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Abstract: This study evaluates various safety aspects of standardized impacts that cyclists may 

suffer while wearing a bicycle helmet, by combining a partially validated finite element model of 

the cranio-cervical region and a newly developed commercial bicycle helmet model. Under EN 1078 

standardized impact conditions, the results of simulated impact tests show that the helmet can 

absorb 40% to 50 % of the total impact energy at impact velocities above 4 m/s. Further, based on a 

relationship between Head Injury Criterion and the risk of injury from field data, the results of the 

simulations suggest that minor injuries may occur at impact velocities of 10 km/h, serious injuries 

at 15 km/h, and severe injuries at 20 km/h. Fatal injuries will likely occur at impact velocities of 30 

km/h and higher. 
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1. Introduction 

The burden of cyclist fatalities is of global scale. Only in 2016, over 2000 cyclist died in the EU 

[1], 840 in the US [2], and more than 2500 in India [3]. Hospital data recorded in the European Union 

shows that the most common cycling injuries are related to the head (25% of injuries), upper 

extremities and lower extremities [1]. Head related injuries were found to be important on all major 

forms of transportation. 

 

Helmets are the safety equipment most frequently worn by cyclists. Helmet usage is 

experiencing a growth [4] due to new legislative regulations [5] and an increased awareness on their 

effectiveness. Olivier et al. [6] performed a meta-analysis suggesting that helmet usage is linked to a 

reduction of head, serious head, and fatal head injuries. Macpherson et al. [5] found that helmet 

legislation leads to a decrease in head injuries while increasing helmet usage, as do other studies 

which suggest a positive effect of the helmet linked to a reduction in head injuries [7,8]. Nevertheless, 

the usage of bicycle helmets fluctuates depending on countries and regions and it was statistically 

found that usage is frequently less than 50% worldwide [9,10]. 

 

There are research studies that disagree with the protective capacity of helmets and link their 

usage to injuries, such as the research made by R. Elvik which suggests an increased risk of neck 

injury [11]. These contradictory results may lead to an opposition of the general population towards 

mandatory helmet regulation. For instance, Swami et al. [12] showed that 57.1% of children in India 

violated traffic rules by not wearing a helmet, while even countries with extensive and long-standing 

mandatory helmet laws have the same issue, as shown by Amy. Schramm et al. [13] in Queensland 

where 12% of cyclists involved in police reported crashes did not wear helmets.  
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Bicycle helmets comply with standards as an assurance of their protection capabilities. Different 

standards are used on each country, nevertheless, all are closely related, certifying that the helmet 

stays attached to the head during impacts with various head forms, ensuring that helmets can adapt 

to all head dimensions. Minimum requirements on eye vision are imposed, preventing its obstruction. 

Material conditionings are made to replicate the effect of weather conditions and helmet storage on 

material properties. Additionally, they have similar impact testing methods, differing on the 

maximum g acceleration that the head can sustain, shown in Table 1. 

 

 Europe United States 
Australia          

New Zealand 
China 

Flat 

Anvil 

Velocity: 5.42 m/s 

Max acc: 250 g 

Velocity: 6.2 m/s 

Max acc: 300 g 

Height: 1.5 m 

Max acc: 250 g 

Velocity: 6.2 m/s 

Max acc: 300 g 

Curved 

Anvil 

Velocity: 4.57 m/s 

Max acc: 250 g 

Velocity: 4.8 m/s 

Max acc: 300 g 

Not 

Tested 

Velocity: 4.8 m/s 

Max acc: 300 g 

Table 1: Helmet testing thresholds imposed by different testing standards. 

Impact velocity imposes the minimum kinetic energy that must absorbed by the helmet to 

remain below the acceleration threshold. An analysis of this relationship is presented in equations 

one and two, assuming that head forms and helmet weight are the same for all tests. 

Ec (J) =
1

2
 M(kg) v2 (

m

s
)

2

     (1) 

Eag (
J

(
m
s2) ∗ kg

) =
Ec(J)

gt (
m
s2)  M(kg)

     (2) 

Where: Ec is the kinetic energy (J); M is the sum of helmet mass and head form (kg); v is the 

initial velocity during impact (m/s); Eag is the energy absorbed per g acceleration and common 

weight (J/(kgm/s2)); gt is the maximum g acceleration of each standard (m/s2). 

  

The minimum energy absorbed on each standard, for same head form and helmet weight, based 

on equation two, is shown in Table 2. 

 

 Flat Anvil J/(100 kgm/s2) Curbstone Anvil J/(100 kgm/s2) 

Europe 5.88 4.17 

America 6.40 3.84 

Australia / New Zealand 5.88 Not Tested 

China 6.40 3.84 

Table 2: Minimum energy absorbed for same head form and helmet weight. 

Table 2 suggests that all standards are comparable in terms of energy per maximum g 

acceleration. For flat anvils, the most thorough standards are the American and Chinese, instead, 

Europe has the most thorough standard for curbstone anvils. All standards remain within 8.5% 

difference on the energy absorbed per maximum g acceleration. Thus, concluding that despite 

different testing methods, all  standards share a common grade of safety. In addition, the 

Department of Transport of London claims that there is limited evidence to suggest that some 

standards are safer than others [14].  

 

The standard assessed in this research is the EN 1078 [15], which among others, considers the 

capacity of absorbing energy, the construction and shape of the helmet, and the properties of the 

retention system. The EN 1078 [15] tests helmet energy absorbing capacities with curbstone and flat 

anvils at 4.57 m/s and 5.42 m/s respectively. To assure compliance, the helmeted head must have an 

acceleration lower than 250 g in both anvil tests. 
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Most studies on helmets are experimental, although, numerical research has taken place [16–23]. 

Previous numerical models include flat and curbstone anvils, some under standardized conditions. 

The main conclusions of these studies are drawn from accelerations and stresses on the head. To 

perform innovative research, this paper introduces its approach to the numerical method in section 

two with the development and validation of the model against experimental impacts. On Section 

three multiple head injury criteria and head injury modes are assessed including the energy absorbed 

by the helmet, and a parametric study for the development of an injury risk curve. Finally, the 

discussion and conclusions are presented in section four and five respectively. 

 

2. Materials and Methods  

Introduction to the development of numerical model  

This research presents an innovative approach using a partially validated FEA head to measure 

head injuries and head injury criteria such as the HIC15 and the skull fracture probability. The FEA 

head has been partially validated [24] and it has a detailed modelling of all the organs, ensuring that 

the gathered data is representative of real impacts. 

 

This paper introduces the analysis of a newly developed bicycle helmet whose surfaces and 

solids have been acquired with a 3D positioning method and later digitalized in Catia. The helmet 

includes an EPS foam, padding, rear and chin straps, shell, and a helmet design which is available on 

the market. Helmet meshing is developed in Hypermesh. To increase the accuracy of the results 

hexahedral and quadrilateral elements are used. Finally, the helmet and FEA head are imported to 

Ls-Dyna to perform numerical simulations.  

Helmet model  

A bicycle helmet, compliant with the European standards has been considered. The size of the 

helmet fits the partially validated FEA head. Catia (student version V5-6R2017) is used to convert the 

data obtained from a 3D positioning method into a CAD design. 
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The mesh, shown in Figure 1, is developed with Hypermesh (Desktop 13.0). Quadrilateral 

elements are used for the retention system and shell while hexahedral elements are used for the 

curbstone anvil, flat anvil, EPS foam, and padding. The number of elements and element type of each 

component are shown in Figure 1. 

 

The material models implemented are based on the properties described by the manufacturer, 

previous studies and properties measured in the helmet such as EPS foam density, shown in Table 3. 

 

 

 

 

 

 

 

Figure 1: Helmet Mesh. 

Curbstone Anvil  

Hexahedral elements: 107300  

Flat Anvil 

Hexahedral elements: 31122 

Padding 

Hexahedral elements: 3559 

EPS Foam  

Hexahedral elements: 84064 
Shell 

Quadrilateral elements: 4622 

Retention System 

(Rear and Chin Strap) 

Quadrilateral elements: 548 
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Material Model in        

Ls-Dyna 
Material Properties Source 

EPS Foam               

(86.8 kg/m3) 

mat_low_ 

density_foam_57 

ϱ=86 kg/m3 

E=22.4 MPa 
[18,25]  

Straps 

(PET) 

mat_piece wise_ 

linear_plasticit y_24 

ϱ=1400 kg/m3 

ʋ=0.44 

E=1000 MPa 

[18,25] 

Shell                

(Fiberglass & 

Polyester Resin) 

mat_piecewise_ 

linear_plasticity_24 

ϱ=2080 kg/m3 

ʋ=0.325 

E=8.54 GPa 

[25,26]  

Anvil                    

(Steel) 
mat_rigid_20 

ϱ=7800 kg/m3 

ʋ=0.3 

E=200 GPa 

[20] 

Padding                    

(PU Foam)  

mat_low_density_foam

_57 

ϱ=32 kg/m3 

E=0.47 MPa 
[18,25] 

Table 3: Material properties of helmet. 

The components restrained to each other in the helmet are modelled with the following contact 

types: Contact_tied_shell_edge_to_surface_offset, contact_tied_shell_edge_to_surface, and 

contact_tied_surface_to_surface. The unconstrained parts have been modelled with 

contact_automatic_surface_to_surface, setting a dynamic and static friction coefficient of 0.2. 

Human head model 

The numerical head [24], shown in Figure 2,  is based upon CT (Computed Tomography) and 

MRI (Magnetic Resonance Imaging). It has 291948 solid elements, 53609 shells, and it has been 

partially validated [24] by the Japan Automobile Research institute and Chalmers University of 

Technology.  

 

The motion of the brain has been validated with PMHSs experiment data where the motion of 

radio opaque markers in brain tissue was recorded with high-speed x-ray on head impacts[27,28] 

with frontal, coronal, and occipital impact tests. The craniocervical motion has been validated in the 

sagittal plane of the FE model with data obtained from frontal deceleration sled tests [29]. 
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The head model considers the skin, neck, cerebrum (discerning grey and white matter), 

cerebellum, brainstem, cervical spine, scalp, falx, skull diploe, cerebrospinal fluid, corpus callosum 

and skull, as shown in Figure 2. The head model, elaborated in the doctoral thesis of Dr. Antona-

Makoshi [24], consists mainly on hexahedral, tetrahedral, and quadrilateral elements. 

 

Head material properties are shown in Table 4. The most relevant head constraints are contacts 

among vertebrae, modelled with contact_automatic_single_surface, contacts between neck and 

vertebrae, modelled with contact_automatic_surface_to_surface, and contacts between dura and 

inner skull modelled with contact_automatic_surface_to_surface_tiebreak. The full model 

description is shown in the doctoral thesis of Dr. Antona-Makoshi [24]. 

 

 Material Model 
Material 

Properties 
Source 

Scalp & Neck Flesh Fu Chang Foam 

Stress‐Strain 

curves at 3 Strain 

rates 

Human cadaver Scalp in 

Compression, McElhaney 

[30] 

Skull Tables 
Piece‐Wise 

Linear Plasticity 
E=6.48 GPa 

Human Skull Tables in 

Shear, McElhaney [30] 

Skull Diploe 
Isotropic Elastic 

Plastic 
E=40 MPa McElhaney[30] 

Dura Mater Elastic E=40 MPa 
Human Dura in Tension 

Melvin [31] 

Cerebrum Grey Matter 

Cerebrum White Matter 

CSF-Solid 

Ventricles 

Figure 2: Mesh of partially validated cranio-cervical region. 

Brain 
Cervical Spine Head-Neck 

Model 

Section 

Plane 
CSF-Solid 

Skull-Brain 

Falx 

Skull Diploe 

Corpus Callosum 

Brainstem 

Scalp 

Cerebellum 
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Pia Mater Elastic E=12.5 MPa 
Bovine Pia‐Arachnoid in 

Shear [32] 

Cerebrospinal Fluid 

(CSF) 
Elastic Fluid 

K=2.1 GPa 

υ=0.4999 
McElhaney [30] 

Brain 
Brain Linear 

Viscoelastic 

G0=1.6 kPa 

G1=0.9 kPa 

Porcine Brain Tissue in Shear 

Arbogast & Margulies [33] 

Falx & Tentorium Elastic E=12.5 MPa Jin et al. [32] 

Vertebrae Rigid - - 

Intervertebral Discs 

& Facet Joints 
Elastic E=10 MPa Brolin et al. [34] 

Neck Ligaments Elastic E=43.8 MPa Yoganandan [35] 

Table 4: Material properties of partially validated cranio-cervical region. 

Boundary conditions 

Ls-Dyna (LS-PrePost(R) V4.3.5) is implemented for the numerical simulation. To keep the anvils 

on a fixed position, the lower nodes of the anvils have all translational and rotational degrees-of-

freedom constrained. Gravity is included, acting in the negative X direction, shown in Figure 3. The 

head’s initial velocity is 5.42 m/s for the flat anvil and 4.57 m/s for the curbstone, specified by the EN 

1078 standard. Contact conditions between anvils, helmet, and head use 

contact_automatic_surface_to_surface command with a dynamic and static friction coefficient of 0.2. 

The set-up for impact testing in Ls-Dyna can be observed in Figure 3. 

Head acceleration response validation in standardized impacts 

To validate the set-up, a comparison between the results obtained and previous experimental 

research is made. The flat anvil EN 1078 is the most tested case in previous studies. Thus, it is used 

for validation purposes taking into consideration the maximum head acceleration, impact duration 

and loading and unloading curves. 

Injury predictors 

Multiple biomechanical metrics are assessed, including the Peak Linear Acceleration, Gadd 

Severity Index, Head Injury Criterion, the energy absorbed by the helmet, and a parametric study for 

the development of an injury risk curve. 

X 

Y 

Z 

Figure 3: EN 1078 standard impact setup for a) Curbstone anvil; b) Flat anvil. 

Y 

Z 

X 

a) b) 
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Peak Linear Acceleration (PLA) 

Based on Peak Linear Acceleration criteria, there is 50% and 75% probability of concussion if the 

acceleration is larger than 65.1 g and 88.5 g respectively [36,37]. 

Gadd Severity Index (GSI) 

The Gadd Severity Index is based on the Wayne State University Cerebral Concussion Tolerance 

Curve (WSTC). This curve has the acceleration and time on the ordinate and abscissa axis respectively, 

values found over the curve cause permanent brain injury [38,39]. Converting the WSTC into a 

logarithmic scale creates a linear function with a -2.5 slope. Gadd proposed the Severity Index Criteria, 

shown in equation three, where values over 1000 produce serious internal head injury [39,40]. 

GSI = ∫ a(t)2.5dt      (3)
t

0

 

Where: a is the linear acceleration (g); t is the duration of the impact (s). 

Head Injury Criterion (HIC15) 

The head injury criterion is among the most widely used criteria to assess head injuries. For 

instance, it is used in the safety regulations code in the American motor vehicle regulations, and is 

defined in equation four [38]: 

HIC = {(t2 − t1) [
1

t2 − t1

∫ a(t)dt
t2

t1

]

2.5

}

max

     (4) 

Where: t2 is the time at the end of the impact period (s); t1 is the time at the start of the impact 

period (s); a is the acceleration (g). 

The “Forensic Injury Biomechanics” paper by Wilson C. Hayes et al. [41] shows an injury 

probability percentage for every HIC value, explained in Table 5. 

Energy absorbed by the helmet during impact 

To measure the effectiveness of helmets during impacts, simulations are made at different 

impact velocities with the EN 1078 flat anvil test. The percentage of impact energy absorbed 

respectively by the helmet and head are assessed. 

Parametric study for the development of an injury risk curve  

To assess the effect of velocity on head injuries, multiple simulations are made at different 

impact velocities with the EN 1078 flat anvil test, yielding different HIC15 values. Based on these 

results, a correlation between the impact velocity and HIC values is found. Furthermore, Wilson C. 

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

Table 5. 

 

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 

Table 5: Explanation of severity code [41] by Wilson C. Hayes et al. 

Thus, knowing the probability of injury based on the HIC value [41] and the relationship 

between impact velocity and HIC value, the relationship between the impact velocity and probability 

of injury can be derived. 
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3. Results 

3.1. Head acceleration response validation in standardized impacts results 

3.1.1. EN 1078 flat anvil validation 

The resultant accelerations on the center of gravity of the head in the flat anvil case are shown 

in Figure 4, compared with previous experimental results for the same test. 

As shown in Figure 4, the effective impact starts at 1 ms and finishes at 12 ms. The maximum 

head acceleration is 150.61 g. The loading and unloading curves show similar patterns. The average 

value of maximum head acceleration in previous studies is 158.6 g which is a 5.3% difference 

compared to this research. This difference might be due to different approaches in the numerical 

simulations, mainly in helmet model and FEA head. The average impact duration of previous 

research is 10.15 ms which shows an 8.4% difference with the results of this research. The graphical 

sequence of the EN 1078 flat anvil test is shown in Figure 5. 
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Figure 4: EN 1078 validation of flat anvil set-up compared with previous research. 
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The graphical sequence of the flat anvil impact on Figure 5 shows that initially the helmeted 

head is not in contact with the anvil. At 2.5 ms the helmet padding has completely deformed and the 

helmet (comprising shell and EPS foam) has started to deform until the maximum value is reached 

at 5.9 ms (9.7 ms for the curbstone case shown in Figure 7), afterwards, the head acquires velocity in 

the opposite direction.  

3.1.2. EN 1078 curbstone anvil validation 

The resultant accelerations on the center of gravity of the head in the curbstone anvil test are 

shown in Figure 6, compared with previous experimental results for the same test. 

 

  0                    2.5                      5  

   7.5                   10                   12.5 

    15         

     0                    2.5                     5  

      7.5                   10                  12.5 

       15 

Figure 5: EN 1078 flat anvil graphical sequence results (ms). 
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The effective impact starts at 1 ms and finishes at 18 ms with a maximum acceleration of 69.8 g. 

The loading and unloading curves show similar patterns with a more pronounced slope on previous 

research. The maximum head acceleration of the previous study is 74.59 g which is a 16.5% difference 

when compared to this research. The impact duration of the previous study is 14.7 ms, which shows 

an 15.6% difference. The contrast between papers might be due to helmet model, FEA head, and 

positioning of the anvil. The graphical sequence of the EN 1078 curbstone anvil test is shown in Figure 

7. 
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3.1.3. Helmet-head numerical simulation validation 

The results of the flat and curbstone anvil impacts agree with previous experimental studies in 

terms of loading and unloading curves, maximum head acceleration and effective impact duration 

with less than 16% difference in these parameters, validating the simulations. 

3.2. Injury predictors results 

3.2.1. Peak Linear Acceleration (PLA) 

The results obtained for the EN 1078 flat anvil test suggest a 75% of probability of concussion. 

Whereas a 50% of probability of concussion is found on the curbstone anvil. 

3.2.2. Gadd Severity Index (GSI) 

The results obtained for the EN 1078 flat anvil test suggest a GSI value of 1086.6 indicating that 

the impact would incur in serious internal head injuries. Meanwhile, the curbstone anvil test suggests 

a GSI value of 259.15 avoiding serious internal head injuries. 

3.2.3. Head Injury Criterion (HIC15) 

The results obtained for the EN 1078 flat anvil test suggest that there is a 100% probability of 

minor injury, 88% of moderate injury, 49% of serious injury, 15% probability of severe injury, 2% of 

critical injury, and 0% of maximum injury. 

The results obtained for the EN 1078 curbstone anvil test suggest that there is a 20% probability 

of minor injury, 7% of moderate injury, 3% of serious injury, and 0% probability of severe, critical, 

and maximum injury. 
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Figure 7: EN 1078 curbstone anvil graphical sequence results (ms). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2020                   doi:10.20944/preprints202004.0534.v1

Peer-reviewed version available at Appl. Sci. 2020, 10, 3692; doi:10.3390/app10113692

https://doi.org/10.20944/preprints202004.0534.v1
https://doi.org/10.3390/app10113692


 13 of 19 

3.3. Influence of velocity in cyclist safety 

3.3.1. Energy absorbed by the helmet during impacts 

The helmet absorbs partial energy that otherwise the head would, reducing the probability of 

head injuries. To assess the percentage of energy absorbed, and the influence of velocity, the EN 1078 

flat anvil test with velocity variation is implemented with eight simulations shown in Figure 8. 

Figure 8 shows that with increasing velocity the helmet tends to absorb a higher percentage of 

energy, the upmost at 8.46 m/s, absorbing 50.15%. These results suggest that the helmet is a key 

element of safety during accidents. Furthermore, it shows that even at low impact velocities (less than 

10 km/h) the helmet is effective, absorbing up to 30% of the energy. For a standardized 5.42 m/s test, 

the helmet absorbs 44.7%. 

3.3.2. Result of a parametric study for the development of an injury risk curve  

Eight numerical simulations are tested under EN 1078 conditions, with perpendicular impacts 

against a flat anvil at 1, 2.4, 3.92, 5.4, 6.93, 8.46, 10, and 10.5 m/s. The acceleration-time curves are 

shown in Figure 9. 
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Results suggest that the larger the impact velocity, the larger the maximum resultant acceleration 

and the lower the impact duration. Figure 9 results allow the computation of the HIC value at every 

impact velocity, from which the formula in equation five is derived, fitting the HIC values as a 

function of velocity. 

ln(y) = 3.04 ln(x) + 1.73     for 1 < x < 10.5      (5) 

Where: y is the HIC value; x is the impact velocity (m/s) 

Merging the injury probability based on the HIC value [41] and the HIC value based on the 

impact velocity (eqn. 8), the curves shown in Figure 10 are derived. 
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Figure 10 relates head injury modes (Table 5) to impact velocity for the worst-case-impact 

scenario while wearing a bicycle helmet. The results obtained suggest that minor and moderate 

injuries start to occur at 10 km/h and have a high probability of occurrence over 20 km/h. Serious and 

severe injuries start to occur at 15 km/h and have a high probability of occurrence at 27 km//h. Critical 

and maximum injuries start to occur at 20 km/h. The critical value for untreatable damage is 29.4 

km/h. 

4. Discussion 

Effectiveness of current standards to prevent head injuries 

Standards define a threshold that helmet manufacturers must achieve, ensuring that helmets 

have to be at least as safe as the standard deems, preventing manufacturers from producing cheap 

and ineffective helmets. 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. Thus, it is suggested to measure the safety on standards based on 

head injury criteria rather than only measuring the maximum head acceleration.  

By measuring head injury criteria (e.g. HIC15), a degree of safety could be assigned to each helmet 

model depending on the value obtained. This would allow a more precise measurement of how 

effective a helmet is under different impact conditions, analogous to Euro NCAP’s system to measure 

safety in cars. 

Should a bicycle helmet be worn? 

Disagreement is found on this subject. The results obtained in this research suggest that helmets 

can absorb up to 50% of all impact energy at high velocities, and 30% at low velocities. Nonetheless, 

it also suggests that the injury threshold for the worst case impact scenario is very low and at 

velocities over 20 km/h the probability of major injuries is noticeable. Despite this low injury 

threshold, the research suggests that it is safer to have an intermediate impact element between the 

head and the ground which absorbs partially (reaching a maximum of 50%) the impact energy.  
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Relationship between impact velocity and head injury probability 

Bicycles have minimum active and passive safety equipment when compared to other means of 

transport (e.g. cars). The only component that will lower the energy absorbed by the head during an 

impact is the helmet, leading to lower critical injury velocities. Results for the worst case standardized 

impact scenario suggest that minor injuries start to happen at 10 km/h, severe at 15 km/h and the 

most critical at 20 km/h. At 29.4 km/h a threshold is reached where all the accidents result in fatalities. 

Thus, results suggest a strong relationship between different injury probability types and impact 

velocity. 

5. Conclusions 

This paper has emphasized on the analysis of head injuries that can happen while wearing a 

bicycle helmet and the effect that the helmet has in absorbing the impact energy. The research 

strongly suggests that while wearing a helmet does not avoid head injuries in all scenarios, it clearly 

has a positive influence in lowering the possible head injuries by absorbing up to 50% of impact 

energy. 

 

Considering the results obtained in this paper, introducing new regulations should be 

considered to increase the likelihood of cyclist survival, the most significant being an obligation to 

wear bicycle helmets, regardless of age groups or road type, since the effectiveness of the helmet has 

been proven even at low impact velocities. Nevertheless, it has also been proven that for the worst-

case-impact scenario, at high velocities, the likelihood of survival is low. Therefore, new regulations 

that consider the injury probability values based upon impact velocity could be introduced to 

increase cyclist survival until new research and development in the bicycle helmet field leads to an 

implementation of safer helmets. 
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