform on the biomechanical response of the head during ballistic impact. Towards this end ballistic response of a helmeted head for three different headforms, namely,: a) headform I: rigid headform, b) headform II: flexible headform, and c) headform III: a head model based headform was investigated. The headform I had an integrated rigid neck whereas the headform II and III were mounted on the Hybrid-III neck. The biomechanical response is evaluated in terms of BFD, head acceleration, ICPs, stresses, and strains. This information was used to comment on critical aspects during the ballistic evaluation of helmets.
Compared to the existing literature, the work is novel in several aspects: a) we holistically evaluate the ballistic performance of helmets in terms of BFD, head acceleration, brain and brain simulant pressures, and brain strains. The work provides new insights (detailed in results and discussion sections) based on these evaluations. b) To the best of our knowledge, we are the first to measure and quantify angular kinematics during ballistic impact. We demonstrate that the head undergoes considerable angular motion during ballistic impact. c) Using novel experiments and concurrent computational simulations, we provide detailed mechanistic understanding of the choice of headform on the biomechanical response of the head.
The manuscript is organized as follows. In the methods section, the details of the headforms, ballistic helmet, experimental setup, including universal weapon mounting systems, and ballistic testing have been described. In the result section, the mechanical responses of the headforms in terms of peak head accelerations, and BFD has been presented. For the headform III, brain simulant response is also presented in terms of ICP and brain strains (from the concurrent simulation). The effect of headform orientation and trauma mitigation pads is investigated. In the next section, results are discussed, with respect to existing literature, in the context of ballistic testing of helmets, measured mechanical parameters, and their significance in ballistic evaluation. The key findings are summarized in the conclusion section.
2 METHODS
2.1 Drop test of witness material
Before conducting ballistic impact attenuation tests, it was necessary to cure the witness material and perform the drop tests on the witness material to ensure that the witness material was appropriately cured. This aspect was important in the subsequent measurement of BFD. To facilitate this, drop tests were conducted on the 400 mm × 400 mm x150 mm block of witness material (Supplementary Figure S2). In this work, Roma Plasticine No. 1 (i.e., R.P. #1) clay was used as a witness material. In the literature, R.P. #1 clay (Metker et al., 1975; Prather et al., 1977) is most widely used as a witness material to evaluate the performance of armor in terms of back face signature in ballistic testing. Prior to the drop tests, the texture of the clay was calibrated according to the National Institute of Justice (NIJ) standard (National Institute of Justice, 2008) by maintaining the clay at 35°C. The drop tests were conducted as per NIJ-0101.06 (National Institute of Justice, 2008). A steel ball of diameter 63.5 mm and mass of 1.04 kg was fixed to the electromagnet and dropped from a height of 2 m on the block of the clay. Five drop tests were performed, and the depth of indent in the clay was measured with the help of a depth gauge. It was ensured that the distance between indent locations was at least 77 mm to avoid boundary effects affecting the response. We found that the average indentation depth in the clay was within the specified range of 19 ± 2 mm as per NIJ-0101.06 standard (National Institute of Justice, 2008).
2.2 Headforms
Ballistic experiments on three headforms were conducted. The headform I was a rigid headform with a rigid neck, as shown in Figure 1A. The geometry of the headform I was based on NIJ-0106.01 standard (National Institute of Justice, 1981). The lower portion of the headform (including the neck) was made up of aluminum alloy (E = ∼69 GPa, ν = ∼0.31) (Naimon et al., 1975), and the upper portion was made up of nylon-66 (E = ∼2.7 GPa, ν = ∼0.42) (Yu et al., 2004). The headform had a cruciform cavity that was filled with witness material (i.e., R.P. # 1 clay (Prather et al., 1977)) before the ballistic tests. The mass of the headform I was 9.2 kg, including the rigid neck and the witness material. The headform II (Figure 1B) was a relatively flexible headform fully made of nylon-66. The geometry of the headform II was based on the Hybrid-III head. However, the geometry of the headform II was modified to accommodate a cruciform cavity (based on the NIJ-0106.01 standard (National Institute of Justice, 1981)). The headform was assembled with the Hybrid-III neck (Humanetics, Farmington Hills, MI). The mass of the headform II was 5.5 kg including the Hybrid-III neck and the witness material. In headforms I, II, top portion was made up of same material (i.e., nylon-66 (Yu et al., 2004)). This was done to ensure that the interaction of the helmet with the witness material and resulting BFD were not affected by different contact conditions arising due to the different materials.
[image: Figure 1]FIGURE 1 | Photographs of headforms: (A) Headform I: rigid headform (B) Headform II: flexible headform (C) Headform III: a head model based headform (skin is not shown for the clarity of photograph).
The headform III consisted of a head model based head. The geometry of the headform III (Figure 1C) was based on the Global Human Body Models Consortium’s (GHBMC) 50th percentile male (Gayzik et al., 2011a; Mao et al., 2013). The GHBMC head were 3D printed, as described below. The headform III was mounted on the Hybrid-III neck. Note that 3D printing of facial features of GHBMC head and GHBMC neck was not possible due to the complex anatomy. The mass of the headform III was 4.8 kg, including the Hybrid-III neck.
The skin simulant (i.e., silicone with a shore hardness of 30A (Chanda et al., 2017; Dragon Skin)) of headform III was prepared from the 3D-printed skin mold. The skull simulant (i.e., nylon-66 (Yu et al., 2004)) was 3D printed. The brain simulant was prepared by mixing parts A and B of Sylgard-527 (ρ = 975 kg/m3, G = 1.5 kPa) (Zhang et al., 2006; Fontenier et al., 2016) in 1:1 proportion by weight. Brain simulant was poured into the cavity of the skull. Thermoplastic polyurethane (TPU) with an elastic modulus of ∼20 MPa mimicked the dura mater. The dura mater of thickness ∼2 mm was 3D printed. The skull and dura were 3D printed together using a bimaterial printer.
While selecting surrogate materials (skin, skull, brain, and dura mater) for the headforms, we attempted to match the densities and elastic/shear moduli of the head constituents with the corresponding human head counterparts (Mao et al., 2013). These two properties are critical for mimicking the dynamic response. Hence, these criteria were used while selecting surrogate materials. For the skull simulant (i.e., nylon-66 (Yu et al., 2004)), strength properties were also similar to the human skull properties (Falland-Cheung et al., 2017). Supplementary Table S1 tabulates the material properties of head constituents and corresponding surrogate material properties reported in the literature (Barber et al., 1970; McElhaney et al., 1970; Yu et al., 2004; Zhang et al., 2006; Groves et al., 2013; Budday et al., 2017; Falland-Cheung et al., 2017; Smith et al., 2020; Walsh et al., 2021). For the loading considered, there was no fracture or breakage of any of the headform material. Additional details regarding the preparation of head surrogates for headform III are available in Singh et al. (Singh et al., 2022).
2.3 Ballistic helmet
The medium-sized advanced combat helmet (ACH) was used in this work. ACH is designed for the ballistic threat level of IIIA (National Institute of Justice, 1985). The ACH helmet (Figure 2) consisted of Kevlar helmet shell of thickness 10 mm made up of Kevlar (K-29 with 16 layers), seven trauma mitigation foam pads of thickness 16 mm each made up of foam, and a chin strap. The helmet contained 1.5 mm thick protective plate (steel) at the end of Kevlar layers (i.e., just prior to the inner surface of the helmet shell), Figure 2C. The helmet mass was 1.29 kg. The standoff distance (i.e., the distance between the inner layer of the helmet shell and the outer layer of the head surface) was 16 ± 1 mm.
[image: Figure 2]FIGURE 2 | Photograph of Advanced Combat Helmet: (A) exterior view depicting a Kevlar shell (B) interior padding system showing a crown pad and 6 peripheral pads. (C) steel plate.
2.4 Experimental setup
The ballistic testing was carried out by using the Universal weapon mounting system (M.S. Instruments PLC ORPINGTON, BRS 48Q, U.K.). The Universal weapon mounting system (Figure 3) consisted of the firing pin, hammer, barrel holding chamber, adjustable valve, and barrel. This work used a barrel with an internal diameter of 9 mm. The system works on the momentum conservation principle, and chemical energy is converted to kinetic energy. On triggering, the hammer hits the firing pin, and then the firing pin hits the primer of the bullet, which causes the burning of the gunpowder and produces high-pressure gases pushing the bullet. This results in the ejection of the bullet from the barrel at a high velocity. In this system, different velocities can be achieved by changing the barrel length and the type of projectile used. This work used the 9 mm × 19 mm full metal jacket (FMJ) bullet. The mass of the bullet was 8 g. To measure the velocity of the bullet, the chronograph was placed at a distance of 2.5 m from the barrel end. It consisted of two optical-based sensors at the entry and exit. The velocity of the bullet was estimated from the time taken to traverse the entry and exit locations.
[image: Figure 3]FIGURE 3 | Schematic of universal weapon mounting system.
The target (i.e., headform) was clamped to the target stand located at a distance of 5 m from the barrel end. In this target stand, a 360° movable target holding clamp (both in the vertical and horizontal direction) was used to fix and rotate the headforms in front, back, left, right, and crown orientations, respectively. As described earlier, the headform cruciform cavity (for the headforms I and II) was filled with curated R.P. # 1 clay, and the helmet was adequately secured on the headform using a chin strap. Note that in the crown position, the bullet trajectory was coaxial with the vertical axis of the head and the Hybrid III neck. Before the ballistic testing, each helmet was physically checked for weight, manufacturing defects, or damage. After each bullet impact, the helmet was removed, and BFD was measured using a digital depth gauge.
The linear acceleration and angular velocity of the headform were measured using a triaxial linear accelerometer (Endevco® 7268C, range: ±2000 g, PCB Piezotronics, Depew, NY) and triaxial angular rate sensor (ARS3 PRO, range ±8,000 Deg/s, Diversified Technical System, Seal Beach, CA), respectively. The accelerometers were mounted on the left side of the head (below the ear) using double-sided tape (Figure 1). Angular accelerations were calculated by differentiating the angular velocity data using the forward difference method.
For headform III, in addition to the head acceleration, intracranial pressures (ICPs) were measured using piezoelectric pressure sensors (Kulite-HKS-375, range: ± 500 psi, Sensol Inc.). Note that the term ICP used here has a different connotation than the term “ICP” used in clinical practice. In the classical experiments, Nahum et al. (1977) measured the pressures in the brains of post-mortem human subjects at five different locations. He called these pressures ‘intracranial pressures (ICPs)’ as they were measured inside the cranium. Since then, this connotation has been routinely used for the measurement of brain pressure in the head injury biomechanics community (e.g., (Nahum et al., 1977; Liu et al., 2012; Skotak et al., 2013; Freitas et al., 2014; Du et al., 2022; Li et al., 2023b),), to the point it has become a standard terminology. Further, the ICP sensors were mounted in the anterior and posterior locations (Figure 4). Two 20 mm diameter holes were specified on the back surface of the skull during 3D printing. The pressure sensors were inserted in the brain simulant through each of these holes using two hollow aluminum pipes; the pipes had negligible weight. Piezoelectric ICP sensors are classically mounted in the brain tissue using pipes. This is a fairly standard practice that has been widely used (e.g., (Nahum et al., 1977; Nusholtz et al., 1984; Skotak et al., 2013; Feng et al., 2016; Shin et al., 2019)). Since these types of sensors are reasonably rigid, hence some arrangement is required to guide the sensors. The sensor probe was adequately aligned with the tip of the pipe, and it was ensured that the sensing surface was fully exposed to the brain simulant. After alignment, the sensor was tightened within the groove of the pipe to avoid relative motion (if any) between the pipe and the sensor. For the front and right orientations, two separate headforms were used, and sensors were pointed in front and right directions, respectively. The Slice Nano data acquisition system (Diversified Technical Systems, Inc., Seal Beach, CA) was used to acquire the head kinematics and ICP data at a sampling rate of 20,000 Hz with an antialiasing filter of 4000 Hz. During post-processing, signals were filtered using the channel filter class (CFC) 180.
[image: Figure 4]FIGURE 4 | (A) schematic depicting the pressure sensor locations within the brain simulant (B) photograph of the headform III after inserting the pressure sensors (C) photograph of Kulite pressure sensor (D) sensors carrying hollow pipes.
In this work, for each of the headforms I and II, 10 helmets with pads and 5 helmets without pads were used. Ballistic testing was carried out in five orientations: front, back, left, right, and crown. For the headform III, 10 helmets with pads were used, and the ballistic testing was done in front and right orientations. Thus, the data presented in this work is based on a total of 170 ballistic experiments. Note that for the Headform III, we did not perform the experiments in back, and crown orientations due to the difficulty in mounting the ICP sensors. Left orientation was also not considered due to the left-right symmetry. Hence, the experiments with headform III were chosen judiciously.
For the without pad configuration, the experiments were conducted in the front, back, left, right, and crown orientations. For the front, back, left, and right orientations, the crown pad was not removed in order to maintain a consistent fit of the helmet on the headform. The presence of crown pad ensured the same stand-off distance at the front, back, and side orientations and proper helmet mounting on the headform. For the crown orientation, the crown pad was removed. So, the consistency in fitting was less definitive. However, since the head and neck were horizontal in this orientation, the helmet fitting effect on the head may not be a critical consideration.
2.5 Data analysis
From the measured acceleration-time histories, peak resultant linear acceleration, peak resultant angular velocity, and peak resultant angular acceleration were obtained for each headform and for each test configuration. In addition, head injury criteria (HIC) and brain injury criteria (BrIC) were estimated from Eqs 1 and 2, respectively. The HIC estimates the risk of head injury based on the resultant linear acceleration, whereas BrIC estimates the risk of brain injury based on the angular velocity. The HIC (Eq. 1) was calculated using the resultant linear acceleration-time histories measured on the headform.
[image: image]
where a(t) is the resultant linear acceleration at the C.G. of the head. t1 and t2 are time intervals between which HIC is calculated.
[image: image]
where wx, wy, and wz are measured peak angular velocities and wxc, wyc, and wzc are critical values of angular velocities in the x, y, and z directions, respectively. The values of critical angular velocities (wxc = 66.25 rad/s, wyc = 56.45 rad/s, and wzc = 42.87 rad/s) proposed by Takhounts et al. (2013) were used. Additional details of HIC can be found in Wilde et al. (2019), Mariotti et al. (2019), and BrIC in Takhounts et al. (2013), respectively. BFD was also measured for headforms I, II. For headform III, intracranial pressures were measured.
Experimental data were presented as mean ± standard deviation. An unpaired, two-tailed Student’s t-test with unequal variance was performed to assess statistical significance between various cases, and p-values of <0.05 were considered statistically significant.
2.6 Concurrent computational simulations
Concurrent computational simulations were performed to investigate brain biomechanical response, especially to compute stress and strain values. This work used the finite element human body model developed by the Global Human Body Models Consortium (GHBMC) in a standing position (Gayzik et al., 2011a; Gayzik et al., 2011b). The full-body human model, including the head model (Mao et al., 2013), has been extensively validated in the past under blunt impact loading through multi-institutional effort (Mao et al., 2013; Schoell et al., 2015; Arun et al., 2016; Devane et al., 2019; Perez-Rapela et al., 2019).
The head model (Mao et al., 2013), Figure 5, consisted of the scalp, skull, facial bones, sinuses, dura, pia, arachnoid, falx, tentorium, bridging veins, and brain. The brain was segmented into the cerebrum, cerebellum, ventricles, brainstem, thalamus, corpus callosum, and basal ganglia. The cerebrum was further segmented into white and gray matter. The model was meshed using 270,552 elements. Most of the head components were meshed using 8-noded hexahedral elements. The outer and inner skull were modeled as elastic-plastic, whereas the brain, scalp, and facial tissue were modeled as linear, viscoelastic. The rest of the components were modeled as a linear, elastic material. Supplementary Table S2 tabulates the material properties of GHBMC head model.
[image: Figure 5]FIGURE 5 | Computational head model used in this investigation. (A) isometric view (B) midsagittal view (C) midcoronal view.
Experimentally measured head kinematics (i.e., acceleration-time histories) for the headform III was used as an input to the simulations. Supplementary Figure S3 shows the acceleration-time curve, which was used as an input for the simulation. In the head model, the skull has three components: outer skull, skull dipole, and inner skull. Acceleration-time histories as an input can only be applied to rigid components/materials. Hence, to facilitate this, skull dipole was made rigid and acceleration-time histories were applied to the CG of the skull dipole. Kinematic coupling was used between the CG of the skull dipole and the rest of the nodes of the skull dipole. The skull-brain interface was modeled as tied. Since we were mainly interested in brain response (as opposed to the helmet damage response), explicitly modeling the interaction of the bullet with helmet-head parenchyma was not required. Specifying the experimentally measured head kinematics serves the purpose of the objectives of this work. Further, this approach also saves computational costs.
The simulations were carried out for front and right impact orientations. Each simulation was performed for 40 ms, and it was ensured that the peak values of stresses (ICP, von Mises stress) and strain (MPS) were established. ICP-time histories from the simulations were compared against ICP data from the experiments.
2.7 Parametric investigations for different headform masses and stiffness
Additional computational simulations using GHBMC head model were performed to study the sensitivity of mass and stiffness of the head on the brain biomechanical response. In this work, the mass of headform I (9.2 kg, including neck) was significantly larger than the masses of headforms II (5.5 kg, including neck) and III (4.8 kg, including neck). In the first case, for comparing the biomechanical response with different head masses, the GHBMC head mass was scaled from 4.5 kg to 9 kg by increasing the skull’s density (hence mass). Note that in the experiments, the overall size of the three headforms is approximately similar. Hence, changing the density to increase the mass is reasonable. In another case, the GHBMC head mass was scaled from 4.5 kg to 9 kg by increasing the brain’s density (hence mass). We note that the case with changing the skull mass in the simulations is closer to the experiments of this work, as the skull surrogate mass is changing in headforms I, II, and III. In these simulations, experimentally measured head kinematics (i.e., acceleration-time histories) for the headform III was used as an input for both the cases.
Further, to compare the different head stiffness, we changed the skull material to aluminum and Nylon-66. By changing the skull material to aluminum and Nylon-66, the mass of the GHBMC head was changed to 4.62 kg and 4.08 kg, respectively.
3 RESULTS
3.1 Bullet velocities
Bullet velocities were calculated using the chronograph. Bullet velocities of 430 ± 15 m/s were obtained. These velocities correspond to a ballistic threat level of IIIA (National Institute of Justice, 1985).
3.2 Mechanical response of headforms
Figure 6 and Table 2 show the mechanical response for headforms I-III. The peak values of various mechanical parameters are depicted for each impact orientation. Compared to the headform I, we observed a statistically significant increase (p < 0.05) in the linear acceleration, angular velocity, angular acceleration, HIC, and BrIC values for headforms II and III, for all orientations. BFD values between headforms I and II were statistically insignificant (p > 0.05) except for the crown orientation.
[image: Figure 6]FIGURE 6 | Mechanical response of headforms I, II, and III against ballistic impact: (A) peak resultant linear acceleration (B) peak resultant angular velocity (C) peak resultant angular acceleration (D) HIC (E) BrIC (F) BFD. * indicates the statistically significant changes, p < 0.05.
TABLE 2 | Peak values of various biomechanical parameters obtained on the headforms due to the ballistic impact. Headforms were equipped with the ACH helmet having a Kevlar shell and trauma mitigation pads.
[image: Table 2]In headform II, peak values of linear acceleration, angular velocity, and angular acceleration were increased by ∼50% (average of all orientations), ∼55%, and ∼50%, respectively, compared to headform I. HIC and BrIC values were increased by ∼45% and 70%, respectively. Note that the HIC value for crown orientation was not estimated due to the poor signal quality. In contrast, BFD was decreased by ∼10% in all orientations.
In headform III, peak values of linear acceleration, angular velocity, and angular acceleration were increased by ∼63% (average of the front and right side orientation), ∼60%, and ∼50%, respectively, as compared to headform I. HIC and BrIC values were increased by ∼53% and ∼66%, respectively. The mechanical responses between headform II and III were marginally changed (within <10%), and the differences were statistically insignificant (p > 0.05).
3.3 Effect of impact orientation on the mechanical response of headform
We also investigated the effect of impact orientation on the mechanical response of the headforms (Figure 6). Statistically insignificant (p > 0.05) differences in the peak values of linear acceleration, angular velocity, angular acceleration, BFD, HIC, and BrIC were observed between various orientations, except for the crown orientation.
The linear acceleration, angular velocity, and angular acceleration responses for the front and back orientation were similar, with differences of <5% in the mechanical response. Compared to front and back orientation, these responses decreased in the lateral (i.e., left, right) orientations. With respect to the front orientation, linear acceleration, angular velocity, and angular acceleration were decreased by ∼15%, ∼8%, and ∼12%, respectively, in the lateral orientations. The HIC and BrIC values were also decreased in the lateral orientation compared to the front and back orientation. Among all orientations, kinematic responses were the least for the crown orientation. BFD values were maximum for the front orientation, followed by back, lateral, and crown orientations.
3.4 Mechanical response of the headforms with and without trauma mitigation pads
Figure 7 shows the mechanical response of the headform II, with and without trauma mitigation pads. Statistically insignificant (p > 0.05) differences in peak values of linear acceleration, angular velocity, angular acceleration, HIC, and BrIC were observed between these configurations for all orientations. In contrast, a statistically significant (p < 0.05) increase in BFD values was seen for the without pad configuration.
[image: Figure 7]FIGURE 7 | Mechanical response of the headform II with and without trauma mitigation pads: (A) peak resultant linear acceleration (B) peak resultant angular velocity (C) peak resultant angular acceleration (D) HIC (E) BrIC (F) BFD. * indicates the statistically significant changes, p < 0.05.
For the without pad configuration, peak values of linear acceleration, angular velocity, angular acceleration, and BFD values were increased by ∼17% (average of all orientations), ∼8%, ∼7%, and ∼42%, respectively, as compared to the with pad configuration. Further, HIC and BrIC values also increased by ∼18% and ∼24%, respectively. A similar trend with and without trauma mitigation pads has been observed for the headform I.
3.5 Measurement of ICPs
Figure 8 shows the experimentally measured ICP values for the headform III. A response from concurrent computational simulation is also shown. A coup-contrecoup pattern in ICP response was observed at the anterior and posterior locations, respectively. Peak positive ICP value of ∼20–25 kPa and positive phase duration of ∼2–3 ms have been observed at the anterior location. Peak negative ICP value of ∼8–10 kPa and negative phase duration of ∼3–4 ms have been observed at the posterior location. A reasonable agreement was seen between the computed and experimentally measured ICPs in terms of temporal evolution (Figure 8) and CORA scores (Table 3).
[image: Figure 8]FIGURE 8 | Experimentally measured ICPs (shown in black) in the Headform III, and ICPs obtained from the computational simulation (shown in red). (A) front orientation (B) right orientation. The starting 7 ms time was idle time (due to the triggering, triggering was earlier). Time t = 0 did not represent the time when bullet hits the helmet.
TABLE 3 | CORA scores between the computational and experimentally measured ICPs.
[image: Table 3]The ICPs are mainly governed by the bulk modulus of the brain and are typically insensitive to the geometric complexities (e.g., (Teferra et al., 2018; Li et al., 2021)). The bulk modulus of the brain used in the computational head model (2.1 GPa (Mao et al., 2013)) and the bulk modulus of the brain simulant (i.e., Sylgard-527) used in the experiments (∼1.1 GPa (Zhang et al., 2009)) were on the order of GPa. Thus, in this work, the computational simulation and experiments showed a reasonable agreement in the ICP plots, despite the lack of geometric complexity of the computational head model in the simplified experimental headform (i.e., headform III).
3.6 Estimation of strains and stresses from the computational head model
The computational head model validated against experimental ICP response (Figure 8) was used to investigate the spatiotemporal evolution (Figure 9) of biomechanical quantities such as ICP, equivalent (von Mises) stress, and maximum principal strain (MPS). The spatiotemporal evolution of ICP, equivalent stress, and MPS was played out within ∼30 ms. Peak ICP, equivalent stress, and MPS of ∼25 kPa, ∼0.4 kPa, and ∼0.10, respectively, were observed.
[image: Figure 9]FIGURE 9 | Spatiotemporal evolution of ICP, equivalent (von Mises) stress, and MPS obtained from the computational simulation. The model simulation range for the ICP is −20–25 kPa, fringe range for the equivalent stress is 0–0.5 kPa, and fringe range for the MPS is 0–0.10. (A) front orientation (B) right orientation.
3.7 Effect of mass and stiffness of the head on brain biomechanical response
Figure 10 shows the mechanical response in terms of ICP, von Mises stress, and MPS for different head masses. We observed that the ICP, von Mises stress, and MPS were marginally changed (within 2%) when the head mass was increased from 4.5 kg to 9 kg by increasing the skull’s density. Furthermore, when the head mass was increased from 4.5 kg to 9 kg by increasing the brain’s density, the ICP, von Mises stress, and MPS were significantly increased. The ICP was increased from 25 kPa to 140 kPa, von Mises stress was increased from 0.3 kPa to 0.9 kPa, and MPS was increased from 0.08 to 0.27.
[image: Figure 10]FIGURE 10 | Sensitivity of brain response to the head mass (A) ICP (B) von Mises stress (C) MPS.
In addition to scaling the mass of head, the stiffness of the head was also changed. We changed the skull material to aluminum and Nylon-66. We did not find significant differences (Figure 11) in the brain’s biomechanical response (ICP, von Mises stress, and MPS).
[image: Figure 11]FIGURE 11 | Sensitivity of brain response to the stiffness of the skull (A) ICP (B) von Mises stress (C) MPS.
4 DISCUSSION
In this work, the biomechanical response of the head surrogates under the ballistic impact (bullet velocities 430 ± 15 m/s) has been investigated. Results suggest that the type of headform affects the biomechanical response. As compared to the rigid headform (headform I), a statistically significant increase (p < 0.05) in the head kinematics was observed with the flexible headforms (headforms II, III), Figure 6 and Table 2. Changes in BFD were statistically insignificant (p > 0.05), as BFD is a measure of local deformation at the impact site. Further, considerable resultant angular velocity (7–8 rad/s) and resultant angular acceleration (4000–5000 rad/s2) have been observed with the flexible headforms (Table 2; Figure 6). The mechanical responses between headform II and III were marginally changed (within <10%), and the differences were statistically insignificant (p > 0.05). The geometry of the headform II was based on the Hybrid-III head, whereas the geometry and head constituents of the headform III were based on the GHBMC head. Note that for the headform II, Hybrid-III head based geometry was chosen as it is simpler to manufacture and can be easily integrated with Hybrid-III neck. Differences in measured mechanical parameters between headforms II and III were statistically insignificant. Hence, the choice of headform II can be attractive as a potential headform for the futuristic laboratory evaluation of ballistic helmets. The 3D printing of the facial features, bimaterial 3D printing of the skull and dura, and the preparation of the skin and brain simulants of the headform III are cumbersome and challenging.
Our results suggest that both local (i.e., due to the localized crushing of the helmet) and global (i.e., due to the bulk motion of the helmet-head parenchyma) responses were dominant under the investigated ballistic impact. Thus, futuristic testing protocol and standards should adequately consider the biofidelic or reasonably realistic headform. Further, the evaluation of ballistic helmets using bullet perforation and BFD as only parameters may not be sufficient to evaluate the risk of BHBT. Additional quantities such as linear acceleration, angular velocity, and angular acceleration should be measured. Further, HIC and BrIC values should be computed from these measurements. If possible, these experimental measurements should be complemented with concurrent computational modeling to further investigate brain biomechanical response, especially to compute strains and stresses in various brain regions. Computational simulations provide an attractive alternative, provided they are robust.
The findings reported in this work are consistent with the finding in the literature. The BFD values obtained for headforms I and II (Table 2 a, b; Figure 6) are consistent with BFD values obtained in various computational and experimental investigations (Li et al., 2015; Rodríguez-Millán et al., 2016; Miranda-Vicario et al., 2018; Palta et al., 2018; Cai et al., 2020). Rodríguez-Millán et al. (2016), using experiments and computational modeling, studied the response of rigid headform with witness material (i.e., R.P. # 1) equipped with the ACH helmet against ballistic impact (9 mm FMJ bullet with a velocity of 425 ± 15 m/s). They obtained BFD value in the range of 9–12 mm in the witness material for front, back, left, and right and crown orientations. Using a computational model of ACH mounted on the rigid headform, Palta et al. (2018) reported BFD of 10–15 mm in the witness material for front, back, left, and right orientations for the 9 mm FMJ bullet with a velocity of 370 m/sec. In a similar study, Li et al. (2015) obtained a BFD of 11–16 mm in the clay for a bullet velocity of 370 m/s. Miranda-Vicario et al. (2018) experimentally investigated the response of the U.S. army headform with Weible Plasticine clay as a witness material. They obtained the BFD of 8–12 mm for front and back orientations and 4–6 mm for left and right orientations using the 9 mm FMJ bullet with a velocity of 300–380 m/sec. Cai et al. (2020) measured BFD in ACH equipped computational head model using a 9 mm bullet with a velocity of 400–460 m/sec. They found the BFD values 10–13 mm in front, back, left, right, and crown orientation. Even though these BFD measurements are encouraging, the direct correlation of BFD with the injury is lacking. Rafaels et al. (2015) studied the response of helmeted heads of post-mortem human subjects (PMHS) under non-perforating ballistic impact with velocities of 400–460 m/sec. They observed skull fractures, bruising of the dura, and severe local skin friction injuries due to the deformation of the helmet. However, the amount of BFD could not be quantified due to the use of PMHS. These findings suggest that efforts should be made to establish a relation between BFD and head, brain injuries.
We measured linear and angular kinematics and associated injury matrices (HIC and BrIC) for the headforms I, II, and III (Table 2; Figure 6). Due to the larger mass and rigid neck, the peak values of linear acceleration, angular velocity, and angular acceleration of the headform I were lower (∼45–60%) than the headforms II and III. In headforms II and III, we obtained a peak resultant linear acceleration of ∼20–29 g, peak resultant angular velocity of 7–8 rad/s, and peak resultant angular acceleration of 4000–5000 rad/s2. Aare and Kleiven (2007) studied the ballistic response of a computational head model with the Personal Armour System Ground Troops suspension (i.e., no pads) helmet against a 9 mm FMJ bullet for a velocity of 360 m/sec. The helmet shell was composed of either Aramide laminate or Titanium. Various helmet configurations with shell thickness, mass, and material properties were investigated. They obtained peak linear and angular accelerations of ∼80–138 g and ∼2,100–3,800 rad/s2, respectively. Jazi et al. (2014), using a computational model of the ACH helmet and the human head, obtained linear head acceleration in the range of 23–115 g. They observed that linear head acceleration was sensitive to the properties of the foam pad, especially the stiffness and strength of the foam. A less stiff pad was more efficient in absorbing the impact energy and reducing the acceleration of the head. Li et al. (2016) made similar observations regarding foam pad stiffness. Tse et al. (2014), using a computational model of the ACH helmet and human head, have reported a peak linear acceleration of ∼15–50 g for the ACH helmet. The linear and angular accelerations obtained in this work are generally commensurate with the aforementioned findings from the literature. Some of the quantitative differences can be attributed to the differences in helmet configuration (e.g., shell material, number of shell layers considered, properties of the foam pads, presence of steel plate in the current work) and lack of neck in computational investigations in the literature.
In this work, orientation-dependent biomechanical responses have been observed, with front orientation being the most severe (Figure 6). Higher peak values of various biomechanical parameters in the frontal orientation are attributed to the larger curvature, relatively smaller surface area, relatively smaller standoff distance between the interior of the helmet shell and the headform. This observation is consistent with the finding in the literature (Tan et al., 2012; Pasquali and Gaudenzi, 2017; Palta et al., 2018; Cai et al., 2020). Palta et al. (2018) observed the orientation-dependent BFD response in a computational model of ACH mounted on the rigid headform. BFD was highest for the front orientation, followed by back, left, and right orientations. They attributed the orientation-dependent response to the standoff distance, a curvature of the impact location, and the distance of the impact location from the edge of the helmet. Pasquali and Gaudenzi (2017) investigated the curvature effect on the impact resistance of woven fiber composite targets and observed that the curved surface of woven fabric composite has low ballistic resistance compared to the flat surface. Using a computational model of the ACH helmet and human head, Cai et al. (2020) obtained the maximum BFD in the front orientation.
Investigation with and without trauma mitigation pads revealed that the BFD values were significantly increased (by ∼42%) in the absence of pads (Figure 7). This can be attributed to the pads locally absorbing the impact energy resulting in lower BFD. Head kinematics and associated quantities (HIC, BrIC) were increased by ∼20%. However, this increase was statistically insignificant (p > 0.05). Li et al. (2016), using the computational model of the ACH helmet mounted on the human head, observed an increase in HIC (∼23%) in the absence of pads.
The helmet pads used in this study were mainly used for comfort and were not specifically designed for energy absorption. This may have an influence on obtained insignificant differences in head kinematics with and without pads. We also observed localized crushing of the pads, generating an indent in the Roma plasticine clay. This local deformation response may also have attributed to insignificant changes in the (global) acceleration profiles.
Computational simulations suggested that considerable ICP (20–25 kPa), equivalent stress (0.3–0.4 kPa), and MPS (0.08–0.10) were generated in the brain (Figures 8, 9, Table 2). The ICP, stress, and strain pattern were heterogenous, and evolution has a timescale of ∼30 ms. This is consistent with the findings in the literature (Jazi et al., 2014). Jazi et al. (2014) studied the response of the human brain with different densities of foam padding under ballistic impacts. They reported the peak ICP ∼21 kPa with low-density foam padding for a velocity of 360 m/sec. Aare and Kleiven (2007) have reported brain strain of 0.11–0.15 (cortex), 0.05–0.09 (corpus callosum) in a PASGT helmet equipped computational head model subjected to a 9 mm FMJ bullet with a velocity of 360 m/s.
Further, additional simulations were performed to study the sensitivity of head mass and stiffness on the brain biomechanical response. We observed that the brain biomechanical response (i.e., ICP, von Mises stress, and MPS) was not affected by the scaling (increasing/decreasing) of the mass of the skull (Figure 10). This is because the brain mass and contact area between the skull and the brain remain unchanged. It has been shown that the mass of the brain and the contact area between the brain and the skull govern the mechanical fields in the brain (Gibson, 2006; Liu et al., 2017; Ganpule et al., 2020). Further, it was observed that the brain biomechanical response was significantly affected when the mass of the brain was changed (Figure 10). The case with changing the skull mass in the simulations is closer to the experiments of this work, as the skull surrogate mass is changing in headforms I, II, and III. The mass of the clay in headform I, II was ∼2 kg, and mass of the brain stimulant in headform III was ∼1.7 kg.
We also compared the biomechanical response of the head by varying the stiffness of the skull. We changed the material of the skull to aluminum and Nylon-66. We found that there were minimal variations in the brain’s biomechanical response (Figure 11). This could be due to the fact that the brain mass and contact area between the skull and the brain remain unchanged. Note that, in these simulations, the effects due to stress wave propagation were not captured, as the interaction of the bullet with helmet-head parenchyma was not explicitly modeled. Stiffness/compliance of the head may affect the contribution from stress wave propagation. Fully addressing the effect of compliance will require explicit modeling of the interaction of the bullet with helmet-head parenchyma.
4.1 Assessment of peak biomechanical parameters against existing injury thresholds
Table 2 lists the peak values of various biomechanical parameters due to the ballistic impact. Corresponding proposed injury threshold values in the literature are also listed. Most of the proposed injury threshold values (except BFD) correspond to either the 25%–75% quartile range for mild Traumatic Brain Injury (mTBI) or 50% risk of concussion. While selecting the sources (references) for the threshold values, sources having biomechanical data with clinically confirmed concussions in humans were preferred, wherever possible. Based on data tabulated in Table 2, for the investigated helmet configuration, the values of angular acceleration and MPS were above the 25% quartile range. Values of all other parameters (BFD, linear acceleration, angular velocity, HIC, BrIc, ICP, and equivalent stress) were below the corresponding injury thresholds. This data suggests that measuring the aforementioned parameters and evaluating the performance of ballistic helmets against these parameters should be considered.
5 LIMITATIONS
This work has a few limitations. In this work, in the simulations, explicit interaction of the bullet with helmet-head parenchyma was not considered. Thus, only effects arising out of the bulk motion of the helmet-head parenchyma (0.5–15 ms) were considered, as this was the major focus of the manuscript. We have neglected effects due to localized crushing of the helmet due to the bullet impact (<0.5 ms), resulting in the local deformation of the helmet. Effects of localized crushing of the helmet can be significant if one is interested in studying BFD due to the localized crushing of the helmet. Crushing may generate additional strains and stresses in the brain or brain simulant, locally, beneath the region of crushing. The local response at the helmet-head (scalp) interface and corresponding stress wave propagation effects will also be missed out by not modeling the interaction of the bullet with helmet-head parenchyma. Wave propagation effects generally contribute to the stresses, especially at early times. The results of explicit modeling of the interaction of the bullet with helmet-head parenchyma will be reported in the future with a focus on BFD and damage of the helmet.
For the headforms considered in this work, C.G. lied inside the head (i.e., in the brain simulant or within the clay). For the experiments, mounting the accelerometer in the brain simulant or the clay was not possible. Hence, we mounted the accelerometer on the left side of the head (below the ear).
6 CONCLUSION
This work investigated the biomechanical response of the helmeted headforms against ballistic impact. NIJ based rigid headform (headform I), Hybrid-III, and head model based flexible headforms were considered. Five impact orientations (front, back, right, left, crown) were considered. Some of the key findings of the work are:
1) Response of the helmet-head parenchyma was dominated by the localized crushing of the helmet and bulk motion of the head, as indicated by measured BFD and head kinematics values, respectively.
2) For the investigated headforms peak resultant linear acceleration of 10–29 g, peak resultant angular velocity of 3–8 rad/s, and peak resultant angular acceleration of 1,200–5000 rad/s2 were observed.
3) Peak ICP of 20–25 kPa, peak equivalent stress of 0.3–0.4 kPa, and peak MPS of 0.08–0.10 were seen from the concurrent computational simulations.
4) Changes in peak values of the linear acceleration, angular velocity, and angular acceleration were statistically significant between rigid (headform I) and flexible headforms (headforms II, III). BFD values were statistically insignificant between these headforms.
5) The orientation dependent responses have been observed, with front and crown orientations being the most and least severe, respectively.
6) BFD value was significantly increased (by ∼42%) for the helmet without trauma mitigation pads. However, changes in head kinematics were statistically insignificant between with and without pad scenarios.
7) Peak resultant angular acceleration and peak MPS values exceeded the 25th percentile quartile limits proposed for the mTBI.
Taken together, these results provide detailed mechanistic insights into the biomechanical response of headforms during ballistic impact with implications in the evaluation of ballistic helmets.
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