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Abstract  In the current study, head impacts from real-world moped crashes were analysed to evaluate the 
influence on injury outcome of different helmet geometries and unfastened chinstraps in primary and ground 

impacts. Finite element simulations of real-world moped to car crashes were conducted based on technical 

reports providing initial conditions for two crash scenarios. Finite element helmet models of a full-face and a 
motocross helmet were generated and validated on the basis of drop test data. The THUMS v4 was equipped 

with the different helmets and positioned on a moped model. In a parameter study, the influence of helmet type 
and unfastened chinstrap was evaluated in primary and ground impacts.  

The analysis of the different helmet types showed increased neck loadings and relative displacements between 

head and helmet due to the lever effect of the protruding chinguard of the motocross helmet. All simulations 
involving a loose chinstrap resulted in helmet loss, consequently leading to increasing the head injury severity in 

the ground impact.  

Both helmet models correlated sufficiently with the reference to drop test data. The parameter study on helmet 
geometry as well as chinstrap conditions revealed that these factors influence the injury outcome. 

 
Keywords FE helmet model, human body model, moped accident simulation. 

I. INTRODUCTION 

More than 3,800 moped riders are involved in accidents on Austrian roads every year [1]. The most frequently 
injured body regions are the upper and lower extremities, followed by the head if considering absolute values. In 

relative values related to the Abbreviated Injury Scale (AIS), head injuries predominate in the AIS3+ level, as seen 

in European studies [2], as well as in Austrian databases [3]. Despite 100% compliance with statutory helmet 
regulation, head injuries are still observed in moped accidents. Compared to other Vulnerable Road Users (VRUs) 

[4–11], significantly fewer studies are available on the analysis of injury mechanisms with detailed Human Body 
Models (HBMs) of moped riders [12-13]. 

Within a pre-study for the current analyses, moped accidents involving moped riders between the ages of 15-

17 in Graz, Austria, were recorded over a period of one year (2017). It was observed that this age group favours 
motocross helmets, which are related to a slightly higher risk of head and neck injuries than full-face helmets. 

However, the sample sizes were too small to achieve statistical significance. The researchers also observed that 

one third of the interviewed moped riders had not fitted the chinstrap properly. 
The present study aimed to investigate the above findings within a numerical study under realistic boundary 

conditions. As these effects cannot be studied in conventional helmet testing due to limitations in load cases and 
injury assessment, the influence of helmet geometries and chinstrap fit have been investigated by means of 

simulations with a detailed HBM in crash scenarios based on real-world accidents.  

In the current study, head impacts from moped crashes with realistic boundary conditions were analysed, and 
the following questions have been discussed:  

 How does helmet geometry influence injury outcome in real-world accident conditions? 

 Does an unfastened chinstrap affect the impact and injury outcomes in real-world accident 

conditions? 
 Is the severity of the ground impact worse than the primary vehicle impact?  

II. METHODS 

To answer these questions, finite element (FE) simulations based on real-world moped to car accidents were 

set up and simulated. Furthermore, a parameter study on helmet geometry was conducted and the influence of 

the chinstrap evaluated in primary and ground impacts. 
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Derivation of Crash Scenarios based on Real-world Accidents 

The first step involved determining accident scenarios by identifying relevant accidents held on the Austrian 

Central Database for In-Depth Accident Study (CEDATU), for in-depth analysis of national road accidents [3]. All 

data sets can be filtered according to several accident characteristics such as accident type, collision partner or 
injury levels.  

To determine, which accidents would be suitable for investigating the questions discussed here, the database 

was filtered for cases involving at least one moped rider. Single-vehicle accidents were excluded due to unclear 
boundary conditions. From the remaining datasets, two different impact scenarios representing two different 

accident types were selected. As 33% of all accidents held on the CEDATU database involve crossroad accidents 
and 23% had occurred in oncoming traffic [3], one scenario of each type was chosen for the herein conducted 

study.  

The selected scenarios are listed in Table I. Scenario A represents a crossing accident in which the moped rider 
enters from the right and turns left. The moped rider collides with a sport utility vehicle (SUV) at an angle of 60°, 

which continues straight through the crossroad. The impact is located at the right front tyre of the SUV. Scenario 

B involves a frontal collision between a moped and a sedan. The moped rider impacts the sedan with a 90mm 
offset to the centre of the vehicle at a 10° angle. The collision velocities of the accident opponents were retrieved 

from the technical reports, which are based on PC-Crash (DSD, Linz, Austria) accident reconstructions. 
 

TABLE I 

OVERVIEW OF THE SCENARIOS DERIVED FROM REAL-WORLD ACCIDENTS  

 
Accident 

type 

Moped 

velocity 

[kph] 

Vehicle 

velocity 

[kph] 

Impact 

angle 

[°] 

Impact location relative 

to centre on vehicle front 

[mm] 

Vehicle 

type 

Crash 
Scenario 

A  

37 45 60 
x = -420 
y = 780 

SUV 

Crash 

Scenario 

B  

40 90 10 
x = 0 

y = -90 
Sedan 

 

FE Helmet Models 

FE models of two different helmet types were developed in order to analyse the influence of helmet geometry. 

A full-face and a motocross helmet were chosen, as they differ in geometry and are commonly worn by moped 

riders. Two helmets from the same manufacturer, one of each type, were selected and digital scans of the helmets 
were generated. The scans provided information on the geometry and served as input for the model generation 

process. Material properties were adopted from previous simulations comprising bicycle helmets [14]. The outer 
hard shell was modelled with shell elements and plastic material formulation. The Expanded Poly-Styrene (EPS) 

liner was assigned a strain rate dependent foam material based on [14] and has been modelled with solid 

elements connected to the outer liner. However, the comfort foam layer has not been modelled. The element 
edge lengths of each model were chosen to meet an element edge length of 5mm [15]. The chinstrap is 

represented by seatbelt elements and constrained via slip rings to the head models. This modelling method was 

preferred, as it represents a proper chinstrap fit and ensured the helmet was kept in place throughout the 
simulation. The friction coefficient at the slip rings was set to 0.3 in accordance with the mean value for belt 

friction derived in [16].  
In order to validate the helmet models, a test matrix was set up to test both helmets in several load directions 

followed by drop tests. The helmets were oriented to impact to the front, rear and left side. Based on standard 

helmet test regulations, a drop velocity of 7.5m/s was defined [17]. As shown in Fig. 1, the helmets were dropped 
on a flat anvil as well as a 45° inclined anvil to generate both translational as well as rotational loading. A Hybrid 

III dummy head was equipped with three-axis acceleration and rotational velocity sensors in the centre of gravity 

and positioned inside the helmet. 
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Rear 0°                            Side 0°                           Front 0°                          Side 45°                        Front 45° 

Fig. 1. Test Configurations for helmet drop tests. 

 

The data from the measurements served as input for the validation process. The test setups were simulated 
with both helmet models and acceleration and rotational velocity curves were compared to the corresponding 

test data. The correlation between the models and the tests was quantified through Correlation and Analysis 
(CORA) rating. Thereby, the curve correspondence was evaluated through a corridor method as well as a 

correlation method, the scores of which add up to the overall score. The evaluation was conducted with the CORA 

tool implemented in the programme Visual Environment (ESI Group, Paris, France) [18]. Standard settings were 
retained for the score calculation, which can be found in TABLE A2 of the Appendix. Additionally, injury criteria 

such as Head Injury Criteria (HIC), Brain Injury Criteria (BrIC) and the maximal resultant acceleration were 

calculated based on test and simulation data, and subsequently compared. 
 

Accident Simulations with Human Body Model 

The 50th percentile THUMS v4.02 [15] was used to represent the moped rider. The THUMS was positioned on 
a generic moped model, in which the frame of the moped was modelled with beams, by means of pre-simulations. 

To enable interaction with the THUMS, the tyres, seat and handlebar were modelled with shell elements. 

Furthermore, the THUMS was equipped with the validated helmet models connected with the aid of a simple-
modelled chinstrap using seatbelt elements. Freely available car models were utilised as collision opponents in 

both simulated accidents [19]. To represent the impact with a SUV, a model of a Toyota RAV 4 was used, while 
the sedan was represented by a Ford Taurus model. 

The simulations were set up with respect to the available data retrieved from the technical reports. In the 

process, characteristics were established for the initial velocities of the opponent vehicles, impact locations and 
angles together with the vehicle types. Automatic surface-to-surface contact definitions between the THUMS, 

helmet, moped and vehicle model, were used to reproduce realistic kinematic behaviour. All simulations were 
performed in LS-DYNA (DYNAmore, Stuttgart, Germany) with the solver version R9.2.1 MPP. 

The simulations injury assessment was comprised exclusively of injury values related to the body regions head 

and neck. Brain injuries were evaluated by the calculation of the Cumulative Strain Damage Measure (CSDM). 
CSDM describes the percentage of brain elements exceeding a strain value of 25% [20]. Skull fracture was 

detected by the 99th percentile strain value exceeding the limit of 1.5% for cortical bone fracture [24-25]. As the 

strain values have not been validated for the skull, the HIC was derived additionally [21-22] as well as the 
calculation of the corresponding AIS3+ risk [23]. In order to return head acceleration values, an additional nodal 

output was implemented at the centre of gravity of the head, constrained to the skull bone. The value a3ms was 
calculated to compare maximal resultant accelerations, operating for a duration of three milliseconds. To 

evaluate the loadings on the neck, a cross-section was implemented at the height of the C1 vertebra to output 

resultant forces and moments acting on the neck.  
The rotation and displacement of the helmet compared to the THUMS head was measured at the time of head 

impact. Therefore, sagittal and transverse planes were established within the helmet and the head model, 

illustrated in Fig. 2. By measuring the angle between the sagittal planes of the head and helmet (green), the 
relative rotation of the helmet about the vertical axis was derived. To obtain the relative rotation about the 

transverse axis, the angle between the transverse planes of the head and helmet (blue) was measured.  
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Fig. 2. Sagittal and transverse planes for measurement of relative rotation. 

 

Parameter Study 

Table II lists all variations performed for each accident scenario. The simulation comprising the helmet worn 

by the moped rider in the real-world crash represents the baseline simulation and has been marked bold in the 
table. In the first step of the parameter study, the helmet type and consequently the geometry of the helmet was 

varied by implementing the motocross helmet. What effect the protruding chinguard would have on the injury 
risk was analysed through altering the motocross helmet by extending the chinguard. 

In further simulation variations, the effect of an unfastened chinstrap was evaluated with the baseline helmet. 

To understand the effects of this particular misuse condition, simulations with the full-face helmet, chinstrap 
fastened and unfastened, were run until ground impact. Hence, facilitated separate evaluation of the primary and 

ground impacts. The ground impact simulation without chinstrap for Scenario B terminated due to an error prior 

to ground impact and was therefore deemed unsuitable for evaluation. 
The relative comparison of the calculated injury values based on the baseline and modified simulations 

provided insights as to how injury outcome is affected by these variations. 
 

TABLE II 

LIST OF SIMULATIONS FOR THE PARAMETER STUDY  

 
 

 

 
 

Crash Scenario Variation 

Crash Scenario A 

Full-face helmet 

Motocross helmet 

Motocross helmet with extended chinguard 

Full-face helmet with unfastened chinstrap  

Full-face helmet (Ground impact) 

Full-face helmet with unfastened chinstrap (Ground impact) 

Crash Scenario B 

Full-face helmet 

Motocross helmet 

Motocross helmet with extended chinguard 

Full-face helmet with unfastened chinstrap  

Full-face helmet (Ground impact) 
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III. RESULTS 

 

FE Helmet Models 

The helmet models were developed by meshing the geometry obtained from digital scans and validated in 

reference to the drop tests. The validation of the helmet models is demonstrated with one test case of the 
motocross helmet. The results of the remaining tests can be found in Fig. A1 - Fig. A20 of the Appendix.  

Fig. 2 shows the kinematics of the motocross helmet at the lateral drop test on a flat anvil. The visual inspection 

of the test footage and simulation results show good correspondence in helmet deformation and dummy head 
rotation. 

 

  

Fig. 2. Comparison of the kinematics: Motocross helmet – lateral – flat anvil. Fig. 3. Coordinate systems of 

the measured data. 

The acceleration and rotational velocity curves recorded during the drop tests were measured in the 

respective coordinate systems depicted in Fig. 3. The coordinate systems differ, due to the mounting orientation 
of the sensors. In Fig. 4, the acceleration and rotational velocity curves of the treated example case are illustrated. 

Despite behaving slightly stiffer at the beginning, good correlation of the curves from the test and simulation has 

been noted. 

 
Fig. 4. Acceleration and rotational velocity curves: Motocross helmet – lateral – flat anvil. 

 
The comparison of the calculated injury criteria is listed in Table III. The peak resultant acceleration fits the 

test by a difference of 24g, which equals a deviation of 9%. The HIC 15 and BrIC values show a deviation of 22% 

and 14%, respectively. The results of all drop tests are listed in TABLE A3 - TABLE A4 of the Appendix. 
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TABLE III 

COMPARISON OF INJURY CRITERIA OF TEST AND SIMULATION: MOTOCROSS HELMET – LATERAL – FLAT ANVIL  

Injury criteria Drop test Simulation Deviation Deviation [%] 

Peak acceleration 253 g 277 g 24 g 9 

HIC 15 2342 2847 505 22 

BrIC 0.5459 0.4679 -0.078 14 

 

Fig. 6 illustrates the CORA evaluation curves for the lateral drop test of the motocross helmet. The acceleration 

curve from the simulation and the acceleration curve from the corresponding test are highlighted in red and black, 
respectively, while the two corridors based on the test curve are highlighted in blue and green. Fig. 7 summarises 

the CORA scores for the discussed evaluation case. The fit of the curve from the simulation into the corridors was 
scored with 0.772 points and the correlation method evaluated the fit of the curve shape with 0.8 points. Each 

score weighted with 50% resulted in an overall score of 0.786. The acceleration and rotational velocity curves and 

the CORA results of all cases can be found in Fig. A1 - Fig. A20 of the Appendix. 
 

 
 

Fig. 5. Curves for the CORA rating of the acceleration 

curve in y: Motocross helmet – lateral – flat anvil. 

Fig. 6. CORA rating of the acceleration curve in y: 

Motocross helmet – lateral – flat anvil. 
 

The summary of the CORA ratings for all validation cases can be found in Table A1 of the Appendix. The helmet 

validation approached mostly good CORA ratings with values above 0.7. Certain validation cases showed poor 
ratings with values between 0.3 and 0.5 points, mostly occurring at the full-face helmet validation.  

 

Accident Simulations with Human Body Model 

The simulations based on the two chosen real word crashes were set up using the validated helmet models, 

the positioned THUMS v4 as well as the moped and vehicle models. Fig. 7 shows the initial configuration of the 

two accident scenarios. In both cases, the moped riders wore a full-face helmet in the real-world case, which was 
therefore taken as baseline.  

 
Fig. 7. Setup of the simulation models in the crash scenarios. 

 
Fig. 8 shows the kinematic of the THUMS in Scenario A until ground impact. The THUMS impacted on the right 

side of the vehicle and impinged frontally with the helmet on the rear lateral window. After a free flight phase, 

the THUMS hit the ground head first, impacting on the top of the helmet.  
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Fig. 8. Kinematics of the moped rider until head impact for crash Scenario A.  

 
The THUMS kinematics from Scenario B are shown in Fig. 10. The THUMS impacted the vehicle frontally at the 

windscreen, whereby the head impact occurred in the middle of the roof. The THUMS executed a complete 

rotation to finally impact the ground with the legs first, followed by head impact with the helmet facing sideways. 

 
Fig. 10. Kinematics of the moped rider until head impact for crash Scenario B.  

 

 

Influence of the Helmet Geometry 

The parameter study gave insights into the influence of different helmet geometries. Table IV lists the values 

for CSDM, a3ms, HIC15 , AIS3+ risk for HIC 15, 99th percentile strain of the skull, neck force and neck moment for 
the simulations with the varied helmet geometries. 

It was notable that the CSDM and a3ms values appear low in crash Scenario A, compared to Scenario B. Any 

risk for AIS3+ head injury was not observed in Scenario A whereas Scenario B showed risk values of up to 16.9%. 
The 99th percentile strain value of the skull gave no indication for skull fractures in any of the simulation variations. 

The simulations with the motocross helmet and the motocross helmet with extended chinguard show increased 

neck forces compared to the corresponding baseline simulation with the full-face helmet. The same situation was 
seen in the comparison of the neck moments, despite equal values in Scenario B for the simulation with the full-

face helmet and the simulation with the motocross helmet. 
TABLE IV 

INJURY CRITERIA OF DIFFERENT HELMET TYPES  

Crash 

Scenario 
Variation CSDM 

a3ms 

[g] 

HIC15  

[-] 

HIC15 

AIS3+ 

[%] 

99th percentile 

strain – Skull 

[-] 

Neck 

Force 

[kN] 

Neck 

Moment 

[Nm] 

A 

Full-face 0.11 38 70 0 0.002 0.51 49 

Motocross 0.07 32 42 0 0.002 0.61 60 

Motocross 

chinguard 
0.05 37 87 0 0.002 0.67 80 

B 

Full-face 0.38 82 849 16.9 0.003 1.27 56 

Motocross 0.38 85 815 15.6 0.004 1.41 56 
Motocross 

chinguard 
0.40 92 636 8.9 0.003 1.80 118 

 

The evaluation of the calculated injury values in combination with the THUMS kinematics gave further insights 

into the effects of different helmet geometries. The images in Fig. 9 show the head impact with different helmet 
types for Scenario A. Comparing the helmet orientations of the full-face and the two motocross helmets revealed 

an increased rotation of the motocross helmets. As the major rotation occurred about the vertical axis, this value 
was chosen for comparison. The helmet rotation of the full-face helmet was measured at 17°. An increased 
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rotation of 25° occurred with both motocross helmets. 

The comparison of the calculated injury values supports the negative effects found in the visual evaluation of 
the head impact. Looking at the neck moment values in Table IV for Scenario A, increased loading was observed 

for both the motocross helmet and the motocross helmet with extended chinguard.  

 

 
                                              Full-face Motocross  Motocross chinguard 

Fig. 9. Head impacts with different helmet types for crash Scenario A. 

 

Fig. 12 depicts the comparison of the full-face helmet, motocross helmet and motocross helmet with extended 
chinguard for accident Scenario B. The kinematics at head impact show similar trends for the simulations with the 

full-face helmet and the motocross helmet, although a slightly extended rotation of the motocross helmet was 

visible. Considering the motocross helmet with the extended chinguard, an obvious relative displacement was 
noted compared to the full-face helmet. The evaluation of the relative helmet motion was conducted by 

comparing the rotation about the transverse axis. The baseline simulation with the full-face helmet showed a 
rotation of 9°, whereas the motocross helmet caused an increased rotation of 36°. However, the simulation with 

the motocross helmet with extended chinguard showed a further increased rotation of 65°. The injury values in 

Table IV reveal higher neck force and moment values for the variation involving the extended chinguard.  
 

 
                                 Full-face Motocross Motocross chinguard 

Fig. 10. Head impacts with different helmet types for crash Scenario B. 

 

Influence of an Unfastened Chinstrap at Primary Impact 

A further parameter variation involved the condition of the chinstrap, in particular keeping the chinstrap 

fastened and unfastened. For the simulations with the unfastened chinstrap, the chinstrap was removed from 

the helmet model. TABLE V shows the comparison of the injury criteria from the simulations with the fastened and 
unfastened chinstrap. Comparing CSDM and a3ms values of the baseline to the modified simulation for both 

Scenario A and B, no significant difference was noted. Risks for an AIS3+ head injury were noted only in Scenario 
B. No skull fracture was detected in any simulation when analysing the 99th percentile strain value.  

 

TABLE V 
INJURY CRITERIA WITH UNFASTENED CHINSTRAP  

Crash 

Scenario 
Variation CSDM 

a3ms 

[g] 

HIC15 

[-] 

HIC15 
AIS3+ 

[%] 

99th percentile 
strain – Skull 

 [-] 

Neck 
Force 

[kN] 

Neck 
Moment 

[Nm] 

A 

Full-face 0.11 38 70 0 0.002 0.51 49 

Full-face without 
chinstrap 

0.19 42 94 0 0.002 0.74 44 

B 
Full-face 0.38 82 849 16.9 0.003 1.27 56 

Full-face without 

chinstrap 
0.50 83 520 5.2 0.006 1.72 95 
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The head impact involving the unfastened chinstrap from crash Scenario A is shown in Fig. 11. As no visual 

differences were detected at the moment of head impact, the pictures show the head kinematics 60ms after 
impacting the car. The helmet began to detach shortly after head impact and led to helmet loss in the subsequent 

sequences. The comparison of the calculated injury values from Scenario A in Table V merely shows marginal 

differences, corresponding to the findings in the visual inspection. 
A similar behaviour was noted in accident Scenario B.  Fig. 12 shows the kinematics 90ms after head impact, 

where a detachment of the helmet is visible. Table V shows elevated values for neck force and moment.  
The simulations with the chinstrap unfastened showed helmet loss immediately after the head impact in both 

scenarios. 

 

  
Fig. 11. Head impact with fastened (left) and unfastened 

(right) chinstrap for crash Scenario A. 

 Fig. 12. Head impact with fastened (left) and 

unfastened (right) chin strap for crash Scenario B. 

 

Evaluation of the Ground Impact 

In a further variation step, the ground impact was analysed, through evaluation of the simulation split into 

two phases. The initial phase, measured from simulation start until 100ms after the head impacting the vehicle, 
was defined as the primary impact. Phase two, from 100ms after the head impacting the vehicle until the end of 

the simulation, was defined as the ground impact. The evaluation of each phase was executed separately and the 

corresponding injury values are listed in TABLE VI. 
The ground impact for crash Scenario A shows elevated values for each injury criteria compared to the primary 

impact, except the CSDM. The unfastened chinstrap simulation showed further elevated injury values, and the 

HIC value indicated a 64.7% risk for an AIS3+ head injury. The 99th percentile strain value also indicated skull 
fracture for the unfastened chinstrap simulation by exceeding the threshold of 1.5%. 

In Scenario B, elevated values for a3ms and neck moment were noted for the ground impact compared to the 
primary impact. Increased head loadings were also observed, indicated by an AIS3+ risk of 65.4% for head injuries, 

whereby the 99th percentile strain value did not diagnose any skull fractures. 

 
TABLE VI 

INJURY CRITERIA AT VEHICLE AND GROUND IMPACT 

Crash 

Scenario 
Variation CSDM 

a3ms 

[g] 

HIC15 

[-] 

HIC15 

AIS3+ 
[%] 

99th percentile 

strain – Skull 
[-] 

Neck 

Force 
[kN] 

Neck 

Moment 
[Nm] 

A 

Full-face 
(Primary impact) 

0.11 38 70 0 0.002 0.51 49 

Full-face 
(Ground impact) 

0.03 80 484 4.3 0.003 1.38 62 

Full-face without 

chinstrap 
(Ground impact) 

0.20 105 2277 64.7 0.055 1.44 125 

B 

Full-face 
(Primary impact) 

0.38 82 849 16.9 0.003 1.27 56 

Full-face 
(Ground impact) 

0.26 169 2314 65.4 0.003 0.89 85 
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Fig. 15 shows Scenario A kinematics at primary impact, ground impact and ground impact without chinstrap. 

The head impact conditions differed between the impact to the vehicle and the ground, in that the impact to the 
vehicle occurred frontally with an overlaid tangential load. In comparison, the THUMS impinged head first to the 

ground, impacting with the top of the helmet. The simulation without chinstrap showed the same THUMS 

orientation at ground impact, including the difference of the helmet not being in position to protect the head. 
Considering the injury values from TABLE VI, the conditions at ground impact led to higher loads on the head and 

neck compared to the primary impact. Impacting the ground without a fastened chinstrap resulted in even more 
severe injury values due to the lack of protection of the helmet 

 
Fig. 15. Kinematics primary impact (left), ground impact (middle) and ground impact without chinstrap (right) 

for crash Scenario A. 
 

Fig. 13 shows the kinematics at primary impact and ground impact of Scenario B. Also in this scenario, different 

head impact conditions were observed for the primary and ground impact. As the THUMS hit the roof of the 
vehicle, chinguard first, the ground impact occurred with the THUMS head facing sideways. 

Evaluating the ground impact, increased head and neck loads were observed, see TABLE VI. The values 

decreased only for the neck force and CSDM. Nevertheless, the ground impact is more severe with regard to the 
risk of sustaining head injuries.  

 
Fig. 13. Kinematics primary impact (left) and ground impact (right) for crash Scenario B. 

IV. DISCUSSION 

 

Helmet Modelling 

The validation of the helmet models led to adequate results for the purposes of this study. The aim was not 
to replicate the behaviour of one helmet, rather to design a realistic helmet model suitable for the parameter 

study. Ultimately, a third of the validation cases achieved a CORA rating above 0.7. Correlation with a CORA rating 

below 0.5 was found for seven cases, which may result from the test setup and the assumption of a simplified 
homogenous foam in the FE model. Material parameters were chosen to meet the best average fit over all 

validation load cases. 

It was decided to neglect the comfort foam, as the layer was either too stiff and therefore showed poorer 
correlation with the tests or the model was numerically instable. Adopting this particular modelling approach, 

without comfort foam, led to adequate kinematic behaviour and has already been applied in other studies [26].  
The helmet impact speed for the drop tests was defined based on standard drop test procedures. Fall height 

limitations at the utilised test bench made tests above a speed of 27 km/h unsuitable. Differences in head impact 

velocities were exposed during the comparison of the simulated accident scenarios. Table V lists the head impact 
velocity at primary impact as well as the impact velocity at the ground of both accident scenarios. The ground 
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impact velocities of the scenarios roughly meet the dimensions of the drop test velocities from standardised test 

procedures. A distinct higher value was noted when looking at the primary impact velocity of Scenario B. The 
vehicle velocity in this scenario adds up to the head velocity of the THMUS, leading to a higher impact velocity.  

Considering these findings in the light of the fact that the standard for testing helmets is at a velocity of 

27km/h, highlights the need for enhancing standard helmet test procedures, which is in line with other studies as 
well [27].  

TABLE V 
HEAD IMPACT VELOCITIES OF THE SIMULATED REAL-WORLD ACCIDENTS 

 Head Impact velocity at vehicle [km/h] Head Impact velocity on ground [km/h] 
Scenario A 14 22 

Scenario B 75 34 

 

Application of THUMS v4 for Simulation of Real-World Accidents 

THUMS v4 was used in previous studies to replicate injuries to Post-Mortem Human Subject (PMHS) tests and 
real-world accidents with regard to car occupants, pedestrians and cyclists [4–11]. Although moped and 

motorcycle riders account for 10.3% of the road fatalities worldwide [28], this study is the first to apply the THUMS 

v4 for the evaluation of injuries sustained by moped riders. The study serves as an initial trial to evaluate if HBM 
simulations will lead to meaningful results for the high relative speeds reached by moped riders in comparison to 

pedestrian and cyclists, the low level of protection, especially in relation to vehicle occupants, as well as the lack 
of validation data.  

As the setup of the simulations were replicated based on the information specified in the technical reports, 

detailed validation of the kinematics, head impact points and injuries was not conducted. The accident 
reconstructions itself, (i.e., simulating several variations until ground impact to identify boundary conditions 

leading to the final positions and traces described in the police reports), were not performed with THUMS due to 

long simulation times required. Although accident reconstructions by the software PC Crash (multibody 
simulation) [29] were available, they were not used for the validation. The kinematics of the multibody model is 

an approximation and therefore give no further information about the behaviour of moped riders in real-world 
crashes.  

Information about the injuries sustained by the moped rider in Scenario A was provided through a medical 

report, which was compared to the injuries diagnosed with the THUMS in the corresponding simulation. Brain 
and organ injuries as well as skull fractures were reproduced in the accident simulation, however rib, pelvis and 

femur fractures could not be diagnosed. The quality of injury reproduction would be boosted with access to 

knowledge about exact impact conditions and moped rider behaviour. Deviation to the parameters would result 
in different loadings on the moped rider and would influence the injury outcome. Further, it is unclear if or how 

the moped riders reacted prior to impact and during the flight phase, which might also affect kinematics and 
injury outcome. The accident simulations represent approximations of actual real-world crashes. Nevertheless, a 

relative comparison of injury values when varying the helmet parameters provides valuable insights as to any 

contributing influencing factors involved. 
The study shows that the results from the HBM simulations are plausible. However, the next step required 

would be to generate further validated model-specific probabilistic injury criteria, to facilitate research and safety 

engineers in performing reliable injury risk assessments of injury for the relevant body regions. 
No validated strain-based assessment criteria are available for the THUMS v4 skull. Hence, the current study 

has applied thresholds and criteria used in previous studies [24-25]. However, it is remarkable that trends for the 
strain-based skull fracture predictions and the HIC values are different in some of the cases. Based on [22], HIC 

seems to be a reliable predictor for skull fracture for the THUMS v4.02. 

Furthermore, to gain a clearer picture, simulation of a higher number of real-world cases would be required. 
Generally, the results found in this study are based on the variation of helmet parameters from two different load 

scenarios. Despite the load cases producing different head impact conditions, the results of the investigation are 

restricted to those particular scenarios. If extending the evaluation to further load cases, additional findings may 
be derived. 
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Effect of Different Helmet Types and Chinstrap 

In a comparison of the different helmet geometries, the protruding chinguard facilitated rotation of the 
helmet. As the movement between head and helmet was simply restricted by the chinstrap and the defined 

contact, a relative deflection was visible in the simulation results. The applied modelling method can, therefore, 

be seen as a worst-case scenario in terms of helmet fit due to the exclusion of the comfort foam. Nevertheless, 
increasing neck loadings were measured in the simulations with extended chinguard geometry. Despite the 

relative displacement of the helmet, the movement of the helmet still induced the head to rotate.  
Assuming a tight fit of the helmet, neck loadings could further increase, if the entire rotation is transferred by 

the helmet. Hence, in order to support this thesis, a helmet model with a validated comfort foam layer is required. 

Both simulation variations with the chinstrap unfastened led to loss of the helmet. The helmet detached due 
to the force active while impacting the vehicle. Once again, the worst-case scenario, involving loose fit of the 

helmet must be highlighted. Nevertheless, the simulation models fulfilled the purpose of revealing possible risks 

arising from misuse conditions. The analysis of the influence of fitting conditions on helmet loss would be a task 
for further investigations.  

 
Comparison of Primary and Ground Impact 

When looking at the AIS3+ risk values from the primary and ground impact phases in accident Scenario A, only 

a minor risk of head injury is noticeable in the ground impact, due to the helmet fitting well over the entire 
accident duration. Furthermore, the skull strain values gave no indication of skull fracture. Nevertheless, 

increased neck loadings were documented in the ground impact compared to the primary impact. Due to the 

orientation of the THUMS, the head of the motorcyclist impacted the ground first, followed by the rest of the 
body causing high loadings to the neck. For the same reason, a high head acceleration value was noted.  

In crash Scenario B, neck forces and CSDM values decreased in the ground impact. The higher neck-force at 
the primary impact was assumed to result from the impact on the chinguard generating tension and shear 

loadings on the neck. The neck force for the ground impact was lower, as a sheer translational impact on the side 

of the head occurred. This translational impact led to a significantly increased head acceleration, which is also 
notable in a high risk of 65.4% for an AIS3+ head injury. Despite such high HIC-based risk, no critical head loading 

was prognosticated by the strain value of the skull.  

Increased injury values were detected when comparing the simulation of the ground impact with and without 
chinstrap for Scenario A. When no head protection was present due to helmet loss, head acceleration and the 

risk of skull fracture on ground impact increased drastically. The ground impact without chinstrap of Scenario B 
could not be simulated due to instabilities of the model. Nevertheless, increased head loads measured in the 

simulation without chinstrap highlight the head protection potential of the helmet. 

V. CONCLUSIONS  

The simulations of crash scenarios based on real-world moped accidents with THUMS v4 carried out in this 

study led to plausible results. The comparison of two different helmet shapes revealed a negative effect of the 

protruding chinguard of the motocross helmet in the analysed real-world conditions. In impacts, the lever effect 
on this particular protruding part led to high neck loadings due to rotation of the helmet. Simulation variations 

with unfastened chinstraps led to helmet loss after the primary impact. The subsequent unprotected head impact 
to the ground revealed high injury risks. However, current isolated helmet tests do not support evaluation of 

these effects. Hence, the current study highlights the importance of applying real-world loading conditions in 

future investigations.  
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VIII. APPENDIX 

 

 
Fig. A1: Comparison of the kinematics: Full-face helmet – frontal – 0° anvil. 

 

 
Fig. A2: CORA ratings of the acceleration and rotational velocity curves: Full-face helmet – frontal – 0° anvil. 
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Fig. A3. Comparison of the kinematics: full-face helmet – rear – 0° anvil. 

 

 
Fig. A4. CORA ratings of the acceleration and rotational velocity curves: full-face helmet – rear – 0° anvil. 
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Fig. A5. Comparison of the kinematics: full-face helmet – side – 0° anvil. 

 

 
Fig. A6. CORA ratings of the acceleration and rotational velocity curves: full-face helmet – side – 0° anvil. 
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Fig. A7. Comparison of the kinematics: full-face helmet – frontal – 45° anvil. 

 

 
Fig. A8. CORA ratings of the acceleration and rotational velocity curves: full-face helmet – frontal – 45° anvil 
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Fig. A9. Comparison of the kinematics: full-face helmet – side – 45° anvil. 

 

 
Fig. A10. CORA ratings of the acceleration and rotational velocity curves: full-face helmet – side – 45° anvil 
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Fig. A11. Comparison of the kinematics: motocross helmet – frontal – 0° anvil. 
 

 
Fig. A12. CORA ratings of the acceleration and rotational velocity curves: motocross helmet – frontal – 0° 

anvil. 
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Fig. A13. Comparison of the kinematics: motocross helmet – rear – 0° anvil. 

 

 
Fig. A14. CORA ratings of the acceleration and rotational velocity curves: motocross helmet – rear – 0° anvil. 
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Fig. A15. Comparison of the kinematics: motocross helmet – side – 0° anvil. 

 

 
Fig. A16. CORA ratings of the acceleration and rotational velocity curves: motocross helmet – side – 0° anvil. 
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Fig. A17. Comparison of the kinematics: motocross helmet – frontal – 45° anvil. 

 

 
Fig. A18. CORA ratings of the acceleration and rotational velocity curves: motocross helmet – frontal – 45° 

anvil. 
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Fig. A19. Comparison of the kinematics: motocross helmet – side – 45° anvil. 
 

 
Fig. A20. CORA ratings of the acceleration and rotational velocity curves: motocross helmet – side – 45° anvil. 
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TABLE A1 

CORA RESULTS OF THE HELMET VALIDATION 

Load case Curve Full-face helmet Motocross helmet 

Rear – 0° 

Acceleration X 0.5940 0.9183 

Acceleration Z 0.3971 0.7583 
Rotational velocity Y 0.4868 0.6868 

Side – 0° 
Acceleration Y 0.3907 0.7860 
Rotational velocity X 0.4982 0.7159 

Rotational velocity Z 0.8767 0.9505 

Front – 0° 

Acceleration X 0.3084 0.7633 

Acceleration Z 0.3596 0.8761 
Rotational velocity Y 0.6394 0.6371 

Side – 45° 
Acceleration Y 0.6651 0.6722 
Rotational velocity X 0.5617 0.7655 

Rotational velocity Z 0.6587 0.4536 

Front – 45° 

Acceleration X 0.6472 0.7017 

Acceleration Z 0.8263 0.6027 
Rotational velocity Y 0.6682 0.6032 

 
TABLE A2 

STANDARD CORA SETTINGS SPECIFIED IN VISUAL ENVIRONMENT 

Corridor method Maximal half width of inner corridor 0.1 

 Maximal half width of outer corridor 0.5 
Correlation method Rating exponent for shape 3.0 

 Rating exponent for size 1.0 

 Rating exponent for phase 1.0 

 
TABLE A3 

COMPARISON OF INJURY CRITERIA OF TEST AND SIMULATION: MOTOCROSS HELMET 

 Injury criteria Drop test Simulation Deviation Deviation [%] 

Rear – flat anvil 

Peak acceleration  239 159 80 33 

HIC 15 2775 2647 128 5 

BrIC 0.3378 0.2525 0.0853 25 

Lateral – flat anvil 

Peak acceleration  253 182 71 28 

HIC 15 2342 2745 403 17 

BrIC 0.5459 0.5800 0.0341 6 

Front – flat anvil 

Peak acceleration  210 195 15 8 

HIC 15 1839 2428 589 32 

BrIC 0.4597 0.3329 0.1268 28 

Front – 45° anvil 

Peak acceleration  162 109 53 33 

HIC 15 919 1223 304 33 

BrIC 0.7599 0.5599 0.2 26 

Lateral – 45° anvil 

Peak acceleration  134 84 50 37 

HIC 15 675 752 77 11 

BrIC 0.7711 0.8624 0.0913 12 
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TABLE A4 

COMPARISON OF INJURY CRITERIA OF TEST AND SIMULATION: FULL-FACE HELMET 

 Injury criteria Drop test Simulation Deviation Deviation [%] 

Rear – flat anvil 

Peak acceleration  180 g 159 g 21 12 

HIC 15 1782 2330 548 31 

BrIC 0.3209 0.1731 0.1478 46 

Lateral – flat anvil 

Peak acceleration  230 167 62 27 

HIC 15 1933 2856 932 48 

BrIC 0.5835 0.5675 0.016 3 

Front – flat anvil 

Peak acceleration  165 187 22 13 

HIC 15 1247 2234 987 79 

BrIC 0.5967 0.3927 0.204 34 

Front – 45° anvil 

Peak acceleration  154 125 29 19 

HIC 15 970 1269 299 31 

BrIC 0.728 0.5332 0.1948 27 

Lateral – 45° anvil 

Peak acceleration  107 121 14 13 

HIC 15 492 939 447 91 

BrIC 0.7507 0.7768 0.0261 3 
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