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Abstract 

This paper evaluates the effects of topology and relative density of helmet lattice liners on 

mitigating Traumatic Brain Injury (TBI). Finite element (FE) models of new lattice liners with 

prismatic and tetrahedral topologies were developed. A typical frontal head impact in 

motorcycle accidents was simulated, and linear and rotational accelerations of the head 

were recorded. A high-fidelity FE model of TBI was loaded with the accelerations to predict 

the brain response during the accident. The results show that prismatic lattices have better 

performance in preventing TBI than tetrahedral lattices and EPS that is typically used in 

helmets.  Moreover, varying the cell size through the thickness of the liner improves its 

performance, but this effect was marginal. The relative density also has a significant effect, 

with lattices with lower relative densities providing a better protection. Across different 

lattices studied here, the prismatic lattice with a relative density of 6% had the best 

performance and reduced the peak linear and rotational accelerations, Head Injury Criterion 

(HIC), brain strain and strain rate by 48%, 37%, 49%, 32% and 65% respectively, compared to 

the EPS liner. These results can be used to guide the design of lattice helmet liners for better 

mitigation of TBI. 
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1. Introduction 1 

Helmets are the most effective item of personal protective equipment which mitigate the risk of 2 

head injuries (Fernandes and Alves de Sousa, 2013). However, they are mainly designed to 3 

protect the head against skull fracture and severe brain injuries (Marjoux et al., 2008; Zhang et 4 

al., 2009). Most helmets are designed to mitigate the transmitted translational forces to the head 5 

(ECE 22.05) even though it is known that the main mechanism of traumatic brain injuries is the 6 

rotational acceleration induced to the head due to oblique impacts (Holbourn, 1943; Krave et al., 7 

2011; Post and Blaine Hoshizaki, 2015; Yoganandan et al., 2008). Despite the wide use of helmets, 8 

statistics show that head injuries are still the most common type of injury sustained by the users 9 

(Langlois et al., 2006; Piantini et al., 2016; Whyte et al., 2016). Hence, helmets should be further 10 

improved to dissipate both rotational and translational forces for better mitigation of the risk of 11 

TBI. The helmet liner is the main energy absorbing part of the helmet, which is typically made of 12 

foams, such as expanded polystyrene (EPS). Some studies have shown that using an additively 13 

manufactured lattice liner, instead of EPS foams, can significantly improve the protection level of 14 

the helmets (Khosroshahi et al., 2018; Soe et al., 2015). Nonetheless, these lattices need to be 15 

designed for better TBI mitigation.  16 

Recent advances in the field of additive manufacturing allow for a wide range of lattice structures, 17 

with unique mechanical properties, to be designed and manufactured (Liu and Hu, 2010; 18 

Mohsenizadeh et al., 2018; Sanami et al., 2014). Hitherto, most of the lattice structures 19 

introduced are designed to maximise stiffness and minimise mass (Du et al., 2017; Qiu et al., 20 

2019; Song et al., 2019; Wang et al., 2019; Wu et al., 2019). A few studies have assessed whether 21 
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lattice structures have better energy absorption when compared to conventional energy 22 

absorbing materials. These conventional materials typically have a stochastic cellular 23 

configuration, but lattice structures in contrast have an ordered configuration that can be 24 

designed according to required mechanical properties. This provides an opportunity to achieve a 25 

higher energy absorption efficiency than conventional foams (Schaedler et al., 2014). An 26 

experimental study showed that an additively manufactured lattice structure made of octet-truss 27 

unit cell  has a comparable energy absorption than that of conventional materials such as EPS, 28 

and can recover almost completely after deforming by up to 70% strain (Mohsenizadeh et al., 29 

2018). Moreover, compression tests of lattice structures at different loading speeds revealed that 30 

multilayer lattice structures respond differently at different loading rates (Ozdemir et al., 2017).  31 

A few recent studies assessed the feasibility of the use of the lattice structures for head 32 

protection. Soe et. al. (Soe et al., 2015) proposed an additively manufactured cellular structure, 33 

with uniform cell sizes through the thickness, to improve the protection level of helmets. A recent 34 

study showed that an additively manufactured graded lattice liner reduced the risk of head injury 35 

compared to an EPS liner (Khosroshahi et al., 2018). In these studies, a specific type of unit cells 36 

was assessed and the effect of different toplogies was not investigated. Moreover, the 37 

performance of lattices as helmet liners for mitigation of traumatic brain injury (TBI) is still not 38 

fully understood. 39 

Here we studied the effects of lattice topology and relative density on the TBI mitigation of lattice 40 

liners. We tested whether prismatic lattice liners can better protect the brain under oblique 41 

impacts than tetrahedral lattice liners, while also investigating whether lattices, as a whole, can 42 

outperform typical EPS liners. In addition to kinematics-based injury metrics, we used a high-43 
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fidelity model of TBI to determine strain and strain rate across the brain and used them to better 44 

assess the performance of the lattices in preventing TBI. 45 

2. Methods 46 

2.1. Lattice liners 47 

Four different lattice topologies were designed to be incorporated into the helmet liner: 48 

prismatic and tetrahedral lattices, each with uniform and varying cell sizes (Figure 1). For each 49 

lattice, we changed the number of cells through the thickness to achieve three different relative 50 

densities defined as  
𝜌∗

𝜌𝑠
 , where 51 

𝜌∗ is the density of the lattice and 𝜌𝑠 refers to the density of the bulk material (Gibson and Ashby, 52 

1999). In our previous study we found that Nylon has a better energy absorption than PLA 53 

(Khosroshahi et al., 2018). The lattices of current study were made of Nylon with a density of 54 

1100 kg/m3. In total, 12 different lattices were developed (Table 1). 55 

A typical helmet has three main parts: liner, outer shell and the retention system. In this study, 56 

we considered the helmet as a hemispherical part to simplify its geometry. The inner radius of 57 

the liner and the thickness were 112 mm and 43 mm, respectively. The FE model of the liners 58 

was generated using beam elements in MATLAB from previously developed code (Khosroshahi 59 

et al., 2018). The Mat-24-Piecwise-Linear-Plasticity material model from LS-Dyna material library 60 

with Cowper-Symonds strain rate sensitivity formulation was used to simulate the nylon lattice 61 

structure (LSTC, 2014; Moura et al., 2010). More information on the material properties, 62 
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characterization and validation of the lattice FE models can be found in our previous work 63 

(Khosroshahi et al., 2018). 64 

The helmet shell was modelled with 4-node quadrilateral shell elements and an elastic material 65 

model with Young’s modulus of 7250 MPa, Poisson’s ratio of 0.3 and density of 1200 Kg/m3 66 

(Forero Rueda et al., 2009). The chin strap was modelled as an elastic band using 4-node 67 

quadrilateral shell elements with a Young’s modulus of 1 GPa and a Poisson’s ratio of 0.3. The 68 

helmet was fitted onto the THUMS human body model and surface to surface contact with a 69 

friction coefficient of 0.5 was defined at the head/liner and the liner/shell interfaces. These 70 

parameters are based on a previous study, which validated model predictions against 71 

experimental tests (Ghajari et al., 2011). Figure 2 shows the helmeted human body model and 72 

different parts of the helmet. In the case of graded liners, the helmet is placed on the head in 73 

such a way that the smaller cells are close to the head and the larger cells are close to the outer 74 

shell of the helmet (Khosroshahi et al., 2018).  75 

In order to compare the response of the lattice liner with conventional EPS liners, a model of the 76 

helmet with an EPS foam liner was also developed. The density of the liner was 50 gr/l, which is 77 

the EPS density usually used in commercial helmets, and its mass was 242 gr. The stress-strain 78 

curves of the EPS liner can be found in (Cui et al., 2009a). 79 

2.2. The total human body  80 

The THUMS (Total HUman Model for Safety) V5 model was used in the present work (THUMS 81 

Manual) in order to include the effects of the body in helmeted head impacts. THUMS is a 82 

detailed human body finite element model, which incorporates details of the cervical spine and 83 
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muscles, and has been validated against cadaver and volunteer test results and used to represent 84 

the response of the human body in crash analyses (Chawla et al., 2005; THUMS Manual). The 85 

brain of THUMS, however, does not represent detailed anatomical features of the human brain, 86 

such as sulci and gyri. Therefore, in the present work, we used THUMS to determine the 87 

kinematics of the head during impacts and used the accelerations of the centre of gravity of the 88 

head to load a high fidelity model of TBI to determine strain and strain rate across the brain 89 

(Ghajari et al., 2017).  90 

2.3. The traumatic brain injury model 91 

The TBI model used in this study has 8 tissues, skin, skull, CSF, gray matter, white matter, 92 

ventricles, falx and tentorium (Figure 3). Ogden hyperelastic constitutive model (MAT-77 from 93 

LS-Dyna material library) has been used to model the response of the brain tissue (Ghajari et al., 94 

2017). The Ogden model uses the following strain energy function: 95 

Ψ∞ = ∑
𝜇𝑝

𝛼𝑝
(𝜆1

𝛼𝑝 + 𝜆2

𝛼𝑝 + 𝜆3

𝛼𝑝 − 3)𝑛
𝑝=1        (2) 96 

in which 𝜆𝑖 (𝑖=1,2 𝑎𝑛𝑑 3) is principal stretch of the brain tissue. 𝜇𝑝 and 𝛼𝑝 are material constants. 97 

The following formula was used to model the rate-dependent behavior of the brain tissue 98 

(Ghajari et al., 2017; Holzapfel, 2000): 99 

𝑆(𝑡) = 𝑆∞ + ∫ 𝐺(𝑡 − 𝑇)
𝜕𝐸(𝑇)

𝜕𝑇
𝑑𝑇

𝑡

0
        (3) 100 

where 𝑆∞ is the long-term second Piola-Kirchhoff stress tensor and 𝐺(𝑡) is the relaxation 101 

function calculated as follows: 102 
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𝐺(𝑡) = ∑ 𝐺𝑖exp (
−𝑡

𝜏𝑖
)𝑛

𝑖=1          (4) 103 

where 𝜏𝑖 and 𝐺𝑖 are material constants. The CSF, ventricles and membranes (i.e. pia, falx and 104 

tentorium) were modelled using hyperelastic and hyper-viscoelastic constitutive material 105 

models. All material constants for different tissues are presented in (Ghajari et al., 2017). 106 

2.4. Oblique impacts 107 

The helmets were tested virtually under oblique impacts. The helmeted THUMS was launched 108 

towards an inclined rigid anvil, forming a 45° angle to the horizon, at a speed of 7.5 m/s as shown 109 

in Figure 4 (ECE 22.05). The same impact conditions were simulated for the helmets with the EPS 110 

and lattice liners. Simulations were performed on 6 cores of a 3.7 GHz processor using 32 GB 111 

RAM. The first 40 ms of the impacts were simulated, which took 10 hours per simulation, and the 112 

linear and rotational accelerations of the centre of gravity of the head were recorded. All the 113 

simulations terminated without any stability problem. The TBI simulations were performed using  114 

20 cores of a high-performance computer with 16 GB RAM, taking 3 hours per simulation. Both 115 

kinematics and brain response measures were used to assess the performance of the helmet 116 

liners. 117 

3. Results 118 

All impacts led to a peak in linear accelerations within 10ms of the impact’s initiation (Figure 5) 119 

which can be linked to the impact force (Mills, 2010). The rotational accelerations, in contrast, 120 

reached their peak value between 10-20ms, which can be associated to the combined effects of 121 
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the neck and the normal and tangential forces applied on the helmet by the anvil (Ghajari et al., 122 

2013).  123 

3.1. Prismatic topology with lower relative densities decreased head accelerations 124 

The results show that the lattice topology and relative density have large effects on accelerations. 125 

To better show these effects, we determined peak linear and rotational accelerations and HIC 126 

(Figure 6). The helmets with prismatic lattice liners produced lower peak linear and rotational 127 

accelerations and HIC compared with the tetrahedral lattice liners. In addition, varying the cell 128 

density across the thickness decreased the head accelerations in all prismatic lattice liners, but 129 

not in all tetrahedral lattice liners. Our results also show that for each lattice topology, liners with 130 

lower relative densities had better impact performance. The helmet with the best performance 131 

was made of a graded lattice with four prismatic unit cells through the thickness (relative density 132 

= 6%). This liner reduced PLA, PRA and HIC by 48%, 37%, and 49% respectively, when compared 133 

with the EPS liner. 134 

3.2. Prismatic topology and lower relative densities also decreased brain strain and strain 135 

rate 136 

Kinematics-based measures of TBI do not account for different tissues and details of brain 137 

anatomy. Hence, we used the FE model of TBI to predict the distribution of the maximum Green-138 

Lagrange strain and strain rate across the brain for different liner designs. The contour plots 139 

(Figure 7) show that with the EPS liner and most lattice liners, the strain and strain rate reached 140 

values larger than 40% and 200s-1 respectively, which are well beyond brain injury threshold 141 

values suggested in previous studies (Ghajari et al., 2017). Interestingly, changing the lattice 142 
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topology from tetrahedral to prismatic and decreasing the relative density significantly reduced 143 

the areas with large strains and strain rates.  144 

To quantify the effects of the lattice topology and relative density on brain strain and strain rate, 145 

we determined the 90th percentile strain and strain rate across the brain for each liner (Figure 6). 146 

The data confirm that the prismatic lattices produced lower strains and strains rates than 147 

tetrahedral lattices (22.5% reduction in strain and 48.2% reduction in strain rate) and decreasing 148 

the relative density for each lattice topology decreased the strain and strain rate (10.9% 149 

reduction in strain and 26.8% reduction in strain rate for prismatic lattices and 2.9% reduction in 150 

strain and 20.6% reduction in strain rate for tetrahedral lattices). Varying the cell size across the 151 

thickness in prismatic lattices led to a small improvement in strain (1.0 % Reduction) and strain 152 

rate (7.0% reduction). In tetrahedral lattices uniform cell sizes led to a small improvement in 153 

strain (4.1% reduction) and a large improvement in strain rate (18% reduction). The liner with the 154 

graded prismatic lattice liner and four cells through the thickness resulted in the lowest strain 155 

and strain rate in the brain, decreasing these measures of injury by 32% and 65% respectively 156 

compared with the EPS liner. 157 

3.3. Larger specific energy absorption in prismatic lattices and lattices with lower relative 158 

density 159 

We determined the specific energy absorption, defined as the energy by the liner divided by its 160 

mass. Our results show that tetrahedral lattices have lower specific energy absorption than 161 

prismatic lattices, possibly due to their lower compliance and larger mass (Figure 6). We also 162 

found that decreasing the relative density for each lattice topology increased the specific energy 163 

absorption. Varying the cell size across the liner thickness led to a marginal increase in the specific 164 
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energy absorption in both prismatic and tetrahedral lattices. The specific energy absorption of 165 

the liner with 4 prismatic cells and varying cells sizes was the highest among the lattice liners, but 166 

interestingly it was still lower than the specific energy absorption of the EPS liner (33.7%).   167 

4. Discussion 168 

The results of our simulations show that the lattice liners with lower relative densities had larger 169 

specific energy absorption. This indicates that a larger portion of the lattice was involved in 170 

energy absorption when the relative density was decreased. The cellular structures with lower 171 

relative densities have lower yield stress thus they can crush at lower levels of the stress and 172 

dissipate the energy of the impact by transmitting lower forces to the head (Di Landro et al., 173 

2002; Gibson and Ashby, 1999), providing higher level of the protection. 174 

According to our simulations the graded lattice liner with four cell sizes through the thickness can 175 

reduce the risk of traumatic brain injuries more than other lattice liners and the conventional EPS 176 

liner. This is due to the different bucking capacity of the struts in each layer, which let the liner 177 

crush from the most outer layer of the liner as shown in Figure 8. This finding is in agreement 178 

with previous experimental and computational studies (Cui et al., 2009b; Di Landro et al., 2002). 179 

In a graded-structure helmet liner, the liner reaches its maximum level of energy absorption by 180 

crushing almost equally in all layers from the most outer layer of the liner to the most inner layer. 181 

This is different to a regular structure where the level of energy absorption varies from the outer 182 

layer to the inner (Cui et al., 2009b), which means not all layers of the liner reach their maximum 183 

level of energy absorption. Therefore, a graded structure helmet liner can dissipate the energy 184 

of the impact more than a regular structure liner.  185 
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Even though the protection level of the EPS liner, measured with PLA, PRA, HIC, strain and strain 186 

rate, is lower than that of the prismatic lattice liners, its specific energy absorption is higher. This 187 

can be explained by the negligible Poisson’s ratio of the EPS. EPS foam can absorb the energy of 188 

the impact due to crushing but they cannot distribute it laterally.  The EPS foam deforms in a 189 

small area, therefore, despite its large deformation and significant local energy absorption, it 190 

cannot distribute the energy of the impact in a wide area. In contrast, the lattice structures can 191 

better distribute the energy of the impact by engaging a larger portion of the liner in large 192 

deformation and energy absorption. 193 

We found a significant decrease in brain strain and strain rate when using prismatic unit cells 194 

than tetrahedral (Figures 6 and 7). This is attributed to the higher stiffness of lattice liners with 195 

tetrahedral unit cells due to their stretching-dominated response (Deshpande et al., 2001). 196 

Considering lattice structures as a network of struts connected to each other by pin joints, as 197 

shown in Figure 9, helps to better understand their deformation mechanism (Deshpande et al., 198 

2001). The lattice structure with prismatic unit cells (Figure 9) responds as a mechanism as the 199 

cell collapses under loading, however, the lattice with the tetrahedral unit cells behaves as a 200 

structure and undergoes small deformation under loading. In the real lattice, there are no pin 201 

joints; the struts are fixed at their joints. As a result, the struts of the lattice without diagonal 202 

members (prismatic lattice) bend under loading leading to their buckling. This phenomenon does 203 

not occur in tetrahedral lattices due to their diagonal members. This is the main reason as to 204 

why, in general, lattice liners with prismatic unit cells (bending-dominated structure) can better 205 

absorb the energy of the impact and lower strain and strain rates across the brain than 206 

tetrahedral unit cells (Figure 7). 207 
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In summary, the results of our simulations show that using a graded lattice liner with four cells 208 

through the thickness and without diagonal struts can significantly reduce the strain and strain 209 

rate across the brain compared to conventional EPS foams. This is driven by better capability of 210 

the lattice liners in both energy absorption and energy distribution. The advances in the field of 211 

additive manufacturing can allow such lattice structures to be produced on demand and with a 212 

greater level of simplicity, and has the potential for more efficient substitutes for the 213 

conventional EPS liners in the near future. Although this work has shown the benefit of different 214 

lattice topologies in improving TBI prevention, the level of energy absorption and TBI prevention 215 

of the liners can still be improved and be proved with experimental tests. This is the subject of 216 

future studies. 217 
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Figures caption: 322 

Figure 1. Prismatic and tetrahedral lattice structures with four unit cells through the thickness. 323 

Figure 2. The THUMS human body model equipped with a helmet model featuring a prismatic 324 

lattice liner (some parts not shown). 325 

Figure 3. The high-fidelity 3D model of traumatic brain injury FE model (some parts of the model 326 

are not shown). 327 

Figure 4. Impact condition (some parts of the model are not shown). 328 

Figure 5. Head linear and rotational acceleration for different helmet liners. 329 

Figure 6. Peak linear and rotational acceleration, HIC, energy absorption, brain 90th percentile 330 

strain and strain rate for different helmet liners. 331 

Figure 7. Strain and strain distribution in the brain. 332 

Figure 8. Buckling initiation of the first (left), second (middle) and the third (right) layer of the 333 

liner (the collapsed layers are not shown). 334 

Figure 9.  Schematic deformation of stretching-dominated (left) and Bending-dominated (right) 335 

lattices under the same load. 336 

  337 
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Table Caption: 338 

Table 1. Relative density and the total mass of the lattice liners. 339 

 340 
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Prismatic unit cells 

Relative density [%] (and total mass [gr]) 
No. of cells through thickness 4 5 6 
Varying cell sizes  6.0 (320) 9.4 (500) 12.2 (650) 
Uniform cell sizes 6.4 (343) 9.7 (516) 18.3 (696) 

Tetrahedral unit cells 

Relative density [%] (and total mass [gr]) 
No. of cells through thickness 3 4 5 
Varying cell sizes 11.0 (586) 16.7 (890) 23.4 (1250) 
Uniform cell sizes 11.3 (602) 17.2 (920) 24.2 (1294) 

 

Table 1


