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Abstract. International bodies set standards to ensure that the high levels of 

safety, expected in equestrian helmets, are attained. Recently, one such standard 

(PAS 015) was revised to include a lateral deformation requirement, ensuring 

helmets could withstand the crushing forces that can arise in equestrian activities. 

This paper explores how a helmet’s crushing performance can be improved, 

through the application of topology optimisation to a helmet shell. This approach 

was then validated using 3D printing and mechanical testing. As a result, the lat-

eral deformation force of the optimised shell was increased by 73%, with a re-

sultant increase in shell mass of only 11%. By exploiting this research, provision 

of this crushing performance can increasingly fall to the helmet shell, enabling 

improvements to the helmet liner and consequently helmet safety. 
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1 Introduction 

There has been a recent resurgence in helmet safety interest, at least partially driven by 

the widely published issues within the NFL relating to CTE [1, 2]. This has led to many 

international standards, which previously may not have been updated since the late 

1900s (e.g. the current BS 6658:1985 [3] for motorcycle helmets), being reviewed and 

updated. Of interest to this work, the equestrian Publicly Available Specification (PAS) 

PAS015:2011 [4] was confirmed in 2013. PAS015:2011 incorporates a variety of tests, 

including a lateral deformation test, to assess crushing strength. This test accounts for 

scenarios such as a horse falling on a rider and is a requirement for all helmets that 

apply for certification.  

The lateral deformation testing protocol for PAS015:2011 is summarized in Fig. 1, 

and to pass this protocol, the helmet assembly must not exceed 30 mm of deformation.  
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Fig. 1. Loading PAS 015 compression testing 

Helmet design has remained relatively static since the mid to late 1900s [5], consist-

ing of a foam liner, polymeric shell, and comfort foam. The foam liner is the main 

component that absorbs any external forces and is separated from the head by a rela-

tively non-functional layer of comfort foam. The polymeric shell distributes outside 

loadings to the foam liner. 

Both the shell and the liner contribute to crushing strength. However, the liner is of 

high importance to impact energy absorption. Therefore, any changes to the liner can 

significantly impair the core performance of the helmet. Additionally, the transition to 

complex cellular structures for impact absorption in helmets [6] inherently alters the 

crushing performance of the helmet assembly, potentially leading to increased reliance 

on components other than the liner. Therefore, the shell is a prime candidate for crush-

ing strength reinforcement. By increasing the shell stiffness, there is less requirement 

for the liner to carry the crushing load. This allows the use of a less dense liner, bene-

fitting helmet safety, as lower density foams are softer, leading to reduced acceleration 

(a variable linked to brain injury [7]). 

2 Materials and Methods 

2.1 Existing Baseline Helmet 

To establish a baseline performance, an existing injection-moulded equestrian helmet 

shell was mechanically assessed. This shell was tested without any of the other helmet 

assembly components to ensure performance was provided by it alone. Two flat platens 

were used to compress the shell 30 mm (failure deflection of PAS015:2011).  

 

 

Fig. 2. Lateral compression testing of helmet shell 

In addition to mechanical testing, the existing shell geometry was 3D scanned (S-

scan ltd) to evaluate the shell wall thickness. The wall thickness variation was then 
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analysed in 3-matic (Materialise). The shell varied in thickness from ~2 to 2.5 mm (Fig. 

3). This scan was then used to generate the CAD base geometry for the following to-

pology optimisation procedure and subsequent 3D printing.  

 

 

Fig. 3. Localised wall thickness variation of Shell 

2.2 ABS modelling 

To computationally analyse the helmet shell, a constitutive model must be developed 

for the material used in its manufacture. The moulded baseline shell was manufactured 

from PA-709 (CHIMEI). CHIMEI were contacted and they provided raw quasi-static 

tensile testing data. From this data, the elasto-plastic behaviour was captured, and used 

to develop the ABS material model within ABAQUS. 

Table 1. Plasticity captured from the PA-709 raw tensile testing data 

Yield Stress /MPa Plastic strain 

40 0 

35 0.05 

32.5 0.15 

32 0.25 

31 0.3 

 

When running computational analyses of the lateral deformation test, on the shell ge-

ometry examined in this study, it was found that the use of 40 MPa on its own (i.e. 

perfectly elasto-plastic model) resulted in the same performance as when fully model-

ling the stress-softening behaviour (Table 1). This is likely due to the relatively low 

internal strains experienced by the shell under this type of loading, resulting in little to 

no plastic deformation. Consequently, to reduce computational expense, a simplified 

perfectly elasto-plastic model was used in the following work, as recorded in Table 2. 
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Table 2. Properties extracted from diagram and general ABS properties, used in following sim-

ulation 

Mass Density Young’s Modulus Yield Failure Stress Poisson’s Ratio 

1 g/cm3 2.6 GPa 40 MPa 0.4 

2.3 Topological Optimisation 

In this study topology sizing optimisation was used to develop a new shell. Sizing op-

timisation is one of the most advanced topology optimisation techniques used for sizing 

sheet thickness. An optimal thickness was identified across the width of the helmet shell 

under varying boundary conditions.  

The helmet shell was divided equally into six sections, which were assigned a uni-

form thickness at simulation set-up. The displacement was then assigned as a boundary 

constraint. The shell was modelled as a surface mesh, with the thickness of each section 

automatically optimised by ABAQUS. A constraint of 0.1 – 3 mm was set on the thick-

ness of these sections during simulation preparation. 

     To achieve the desired output the three design responses assigned in the optimisation 

setup are displacement, strain energy and weight. In addition, the objective function is 

set to minimise the strain energy (to yield maximum stiffness) whilst the design con-

straints are imposed to control weight and displacement limits.  

 

 

Fig. 4. FEA topology optimisation modelling in Abaqus software: the shell is split into sections 

2.4 Validation of 3D printed ABS 

To ensure that the 3D printed models would be representative of simulation, and that 

the 3D printed ABS material performed as per the moulded ABS grade, a validation 

study was undertaken on the 3D printed shells. Due to issues with large scale printing, 

this process was initially undertaken using a scaled approach, using a half-scale shell, 

followed by a full-scale validation.  

The CAD for these shells was developed based on the same 3D scan of the moulded 

helmet shell that was used to generate the surface used for topology optimisation. To 

produce digital models for additive manufacture, this shell was selectively thickened, 

with two separate constant thicknesses assigned to the crown and sides of the helmet. 
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For scaled validation, these two thicknesses formed the entirety of the helmet, resulting 

in a distinct ridge. For the full-size manufacture, a region was assigned, between the 

crown and sides, to allow for smooth transition between the two thicknesses. 

Due to the notable size of the full-scale shell, a shrinkage calibration assessment was 

undertaken to correct any shrinkage, and ensure it was accurately manufactured. 

The validation simulation for both scaled and full-size helmets was undertaken using 

solid continuum elements, due to the transition region assigned to the full-sized helmet. 

Mechanical testing was performed using two flat platens (Fig. 5), to compress the shell 

30 mm (failure deflection of PAS015:2011). 

 

 

Fig. 5. Compression testing of full-scale model built in Leapfrog 

The scaled shell was simplified to ease printing, by flattening the lower edge of the 

shell (Fig. 6). By scaling and simplifying this shell, most of the issues that arise during 

FFF printing were eliminated, allowing for a side-by-side comparison between mechan-

ical testing and simulation. Note, due to the half-scaling, the test deformation was also 

scaled to 15 mm, as opposed to 30 mm. 

 

 

Fig. 6. Successfully printed scaled models: 2 mm overall thickness (left) and 4 mm edge thick-

ened (right) 

While support structures were used during the manufacture of the full-size helmet shell, 

due to its scale cracks and minor inter-layer failures occurred, highlighting overhang 

issues. To ensure these did not cause premature failure of the shell, cyanoacrylate was 

selectively applied. 
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3 Results and Discussion 

3.1 Topological optimisation 

The results of topological optimisation, with the varying target levels of force and dis-

placement, are shown in Fig. 7. 

 

 

Fig. 7. Shell optimised results when compressed to 20 mm or 150 N, 16 mm or 100 N, 10 mm or 

50 N respectively 

Examining Fig. 7, a clear trend of increased thickness around the base of the shell 

and lower thickness at the crown of the shell can be observed. It was found that the 

crown region required a minimum thickness of 0.5 mm to remain effective, while the 

edge region consistently increased to the maximum thickness of 3 mm. 

3.2 Validation of 3D printed ABS 

As noted in section 3.1, optimizing the shell for lateral deformation can be achieved by 

increasing the thickness around the sides of the shell, and decreasing the thickness of 

the crown region. While this would optimise the shell for lateral penetration, there are 

secondary implications from reducing the thickness of the crown region (e.g. penetra-

tion resistance reduction, load distribution from impacts, etc.).  

Therefore, the validation undertaken in this study kept the baseline crown thickness 

of 2mm, to ensure any performance in this region was retained. For the scaled shells, a 

constant thickness of 2mm and a combination of crown thickness of 2mm and edge 

thickness of 4mm was investigated. For the full-size shell, the crown thickness was set 

to 2mm, the edge thickness was set to 3mm, and the transition region switched linearly 

between the two thicknesses. 

Scaled validation.  

The mechanical and computational compression of the scaled shells is shown in Fig. 8.  
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Fig. 8. FEA and Experimental results of scaled shells a) 2mm constant, b) 4mm edge thickened 

By doubling the wall thickness around the rim of the helmet shell, the compressive 

force was increased by a factor of 4.2 (from 133 N to 563 N). This highlights the influ-

ence this region has on the structural performance of the shell. 

For both the constant thickness (2mm) and edge thickened (4mm) shells, the agree-

ment between simulation and experimental testing is high. The 2 mm model had a dif-

ference in peak load of ~8.9%, while the 4mm had a difference of only 1.4%.  

Based on the agreement between simulated and mechanical compression, in addition 

to the agreement with the topological optimisation results (i.e. reinforcement around 

the rim has a high benefit), a full-size helmet shell was then produced. 

Full-size helmet shell.  

The results of the computational and mechanical compression of the full-size helmet 

shell are presented in Fig. 9.  
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Fig. 9. Full scale print and simulated validation 

Examining Fig. 9, the simulated and mechanical testing of the 3D printed shell are 

in good agreement. While the simulation initially underpredicts the mechanical testing, 

as deflection increases, the two curves begin to align; with a difference in peak stress 

of 6.2% (256 N vs 241 N).  

Comparing the mechanical response of the topologically optimised 3D printed shell 

to that of the original moulded shell, the 3D printed shell is significantly stiffer (+73%), 

while increasing the mass of the shell by only 11%. While the cyanoacrylate could 

potentially affect the performance of the helmet, the close correlation between simu-

lated and mechanical compression indicates that this increase is driven by the alteration 

to the shell stiffness. 

4 Conclusion 

This study has investigated the potential to improve shell strength with novel topolog-

ical optimisation. By increasing the thickness of the material around the edge of the 

helmet, the compressive strength was increased by 73%, with an increase in mass of 

only 11%. As there is little to no literature investigating methods to increase shell per-

formance, this serves as a platform for future work, highlight a potential region for 

reinforcement. 
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