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Abstract

:

New threats are a challenge for the design and manufacture of modern combat helmets. These helmets must satisfy a wide range of impact velocities from ballistic impacts to blunt impacts. In this paper, we analyze European Regulation ECE R22.05 using a standard surrogate head and a human head model to evaluate combat helmet performance. Two critical parameters on traumatic brain analysis are studied for different impact locations, i.e., peak linear acceleration value and head injury criterion (HIC). The results obtained are compared with different injury criteria to determine the severity level of damage induced. Furthermore, based on different impact scenarios, analyses of the influence of impact velocity and the geometry impact surface are performed. The results show that the risks associated with a blunt impact can lead to a mild traumatic brain injury at high impact velocities and some impact locations, despite satisfying the different criteria established by the ECE R22.05 standard. The results reveal that the use of a human head for the estimation of brain injuries differs slightly from the results obtained using a surrogate head. Therefore, the current combat helmet configuration must be improved for blunt impacts. Further standards should take this into account and, consequently, combat helmet manufacturers on their design process.
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1. Introduction


One of the most significant challenges of the defense industry for improving the protective capacity against different load states is focused on the combat helmet. During the different conflicts in which the U.S. Army has participated since 2000, a large number of traumatic brain injuries (TBIs) have been observed as a result of more than 360,000 injuries, where 82% were classified as minor (mTBIs) [1,2].



Soldier activity in combat scenarios supposes a high exposure of the head, where it is easy to suffer falls, collisions, or even traffic accidents or failed parachute jumps, and in all cases, the most typical type of injuries are mTBIs, in which brain diffuse injuries, concussions, and contusions are the most common consequences [3,4].



However, it is not a trivial task to improve the protective performance of a combat helmet without losing the real purpose of using composite materials, which is a decrease in weight. Traditionally, combat helmets have to be subjected to ballistic standards such as STANAG 2920 [5] or NIJ 0106.01 [6] and, consequently, they are analyzed at high impact velocities for the different ammunition [7,8,9,10,11,12], also under blast loadings [13,14,15,16,17,18]. However, the military industry has not focused on analyzing the behavior of the combat helmet under low-velocity impact. This type of analysis is more common in the motorbike or bicycle industry because helmets must satisfy the requirements established by the ECE R22.05 [19] or EN 1078 [20] standards, respectively. Few studies have analyzed the performance of the combat helmet under low velocity impacts and its response over the user. Thus, our study is focused on verifying the performance of a current combat helmet configuration and improving the knowledge of combat helmet response under blunt impacts



Begonia et al. [21] carried out experimental low velocity impact tests of a combat helmet mounted on a combined NOCSAE head model with two different types of necks, i.e., HIII and EuroSid-2 dummy. They made impacts in the rear and lateral areas at 3 m/s, obtaining data related to the maximum longitudinal and rotational accelerations measured at the center of gravity of the head model. The data served as input for a validated simulated injury monitor (SIMon) of the brain for analyzing brain strain. They designed this methodology to analyze the consequence of rotational accelerations on brain damage.



Barlow et al. [22] developed a combined combat helmet design improvement methodology that took into account different parameters such as the size of the foams, the tension of the straps, the impact location, or the impact velocity. This methodology combined a validated finite element model with experimental tests that simulated the combat helmet drop tower tests. From the results, peak linear acceleration was obtained. This parameter was used as input for a statistical model to optimize helmet design.



In 2012, Fitek and Moyes [23] realized an investigation for the Natick Soldier Research, Development and Engineering Centre in which they tested different foam materials and configurations for the design of combat helmets. They developed a finite element model in LS-Dyna, validated previously with experimental test, which combined different foam configurations, and subjected the helmet to different velocity and impact locations.



McEntire and Whitley [24] analyzed the performance of different combat helmets used by the U.S. Army, i.e., the advanced combat helmet (ACH), and Personnel Armor System for Ground Troops (PASGT). Impact series tests were carried out at two impact velocities, three ambient temperatures, and seven different impact locations, and the peak linear acceleration produced from each one was obtained. The results obtained for both helmets were compared with the recommended threshold for maximum acceleration.



In a study carried out by Staniszewski et al. [25], they analyzed the behavior of the ACH at impact velocities higher than those that were validated, i.e., higher than 3 m/s, whose maximum linear acceleration value was 150 g. Through modifications of the internal damping system and the inner foams, and using a finite element model previously validated with experimental tests, they increased the impact velocity up to 5.2 m/s, and obtained a linear acceleration peak of less than 150 g.



In this paper, we focus on TBI analysis with the aim of examining combat helmet performance under blunt impacts. The applicable standards for blunt protection can be improved and the surrogate head does not faithfully represent the human head behavior under this type of load. Thus, the following two head models are used: the standard surrogate head, according to the ECE R22.05 standard and a human head model, previously validated for impacts in traffic accidents.



The main contributions of our work to the study of helmets for blunt impacts are as follows: (i) A numerical analysis is carried out using a widely validated model of the human head-neck assembly and adapted to use in simulations under blunt impacts. (ii) The analysis of a current combat helmet on blunt threats has been introduced with injury criteria such as the center of gravity accelerations of the brain and the head injury criterion (HIC). (iii) The severity of injuries produced are directly related to the widely accepted criterion of HIC. (iv) A comparison of injury criteria results is carried out with two head models.




2. Materials and Methods


2.1. Introduction to the Development of the Numerical Model


In this study, we developed a finite element model consisting of an evaluation of a combat helmet subjected to low impact velocity and assessing for traumatic brain injury. The protective performance of the helmet was evaluated using an acceleration analysis of parameters such as HIC (head injury criterion).



LS-Dyna Finite element software was used to analyze the combat helmet behavior under low velocity impact. In this section, the different parts of the numerical model (helmet, human head, and head surrogate) are presented. The human head model used in this work had been previously validated by a co-author [26,27].



2.1.1. Helmet Model


The combat helmet model used in this work is shown in Figure 1. The helmet model assembly consisted of different parts, i.e., composite structure helmet, foams, and straps. Each part was modeled using CAD software Autodesk Inventor from original dimensions and meshed with Altair Hypermesh 13.0 software which enabled better mesh strategies and techniques.



The shell is the most external part of the helmet assembly and constitutes the principal protective structure of the combat helmet. It is made of composite aramid fibers with a phenolic matrix, which is widely used in lightweight personal protection manufacturing [10,28,29,30,31,32,33] due to its high ballistic performance and good resistance and low weight ratio. The shell areal density is 8.86 kg/cm2.



Due to the heterogeneity and anisotropy of the composite materials, *MAT_COMPOSITE_DAMAGE (MAT_022) was used to define mechanical behavior model of the aramid composite, through an orthotropic material model (9 elastic constants) and it was modeled as linear elastic until failure.



The damage criterion for aramid composite used in this work was modeled using the Chang-Chang model [34,35], which considered the following three principal intralaminar failure modes: fiber breakage, matrix cracking, and matrix compression, i.e., Equations (1)–(3). The direction assignment for the composite material is done in the local coordinate system (1,2,3), where 1 and 2 are the directions on lamina plane and 3 is orthogonal to the other directions, out of the lamina plane, through the thickness direction.



The intralaminar failure modes (MAT_022) can be described as follow:



Fiber breakage criterion is defined as:


   F  f i b e r  2    =          σ  11      X T       2  +  τ ¯    ;    σ  11   > 0  



(1)




where    X t    is the tensile strength in the fiber direction (longitudinal) and    σ  11     is the normal stress in the same direction.



When the failure criterion of Equation (1) is satisfied,    F  f i b r e   ≥ 1  , all elastic constants involved on the failed lamina plane are set to zero, (   E  11     =    E  22     =    G  12     =    v  12     =    v  21     =    0). Failed fibers cannot support loads along the axial (or longitudinal) and shear (transverse) directions, and the load is redirected to the rest of the lamina.



The matrix cracking Equation (2) and matrix compression failure Equation (3) are defined as:


   F      m a t r i x       c r a c k      2    =          σ  22      Y T       2  +  τ ¯    ;    σ  22   > 0  



(2)






   F      m a t r i x         c o m p      2    =          σ  22     2  s c       2  +          Y c    2  s c       2  − 1      σ  22      Y c    +  τ ¯    ;    σ  22   < 0  



(3)




where    Y t    is the tensile strength in the 22-dir,    Y c    is the transverse compressive strength, and    σ  22     is the normal stress in that direction. When matrix cracking or matrix compression failure criterion is satisfied,    F  m a t r i x   c r a c k   ≥ 1   or    F  m a t r i x   c o m p   ≥ 1  , and all of the elastic constants except elastic modulus in 11 direction (   E  11    ), are set to zero. This resembles that the lamina cannot provide support in the shear directions of the fibers; hence, the corresponding shear modulus is also set to zero.



In addition, the   τ ¯   parameter is the ratio between shear stress and shear strength as follows:


   τ ¯    =        σ  12  2    2  G  12     +   3  α 1   σ  12  4   4       S c 2    2  G  12     +   3  α 1   S c 4   4     



(4)




where    G  12     is shear modulus,    S c    is the longitudinal shear strength,    σ  12     is the shear stress, and α is a nonlinear shear stress coefficient (0 < α < 0.5) for which, in this study, a zero value is assumed.



Finally, since it is a multilayer composite material, a failure criterion has to be defined for the delamination of the layers, which is formulated as follows:


   F  d e l a m  2    =         m a x   0 ,  σ 3       S 3       2  +        τ  23      S  23        2  +        τ  31      S  31        2   



(5)




where    S 3   ,    S  13    , and    S  23    , are the tensile and shear strength in through thickness direction and    σ 3   ,     τ ¯   13    , and     τ ¯   23     are normal and shear stress in the out-of-lamina-plane direction.



The mechanical properties of aramid composite used for this model are listed in Table 1.



The mechanical behavior model previously described, and the mechanical properties mentioned (in the case of aramid composite components) are widely used in works that analyze the dynamic behavior, generally ballistic, of the type of composite materials used in personal protection.



Another part of the helmet assembly is the straps which are modeled using Hypermesh 13.0 software, through CAD module. This part was designed from previous dimensions of a real model. The helmet was positioned on each head/dummy in the correct position. About these, straps are modeled using surfaces over the external surface of the head/dummy and helmet internal surface.



The mechanical behavior of the straps was modeled as linear elastic behavior (MAT_ELASTIC) with the following mechanical properties: 1400 kg/m3 for the density, 1000 MPa for the elastic modulus, and 0.44 for the Poisson coefficient.



The pad suspensions were made up of two components, i.e., a hard foam to absorb impact energy and a softer foam whose function was to provide comfort to the wearer. These parts were modeled in CAD and exported to Hypermesh software to mesh, see Figure 2. The total thickness of each foam pad was 21 mm. Three different foam pads were modeled, due to frontal and rear foams and the four lateral foam pads were the same. The top foam pad differed from the two others.



It is important to mention that these types of foams are manufactured in such a way a single part is formed where each trough thickness half corresponds to hard foam and soft foam. For this model, the foams were modeled like a single solid, and each half was assigned equivalent foam properties.



The mechanical behavior of each component polyurethane foam was modeled using the MAT_LOW_DENSITY_FOAM option for low-density elastomeric foams with high compressibility. Table 2 shows the mechanical properties of both foams [14,36,37].



Moreover, polyurethane foam has a high sensitivity to strain ratio, and yield stress also varies with this parameter. Experimental compression tests on both types of foams, up to a strain rate of 50 s−1, are found in the literature [34]. However, polyurethane foams are subjected to higher strain rates on impact events. For this reason, the stress–strain curves from low strain rate up to higher strain rates levels were extrapolated. Li et al. [37] extrapolated the curves from 2 to 2500 s−1, as is shown in Figure 3.



The geometrical model of the shell was meshed using 110,440 hexahedral of 8-node elements with reduced integration and, 8 elements through thickness. The foams pads were also meshed with hexahedral 8-node elements. The rear and front foam pads were created using 12,688 elements, each lateral foam pad had 5832 elements, and the top foam pad was meshed with 21,456 elements. Six elements through thickness were used for the mesh of the foam pads. The straps were modeled using 1912 hexahedral elements of 8-node with reduced integration.




2.1.2. Human Head Model


The human head numerical model used in this study was developed by a co-author, Dr. J. Antona-Makoshi [27], and was validated through different impact events with high probability to occur in a traffic accident, inducing cerebral injuries. The numerical model of the human head was obtained by computerized tomography (CT) and magnetic resonance imaging (MRI).



The complete head is a compound of multiple parts to reproduce, with high realism, a real human head, i.e., scalp, white and grey matter brain, corpus callosum, falx cerebri, are some of the elements that are distinguished in the numerical model. In addition, one part of the human neck is defined with C1 to C7 vertebrae and their respective intervertebral disks and ligaments.



The total mass of the human head model is 6.47 kg. Figure 4 shows the numerical model of the complete head with details of internal parts. It is important to mention that the head assembly is modeled symmetrically with respect to the sagittal plane.



The mechanical proprieties of the human head model are summarized in Table 3 [27].



The human head mesh is created using 291,948 solid elements and 53,609 shell elements. For further details of the human model see the doctoral thesis of Dr. Antona-Makoshi [27].




2.1.3. Head Surrogate Model


A head surrogate is typically used for helmet certification tests. The surrogate was designed according to the European Standard ECE R22.05. The head surrogate model chosen was size “J” with 57 cm parietal circumference and 4.7 kg mass. The principal aim for choosing this dummy head was because it is one of the most important used for helmet certification tests, and therefore developing a numerical model capable of reproducing this type of test, extrapolated to any type of protective helmet, would be very useful for manufacturing companies by reducing logistics costs. The numerical results were compared with experimental tests, as described in the Results section. The surrogate was modeled as a rigid solid, since no deformations were observed on it during the experimental tests. The inertial parameters of the surrogate are listed in Table 4. Figure 5 shows the CAD and the FEM model of the head surrogate.




2.1.4. Helmet and Heads Assembly


The undeformed foam pads were positioned between the helmet and each head/surrogate and, additionally, they were separated by a determined distance. A quasi-static displacement for the human head or the head surrogate and the helmet was defined to get back into their final positions. During this process, the foam pads were deformed and adapted to the helmet and head. Finally, the straps modeled onto the final stage (previous of impact) were included.




2.1.5. Interactions and Boundary Conditions for Drop Impact Model


The contact between the interior shell, the pads, and the straps were defined as TIED_SURFACE_TO_SURFACE. However, the *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE function with a friction coefficient of 0.2 was defined for the contact between the helmet assembly and human head or head surrogate.



An initial impact velocity of 4.4 m/s was defined on each model studied (heads and helmet) according to the European Standard ECE R22.05. All degrees of freedom of nodes of the dummy neck base and the human head were restricted, except the movement on drop direction. In addition, a gravity load of 9.81 m/s2 was defined for the whole model and the accelerations are obtained from center of gravity, Figure 6. The flat anvil was modeled as a rigid solid, and all degrees of freedom were restricted. The flat anvil mesh was created using 125,000 hexahedral elements.



The influence of geometry on the impact surface was analyzed. Two impact surfaces were used, i.e., flat and curbstone anvils. The dimensions of the curbstone anvil were 125 mm length and 52° of angle faces which were joined at a fillet radius of 15 mm. The height was 50 mm. It was modeled as a rigid solid since it was assumed that it would not undergo deformations during the impact process. The curbstone anvil was meshed with 22,050 hexahedral elements. Figure 7 shows the curbstone anvil geometry and the mesh, and Figure 8 illustrates the different configurations for the two head models.





2.2. Injury Predictors


2.2.1. Peak Linear Acceleration (PLA)


The maximum peak linear acceleration (PLA) is a method used to evaluate the brain injury criterion. According to the ECE R22/05 standard, a PLA over 275 g indicates serious injuries.



The relationship between PLA and mild brain injury is evaluated by the expression, Equation (6), according to the COST 327, Motorcycle Safety Helmets report by the European Commission [44]:


  A I S   H e a d   =   1.7426 l n P L A − 6.7228  



(6)








2.2.2. Head Injury Criterion (HIC)


One of the most used criteria for determining brain injuries due to impact events is the head injury criterion (HIC). The expression to obtain HIC value is as follows:


  H I C   =            1   t 2  −  t 1      ∫    t 1     t 2    a  t  d t     2 , 5      t 2  −  t 1        m a x    



(7)




where    t 1    and    t 2    are the interval time, where HIC is maximum, and a(t) is measured in g’s, and the direction impact acceleration history is calculating on center of gravity. The threshold HIC used in this work was 1000 according to the NHTSA (National Highway Traffic Safety Administration) [43] and 2400 established by the European Standard ECE R22/05 [19].




2.2.3. Injury Risk Curve


Hayes et al. [41] showed the probability of different injury modes based on HIC values, as explained in Table 5.



The HIC value is associated with a level of damage in the AIS scale presented above. Wilson et al. [44] defined risk curves where the likelihood of suffering brain injuries was related to the HIC for each one of six levels of the AIS scale, Figure 9.






3. Results


In this section, the protective performance of a combat helmet is evaluated using the two head models carried out on the following different impact locations: front, lateral, top, and rear. The peak linear accelerations and the HIC (head injury criteria) value are obtained for each impact location and head in order to analyze traumatic brain injury (TBI).



For the head form, the acceleration is measured at its center of gravity; while, in the human head, the measurement is obtained from a set of parts, at its center of gravity, i.e., grey and white matter, corpus callosum, falx, cerebri, tentorium, cerebrospinal fluid and dura mater (Figure 6).



To supplement our study, two anvils are used, and the drop velocity is varied to analyze the influence on the protective performance of the combat helmet.



3.1. Flat Anvil Surface


3.1.1. Peak Linear Acceleration (PLA)


For each location and head used, Figure 10 shows the linear acceleration history, where the maximum peak linear acceleration can be measured.



Using the expression for induced damage due to impact, previously described as Equation (6), an analysis of the AIS scale is realized for each case. Table 6 shows the values obtained for peak linear acceleration and AIS.



For the head form configuration, no PLA value exceeds the threshold of 275 g set by the standards. All AIS values are around three; consequently, the degree of brain injury is serious severity, and loss of consciousness, between 1 and 6 h, appears. For the human head model, the PLA value is over the established limit (293 > 275 g), causing a situation of high risk for individuals wearing ballistic protective helmets.



It follows that the results obtained from the configurations are compared in terms of PLA with data provided by the combat helmet manufacturer and ACH military combat helmet used by Fitek and Meyer [23]. All the tests were carried out according to the ECE R22.05 standard and an impact velocity of 4.4 m/s.




3.1.2. Head Injury Criterion (HIC)


The results for the different configurations are summarized in Table 7. The maximum HIC is 1245 in the frontal zone, whereas the minimum HIC is 868 for rear impacts according to the NHTSA criteria, the HIC threshold is 1000. Therefore, the only configuration that overcomes the limit value is in the frontal impact leading to severe injuries. However, all values are lower than the European Standard, EC ER22/05, in which the HIC threshold is 2400.



For the human head configurations, the maximum HIC is reached at the top location, i.e., HIC = 2198, and the minimum HIC is located in the rear zone, i.e., HIC = 995. No serious injuries are found for rear impact according to NHTSA. Nevertheless, for the other zone, the severity of injuries can be caused. According to the EC ER22/05 standard, all the results are within the ranges allowed for this standard.



The risk curves for both configurations are defined to relate the HIC value to the AIS level, according to Willson et al. [44], and are shown in Table 7. According to our results, for all locations with the head surrogate, a high probability of level 1 and 2 injuries is achieved. However, the probability of AIS ≥ 3 is reduced by approximately 50% for all locations, except for the case of front impact, where the probability is 77%. The worst-case impact is found in the top localization since the probability of AIS 6 is 50%. AIS 6 is associated with the death of an individual.





3.2. Curbstone Anvil Surface


The impact velocity is 4.4 m/s. The impacts on the head surrogate and human head for the different locations are analyzed. The PLA and HIC parameters are analyzed.



3.2.1. Peak Linear Acceleration (PLA)


The peak linear accelerations obtained from all cases studied are below the threshold value of 275 g defined in the ECE R22/05 standard, as shown in Table 8. The worst case is at the top impact if the human head model is used, since it is close to the threshold. However, an AIS 3 level is obtained; consequently, non-fatal injury is caused according to this criterion.




3.2.2. Head Injury Criterion (HIC)


For the head surrogate, the maximum HIC values obtained for the lateral, rear, and top impacts are lower than the threshold established by the NHTSA standard (HIC = 1000), Table 9. In the case of frontal impacts, this parameter is very close to the threshold. In the human head configuration, all the cases are higher than HIC = 1000, and therefore severe injuries may be caused. However, all HIC values for both configurations do not exceed the maximum threshold, HIC = 2400, allowed by the ECE R22/05 standard.



The results obtained with both models also show high probabilities for causing injuries from the AIS 1 level to the AIS 2 level. For the head surrogate configurations, the probability of suffering traumatic brain injuries is significantly reduced; however, there may be significant potential for causing traumatic brain injury at the AIS 4 level and even at the AIS 5 level.





3.3. Influence of Impact Velocity


The influence of impact velocity is analyzed in this section using the flat anvil. The impact velocity is reduced to 3, 3.5, and 3.9 m/s, since it is assumed that with higher velocities, more severe injuries are induced than in the previous sections.



Peak Linear Acceleration (PLA)


The main consequence of reducing the impact velocity is the decrease in the risk of suffering serious injuries. Table 10 shows the injuries according to the AIS scale. All the cases are below the AIS l and 2 levels. As described above, the probabilities of obtaining AIS ≥ 3 are greater than 50% for impact velocities of 4.4 m/s for all configurations, as shown in Table 6. Therefore, impact velocity is a critical factor in traumatic brain injuries by blunt impact at low impact velocities



Analysis of traumatic brain injury, according to AIS, is shown in Table 11 for the different impact velocities. As mentioned above, a reduction in the impact velocity leads to a decrease in the parameter values. For impact velocities below 3.5 m/s, the values are well within safe limits and, consequently, involve a reduction in the risk of suffering serious injuries according to standards ECE R22/05 [19] and NHTSA [43]. Thus, the probability of causing traumatic brain injuries according to AIS 3 is considerably low.






4. Discussion


Relevant observations can be drawn from this study in order to analyze the effectiveness of current standards to prevent head injuries, the anvil influence, and the relationship between impact velocity during the impact process and head injury probability



4.1. Effectiveness of Current Standards to Prevent Head Injuries


The analysis in Section 3.1 reveals that, although combat helmets may satisfy ballistic standards (STANAG 2920 [5] or NIJ 0106.01 [6]), the helmet’s performance in blunt conditions is different. This study is carried out using the same configuration as the combat helmet analyzed in other studies [12,30,32,33], complying with the requirements imposed by ballistic standards. However, standards with low impact conditions such as the ECE R22/05 standard [19] and the NHTSA [43] have not been sufficiently studied and reveal specific considerations. The results obtained with simulations for the surrogate configuration carried out in this paper show a good correlation with data provided by a helmet manufacturer and the results from [23]. The differences observed on frontal and rear impacts with the experimental test can be due to the different possible adjustments of the pads and the support system or also due to the location of impact, which can vary significantly depending on the exact location when striking against the anvil. However, these values are similar to those obtained in simulations with the ACH helmet in front, rear, and side impact, carried out by Fitek and Meyer [23], as shown in Figure 11.



Therefore, the results show that the current shell configuration has a high probability of causing mild traumatic brain injury to its wearer. We do not suggest changing the material of the helmet, but we do consider that further research should be focused on the internal system of the helmet (foams pads) since, in specially designed helmets for blunt impact, such as in motorbike and bicycle helmets, the internal system is generally made of materials that are different from those used in the ballistics field.



The present results highlight the need to consider the use of human head numerical models in current combat helmet testing methodologies to obtain more information about brain damage, as well as other parameters that have not been included in this work. Understanding the behavior of the different parts of the combat helmet and the interaction with a human head model may improve the knowledge of combat helmets’ behavior, leading to more efficient developments.



The ECE R22/05 standard [19] defines a threshold acceleration that helmet manufacturers must achieve, ensuring that helmets have to be at least as safe as the standard deems. Nevertheless, the results obtained suggest that, under standardized impact conditions, there is a high probability of multiple head injury modes occurring, even with the helmet meeting the standard thresholds, particularly, in the top helmet location. Thus, it is suggested to assess the safety level on standards based on an AIS curve rather than only measuring the peak linear acceleration.




4.2. The Impact Surface’s Influence


The influence of the anvil’s shape on the peak linear accelerations obtained has not been shown to be particularly relevant, as reflected in Figure 12. Thus, the flat surface tests may be sufficient to perform an analysis of the performance of a combat helmet under blunt impacts.




4.3. Relationship between Impact Velocity and Head Injury Probability


The impact velocity is an important parameter to consider in the design of helmets and may be decisive in the event of a sudden fall. The helmet and its internal system are the components that must absorb impact energy. A linear relationship is found between the PLA on both head models and the impact velocity for the current combat helmet, as shown in Figure 13. Under conditions of impact velocities of 4.4 m/s (equivalent to 15.84 km/h), the probabilities of suffering damage are moderate. However, by decreasing the impact velocity to 3.5 m/s, the current helmet configuration provides high performance.



Therefore, with the current combat helmet configuration, it is not advisable to use it at impact velocities beyond 3.5 m/s, as a motorbike helmet, for instance, because considerable brain damage may be caused.





5. Conclusions


In summary, the current study examined how changes in the head model could lead to differences in traumatic brain injury (TBI) under blunt impact conditions. Two head models were used, i.e., a standardized head surrogate by the ECE R22.05 standard and a realistic human head model. To observe the influence of the impact zone on the degree of injury induced to the wearer, drop impacts were carried out at the following four locations: front, top, rear, and side. Peak linear acceleration, HIC, and AIS scale level were used to analyze the TBI.



The differences in the results between the human head and head surrogate configurations may be due to various reasons, for example, head mass and geometry. In this study, the human head model used was obtained for a real person; however, the head surrogate was imposed by motorcycle helmet standards. For these reasons, the human head results are slightly higher than the experimental and head surrogate results.



Regarding compliance with regulations, complying with the limits established by the ECE R22/05 standard does not exempt the user from suffering injuries from low impact velocity, such as falls or blows, which are not severe but are harmful and cause TBI.



Followed by analyzing the peak linear acceleration and HIC (this last one according to the ECE R22/05 standard and the NHTSA regulation), the restrictions imposed by the regulations are satisfied in practically all cases for the head surrogate model. However, for the human head model, it complies with the criteria imposed by European Regulations regarding acceleration and HIC (<2400), but not in the case of the NHTSA standard, because it is higher in all impact locations than HIC 1000. With regard to anvil geometry, a change in the morphology of the impact surface does not generate large variations in TBI.



Therefore, the current configuration of a combat helmet does not provide high drop performance. The standards applied are especially designed for motorbike helmets. Consequently, to improve the impact performance of current combat helmets, their configuration should be modified. Foam pads may have an important role to play in future research for reducing brain injury rates.
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Figure 1. Combat helmet shell, foams, and straps. 
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Figure 2. Finite element model of foam pads. (deformed). 
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Figure 3. Stress–strain curves for both inner foams. 
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Figure 4. Human head model (6.47 kg mass). 
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Figure 5. The head surrogate according to the ECE R22.05 standard, size J, and 4.7 kg mass. 
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Figure 6. Center of gravity of human head model. 
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Figure 7. Curbstone anvil model used for impact surface analysis. (a) CAD model; (b) FEM model. 
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Figure 8. The different configurations for the head models: (a) Head surrogate; (b) Human head. 
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Figure 9. Head injury risk curves, according to the AIS scale, based on the head injury criterion (HIC). 
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Figure 10. The acceleration evolution comparison of both head models used for each impact location. (a) Top impact; (b) Frontal impact; (c) Rear impact; (d) Lateral impact. 
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Figure 11. PLA of both head models and experimental data for each impact location using the head surrogate, the human head model, experimental data, and an advanced combat helmet (ACH). 
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Figure 12. Comparison between two head models used at 4.4 m/s for different anvil’s geometry. 
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Figure 13. PLA at different frontal impact velocities for the human head. 
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Table 1. Mechanical properties of aramid composite used for the helmet shell.
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	Density
	  ρ   (kg/m3)
	1230
	Shear Modulus Plane 23
	     G  23     ( GPa )    
	2.5





	Young’s modulus direction 11
	   E 1    (GPa)
	18.5
	Tensile strength direction 11
	   X t    (GPa)
	0.555



	Young’s modulus direction 22
	   E 2    (GPa)
	18.5
	Tensile strength direction 22
	   Y t    (GPa)
	0.555



	Young’s modulus direction 33
	   E 3    (GPa)
	6
	Shear Strength plane 12
	   S c    (GPa0
	0.588



	Poisson’s ratio plane 12
	ν12 (-)
	0.25
	Compressive strength direction 22
	   Y c    (GPa)
	1.086



	Poisson’s ratio plane 13
	ν13 (-)
	0.33
	Normal tensile strength
	   S n    (GPa)
	0.835



	Poisson’s ratio plane 23
	ν23 (-)
	0.33
	Transverse shear strength
	   S  13     (GPa)
	1.06



	Shear modulus plane 12
	   G  12     (GPa0
	0.77
	Transverse shear strength
	   S  23     (GPa)
	1.06



	Shear modulus plane 13
	   G  13     (Pa)
	2.5
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Table 2. Mechanical properties of foams obtained from [14,36,37].
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	Density (kg/m3)
	Young Modulus (MPa)





	Hard Foam
	66
	8.4



	Soft Foam
	58
	0.84
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Table 3. Human head mechanical properties.
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	Material Model LS-Dyna
	Material Properties
	Author





	Scalp and neck flesh
	Fu Chang foam
	Stress–strain curves at 3 strain rates
	Human cadaver Ssalp in compression, McElhaney [38]



	Skull tables
	Piecewise linear plasticity
	E = 6.48 GPa
	Human skull tables in shear, McElhaney [38]



	Skull diploe
	Isotropic elastic plastic
	E = 40 MPa
	McElhaney [38]



	Dura mater
	Elastic
	E = 40 MPa
	Human dura in tension melvin [39]



	Pia mater
	Elastic
	E = 12.5 MPa
	Bovine pia-arachnoid in shear [40]



	Cerebrospinal fluid (CSF)
	Elastic fluid
	K = 2.1 GPa

υ = 0.4999
	McElhaney [38]



	Brain
	Brain linear

Viscoelastic
	G0 = 1.6 kPa

G1 = 0.9 kPa
	Porcine brain tissue in shear Arbogast and Margulies [41]



	Falx and tentorium
	Elastic
	E = 12.5 MPa
	Jin et al. [40]



	Vertebrae
	Rigid
	-
	-



	Intervertebral discs

and facet ioints
	Elastic
	E = 10 MPa
	Brolin et al. [42]



	Neck ligaments
	Elastic
	E = 43.8 MPa
	Yoganandan [43]










[image: Table] 





Table 4. Head surrogate inertial parameters.
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	Mass (kg)
	Ixx (kg cm2)
	Iyy (kg cm2)
	Izz (kg cm2)
	CoG Position (mm)





	4.7
	200
	260
	180
	12.7
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Table 5. Explanation of severity code by Hayes et al. [41].
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	AIS CODE
	Severity Code
	Fatality Rate (Range %)





	1
	Minor
	0.0



	2
	Moderate
	0.1–0.4



	3
	Serious
	0.8–2.1



	4
	Severe
	7.9–10.6



	5
	Critical
	53.1–58.4



	6
	Maximum
	Untreatable
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Table 6. Results for an impact velocity of 4.4 m/s for the head surrogate and the human head.
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Head Model

	
Location

	
PLA (g)

	
<275 g

	
AIS head (Equation (6))

	
AIS Scale






	
Head surrogate

	
Top

	
263

	
yes

	
2.99

	
3




	
Frontal

	
270

	
yes

	
3.03

	
3




	
Rear

	
210

	
Yes

	
2.61

	
2 with a 61% of probability to produces level 3




	
Lateral

	
252

	
yes

	
2.91

	
3




	
Human head

	
Top

	
293

	
No

	
3.18

	
3




	
Frontal

	
258

	
Yes

	
2.95

	
3




	
Rear

	
236

	
Yes

	
2.8

	
2 with 80% of probability to produces level 3




	
Lateral

	
223

	
Yes

	
2.7

	
2 with a 70% of probability to produces level 3
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Table 7. HIC and AIS results.
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Head Model

	
Location

	
HIC

	
AIS 1 (%)

	
AIS 2 (%)

	
AIS 3 (%)

	
AIS 4 (%)

	
AIS 5 (%)

	
AIS 6 (%)






	
Head surrogate

	
Top

	
981

	
100

	
90

	
55

	
18

	
3

	
0




	
Frontal

	
1245

	
100

	
96

	
77

	
33

	
7

	
0




	
Rear

	
868

	
98

	
83

	
42

	
11

	
0

	
0




	
Lateral

	
941

	
99

	
88

	
50

	
12

	
2

	
0




	
Human Head

	
Top

	
2198

	
100

	
100

	
98

	
94

	
82

	
50




	
Frontal

	
2017

	
100

	
100

	
97

	
90

	
70

	
28




	
Rear

	
995

	
100

	
91

	
56

	
19

	
4

	
0




	
Lateral

	
1173

	
100

	
95

	
70

	
30

	
5

	
0
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Table 8. Peak linear acceleration (PLA) and AIS for the curbstone anvil case.
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Head Model

	
Location

	
PLA

	
<275 g

	
AIS head (Equation (6))

	
AIS level






	
Head surrogate

	
Top

	
270

	
Yes

	
3.03

	
3




	
Frontal

	
289

	
No

	
3.15

	
3




	
Rear

	
236

	
Yes

	
2.8

	
2 with high probability to reach level 3 (80%)




	
Lateral

	
267

	
Yes

	
3.01

	
3




	
Human head

	
Top

	
274

	
Yes

	
3.05

	
3




	
Frontal

	
245

	
Yes

	
2.9

	
2 with high probability to reach level 3 (80%)




	
Rear

	
229

	
Yes

	
2.8

	
2 with high probability to reach level 3 (80%)




	
Lateral

	
202

	
Yes

	
2.5

	
2 with probability to reach level 3 (50%)
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Table 9. HIC and AIS (%) for curbstone anvil case.
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Head Model

	
Location

	
HIC

	
AIS 1 (%)

	
AIS 2 (%)

	
AIS 3 (%)

	
AIS 4 (%)

	
AIS 5 (%)

	
AIS 6 (%)






	
Head surrogate

	
Top

	
818

	
97

	
77

	
36

	
10

	
0

	
0




	
Frontal

	
1066

	
100

	
90

	
55

	
18

	
2

	
0




	
Rear

	
502

	
80

	
40

	
12

	
3

	
0

	
0




	
Lateral

	
620

	
90

	
55

	
20

	
5

	
0

	
0




	
Human head

	
Top

	
1695

	
100

	
100

	
95

	
72

	
33

	
7




	
Frontal

	
2025

	
100

	
100

	
98

	
90

	
70

	
30




	
Rear

	
1584

	
100

	
100

	
91

	
62

	
22

	
4




	
Lateral

	
1038

	
100

	
91

	
57

	
19

	
2

	
0
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Table 10. PLA and AIS for impact velocity v0 = 3 m/s.
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Head Model

	
Impact Velocity (m/s)

	
PLA

	
AIS Head (Equation (6))

	
AIS Level






	
Head surrogate

	
3

	
147

	
1.97

	
2




	
3.5

	
195

	
2.5

	
2 with a 50% of probability to produces level 3




	
3.9

	
217

	
2.65

	
2 with a 65% of probability to produces level 3




	
4.4

	
270

	
3.03

	
3




	
Human head

	
3

	
166

	
2.1

	
2




	
3.5

	
203

	
2.5

	
2 with a 50% of probability to produces level 3




	
3.9

	
234

	
2.8

	
2 with high probability to reach level 3 (80%)




	
4.4

	
258

	
2.95

	
3
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Table 11. HIC and AIS (%) for different impact velocities.
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Head Model

	
Impact Velocity (m/s)

	
HIC

	
AIS 1 (%)

	
AIS 2 (%)

	
AIS 3 (%)

	
AIS 4 (%)

	
AIS 5 (%)

	
AIS 6 (%)






	
Head surrogate

	
3

	
243

	
33

	
11

	
4

	
0

	
0

	
0




	
3.5

	
521

	
82

	
41

	
12

	
4

	
0

	
0




	
3.9

	
842

	
98

	
80

	
38

	
10

	
2

	
0




	
4.4

	
1245

	
100

	
96

	
77

	
33

	
7

	
0




	
Human head

	
3

	
446

	
72

	
31

	
10

	
2

	
0

	
0




	
3.5

	
625

	
90

	
55

	
20

	
5

	
0

	
0




	
3.9

	
978

	
99

	
89

	
52

	
16

	
3

	
0




	
4.4

	
2017

	
100

	
100

	
97

	
90

	
70

	
28
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