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Abstract: A helmet is essential protective equipment for the safety of motorcyclists and their pas-
sengers. However, motorcycle accidents can cause severe injuries and fatalities, even when wearing
helmets, because the strength of motorcycle helmets lacks head protectability in actual impact acci-
dents. Thus, this research investigates the structural performance of commercial motorcycle helmets
in Thailand for head injury prevention using finite element analysis via LS-DYNA. The helmet
structural model was firstly validated under impact analysis by comparing with the test according
to the TIS 369-2557 standard. The finite element results showed that the difference in maximum
acceleration was only 4.8%. The protective efficacy of the helmet structure was then studied and ana-
lyzed by simulation under various velocities and impact angles according to three cases of accidents.
The structural strength was investigated by assessing energy absorption, HIC, and AIS. The worst
case was caused when high impact speeds and angles were applied, which showed the highest
impact force and HIC. It also enabled a 100% probability of head damage according to AIS 2+, which
causes fatality to passengers during impact accidents. The safest conditions in terms of head injury
severity occurred when the impact angle was 45 degrees. Finally, at least 75% energy absorption of
foam was further recommended for safety design to reduce head injury from motorcycle accidents.

Keywords: motorcycle helmet; impact analysis; motorcyclist safety; head injury criteria; injury severity

1. Introduction

Motorcyclists tend to be involved in road accidents at a higher rate than other vehicle
users; the highest number of fatalities occur in motorcycle accidents without the rider
wearing a helmet [1]. To ride a motorcycle safely, a motorcycle helmet is an important piece
of equipment for head protection. It can reduce the chance of death from a head injury by
three times [2]. Furthermore, a motorcycle helmet has 12 times the performance for head
protection when compared with impact accidents without a helmet [3]. Thus, helmets are
essential for motorcyclists and passengers to prevent and reduce severe head injuries.

There are various types of motorcycle helmets, such as full-face, half-coverage, and
open-face, which were designed to protect the heads of motorcyclists and passengers under
different applications [4]. A motorcycle helmet consists of several components: shell, foam,
absorptive liner, chin strap, visor, and face shield. The foam and shell are the most efficient
components to reduce impact force at the head, which broadly distribute force to other
components [5,6]. The foam and shell are typically made from Expanded Polystyrene Foam
(EPS) and Acrylonitrile Butadiene Styrene Copolymer (ABS), respectively [7,8]. Helmet
samples are required to pass testing requirements to ensure the strength of the structure
and head protection before being sold commercially in stores. Several accredited agencies
regulate, certify, and approve the strength of motorcycle helmet structures by testing them
in various accident scenarios, such as the Department of Transportation (DOT) in the

Appl. Sci. 2022, 12, 5676. https://doi.org/10.3390/app12115676 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12115676
https://doi.org/10.3390/app12115676
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app12115676
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12115676?type=check_update&version=2


Appl. Sci. 2022, 12, 5676 2 of 17

United States [9], the Economic Commission for Europe (ECE-R22.05) in European commu-
nities [10], and the Thai Industrial Standards no. 369-2557 (TIS 369-2557) in Thailand [11].
These regulators perform tests by simplifying cases of motorcycle accidents. One of the tests
is the impact test, which has the highest potential to verify helmet structural performance
by evaluating the peak acceleration and head injury criteria (HIC) at the assigned headform.
Therefore, the impact test is typically used and studied as the essential requirement for
helmet structure to ensure its strength for the head protection of passengers [12–15].

The finite element model is prevalently applied to study and analyze motorcycle helmet
structures under various impact test conditions according to the regulations for the prelim-
inary design process [2,16,17]. The computational time and other costs of testing can be
avoided by using a simulation procedure. The side impact test of the helmet structure is the
worst scenario based on the fit effect, since the highest stress and HIC occur at the head, while
the frontal position also causes severe head injury [18]. Modification of the material properties
of the shell and foam components has been studied to reduce head damage [19–21], and
reinforcement inside the structure must also efficiently absorb the impact force during an
accident [22]. Composite materials were largely proposed to increase the energy absorption
performance of the whole structure with a lightweight design [14,23–25], but the cost of
these materials was one of the drawbacks compared with that of a commercial helmet.
All studies have focused on analyzing and designing for helmet structural strength when
only impacting with flat or kerbstone anvils according to helmet testing standards. How-
ever, an impact test with anvils does not sufficiently represent actual motorcycle accidents
when oblique conditions are considered by assigning different impact angles and normal
and tangent velocities [26–28]. The characteristics of the headform under oblique collisions
also presents a combination of translational and rotational behavior; however, the axial
impact of each accredited agency does not concern these effects [29]. Thus, some limitations
of the regulations should be discerned for representing actual accidents with motorcyclists
and passengers. The analysis and design of motorcycle helmets should also be considered
with various impact accidents besides the requirements of each testing regulation.

Motorcycle accidents occur in many forms based on driving conditions; roughly 67.5%
of all motorcycle accidents involved an impact with objects under oblique collisions where
the impact angle was less than 30 degrees [29,30]. The actual accidents distinctly indicate
that the vertical impact under standard requirements does not sufficiently represent the
strength of the helmet structure. Head injury is the n crucial to estimate the strength of the
helmet structure under cumulative impact conditions. A motorcyclist’s head frequently
collides with a wall or road and bounces to impact with a footpath or the ground at impact
angles ranging from 15–75 degrees [31,32]. These conditions are a significant concern when
analyzing helmet structure because they represent the actual behaviors of motorcyclists.
Based on these impact conditions, the frontal area of the helmet structure has a high risk
of stress and severe injury; the possibility of moderate neurological injury is 80% [6]. This
injury probability indicates that the injury to the motorcyclist or passenger has a chance of
being fatal during oblique collision. Significantly, the frontal position of the helmet structure
presents the highest acceleration, which causes the most severe conditions, while the other
impact points show lower stress and probability of head accidents. Therefore, oblique colli-
sions involve more severe head injuries compared with the impact test in each regulation,
which can represent the actual behaviors of a motorcyclist during severe accidents.

The current research aims to employ a nonlinear explicit dynamic test in finite element
analysis via LS-DYNA to investigate the performance of motorcycle helmet structures in
Thailand according to impact, severity, and different scenarios in traffic accidents. Accord-
ing to TIS 369-2557 standards, the impact test was used to perform the test and validate
the finite element procedure. Head injuries received by motorcyclists were also examined
using HIC and the Abbreviated Injury Scale (AIS) to assess motorcycle helmet perfor-
mance. Three cases of motorcycle accidents were examined to evaluate the critical points
for the sufficient design of a motorcycle helmet structure. Finally, the structural improve-
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ment of motorcycle helmets was also recommended for the highest performance in head
injury prevention.

2. Injury and Strength Assessments

Since a motorcycle helmet is designed for the head protection of passengers, an assess-
ment of helmet testing generally consists of two parts: head injury at the headform and the
strength of the helmet structure [18,33]. Head injury is used to preliminarily evaluate the
severe symptoms affecting the brain, while the head protective efficiency is investigated
based on the helmet structure strength. All regulations on the testing of helmet structures
define different criteria for evaluating both strength and injury assessments. To evaluate
the severity of head injury during impact, Head Injury Criteria (HIC) are commonly used
to calculate injury at the headform for all regulations, whereas the most sufficient method
to investigate helmet strength is the impact test.

2.1. Head Injury Assessment

The helmet testing regulation usually evaluates the head injury of the headform based
on head injury criteria (HIC) [34], which can be used to rate the safety associated with
crash accidents and other applications. The HIC can be recorded directly with a measuring
device installed at the center of gravity (CG) of the headform during testing. Furthermore,
calculation of the HIC can also be performed based on the maximum acceleration during
the decided time interval (15 or 36 ms) using Equation (1), where a(t) is the resultant
acceleration, while t2 and t1 are time intervals.

HIC = (t2 − t1)

∫ t2
t1

a(t)dt

t2 − t1

2.5

(1)

HIC are widely used in various applications, such as sports, to investigate severe head
injuries. A high HIC value indicates a high risk of head damage, which can cause a fatality.
Furthermore, the HIC has some correlations to classify and predict a level of injury by
assessing the probability based on its score.

The Abbreviated Injury Scale (AIS) is also used to describe the probability of accident
severity, which uses a scale at levels from 0 (no injury) to 6 (lethal injury) [35,36]. AIS level 2
for body injuries (AIS 2+), which classifies moderate injury for each part, is always defined
as the minimum assessment to predict the probability of a fractured skull when an impact
occurs. Equation (2) utilizes the results of the HIC value to calculate the probability of
AIS 2+, where N is the cumulative normal distribution, µ and is 6.96352, and σ is 0.84664.

p( f racture) = N
(

ln(HIC)− µ

σ

)
(2)

The AIS score can vary from 0% to 100%, representing the probability of injuries under
each level. However, there are no criteria to distinctly classify the safe condition of humans
based on the AIS.

2.2. Impact Test According to TIS 369-2557

The Ministry of Industry enforces testing standards for commercial helmets in Thai-
land, as established by Thai Industrial Standard no. 369-2557 [11]. This standard, which
was adopted from DOT and ECE, intends to ensure the overall performance of helmet
structures as well as the ability to protect from a head injury in severe motorcycle accidents.
There are six tests used in the TIS 369-2557 to investigate the performance of each helmet
structure component, including the impact test, visor test, chin strap test, penetration test,
retention test, and rigidity test. The impact test causes the most serious damage to the hel-
met and directly assesses the structural strength. To perform the impact test, three related
pieces of equipment are required for this regulation: the motorcycle helmet, headform, and
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anvil (flat or kerbstone). The headform represents the motorcyclist’s head and measures
the severity of injury when the helmet structure is impacted by the anvil. The flat anvil has
a diameter of 130 ± 3 mm, whereas the kerbstone anvil has a slope of 52.5◦ ± 2.5◦ toward
the vertical with 125 mm of length.

The impact test can be performed at four points of the helmet’s structure: frontal (B),
side (X), top (P), and rear (R), as shown in Figure 1. The motorcycle helmet is placed on the
headform and then fastened using the chin strap before installing the completed sample
set in the testing machine. The impact test is then conducted by dropping the sample to
impact with the anvil under an initial velocity of 7.5 m/s. The results are recorded for both
acceleration and HIC at the CG of the headform. A commercial helmet will pass the criteria
of the TIS 369-2557 regulation as long as the peak acceleration during the test and HIC do
not exceed 275 g and 2400, respectively. TIS 369-2557 currently accepts only the test results
to clarify the safety based on these criteria. Only a few sample helmets pass the standard’s
requirements before being sold commercially in stores.
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Figure 1. Impact positions on the helmet structure.

The nomenclatures of B, X, P, and R in Figure 1 are only defined to indicate the
positions of each impact point of the motorcycle helmet according to TIS 369-2557. These
four positions will be investigated for a severe head injury based on the energy absorption
ability under the impact test in Section 3.

3. Finite Element Model

A commercial motorcycle helmet from Thailand was used to analyze and investigate
the structural performance under various impact severities compared with the test from TIS
369-2557, which was performed in this study. Accurate results from finite element analysis
depend on the proper element types of the structure and material model. In this study,
all components of the helmet’s structure were created based on a three-dimensional model
using SolidWorks (version 2021 from Dassault Systèmes, Waltham, MA, USA) and imported
for meshing in Hypermesh (version 2019 from Altair, Troy, MI, USA). The models were
then assigned different material models in LS-DYNA (R111 from ANSYS, Inc., Washington
County, PA, USA) before starting other pre-processing and analysis procedures. LS-DYNA
is powerful software for performing dynamics analysis with a nonlinear explicit problem
using the central difference method [37]. Furthermore, LS-DYNA also provides a variety
of material models for simulation, which is suitable for a helmet structure that consists of
different materials.

3.1. Motorcycle Helmet Structure

The open-face helmet model was divided into three parts: shell, foam, and comfort
padding, as shown in Figure 2. All components were assigned as a deformable struc-
ture with the tetrahedral type of solid element, with only three degrees of freedom per
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node (only translational in three directions). The whole model of the helmet structure
consisted of 33,113 nodes and 123,617 elements. AUTOMATIC_SINGLE_SURFACE was
utilized to generate self-contact for each component of the helmet structure, in which
the static and dynamic friction coefficients were 0.2 and 0.1, respectively. Furthermore,
CONTACT_INTERIOR was also employed to prevent a negative volume of soft material
(foam) under impact load, which always causes termination during analysis.
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A permanent deformation commonly occurs with any structure under assorted impact
severities. Thus, the nonlinear material properties were essential to consider in the analysis
procedure. The shell component was made from Acrylonitrile Butadiene Styrene (ABS),
while the foam and comfort padding were made from EPS foam and Polystyrene (PU) foam,
respectively. Tensile and compression tests were performed for determining the plastic
properties of the shell and foam components, respectively. The mechanical properties for
each component are displayed in Table 1 [38,39], while the nonlinear material behaviors
of the shell and foam are illustrated in Figure 3. The material properties of the shell
and foam component were directly determined by testing in this study, as displayed in
Figure 3a,b, respectively. Since this work did not serve the test for comfort padding,
the properties in Figure 3c were used and obtained from Bloodworth-Race et al. [38].
The total weight of the helmet structure was 1.02 kg, comprised of 0.89 kg from the
shell, 0.098 kg from the foam, and 0.032 kg from the comport padding. In LS-DYNA,
the material model of MAT_024_PIECEWISE_LINEAR_PLASTICITY was assigned for
the shell component. Both the foam and comfort padding were utilized in the material
model as MAT_063_CRUSHABLE_FOAM and MAT_057_LOWDENSITY_FOAM [40],
respectively. The stress–strain relationship is necessary to be applied for all material models
and components to recognize the nonlinear material behaviors during impact analyses.

Table 1. Mechanical properties of each structural component.

Materials Properties Shell Foam Comfort Padding

Density (kg/m3) 1435.0 51.6 27.6
Young’s modulus (MPa) 2221.8 8.24 0.18

Poisson’s ratio 0.3 0.01 0.25
Yield stress (MPa) 42.2 - -

Tensile stress cut-off (MPa) - 3.6 0.03
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To apply the material properties in the LS-DYNA, coordinates of stress and plas-
tic strain are commonly required to define nonlinear behaviors in MAT_024, while the
relationship of stress and volumetric strain is assigned for foam properties.

3.2. Headform and Anvils

Since the headform and anvils can be ignored for the deformation and stress distribu-
tion during impact analysis, a rigid body is preferred to generate the finite element models.
The headform was modeled to represent a motorcyclist’s head, while the anvils were used
as the objects that impact the helmet structure. Both components were created based on
specified dimensions according to TIS 369-2557 standards [11]. The M-size headform was
selected in this paper because it was the most compatible with the helmet size (Figure 4)
and had a weight of 5.6 kg. The material model of MAT_020_RIGID was utilized to assign
these components in LS-DYNA. Finite element models of all rigid components were also
generated using solid elements. The details for each structure are shown in Table 2.

Table 2. Details of the finite element model of the headform and anvils.

Parts Element Type Number of Elements Number of Nodes

Headform Tetrahedral 82,763 17,351
Flat anvil Quadrilateral 2300 2886

Kerbstone anvil Tetrahedral 4329 20,732



Appl. Sci. 2022, 12, 5676 7 of 17

Appl. Sci. 2022, 12, 5676 7 of 17 
 

Table 2. Details of the finite element model of the headform and anvils. 

Parts Element Type Number of Elements Number of Nodes 
Headform Tetrahedral 82,763 17,351 
Flat anvil Quadrilateral 2300 2886 

Kerbstone anvil Tetrahedral 4329 20,732 

 
Figure 4. CAD model of the headform. 

Each component was separately discretized in the mesh for both rigid and 
deformable bodies. An assembly of all helmet components was then generated for model 
preparation before simulation. However, the motion constraints of a rigid body 
(translations and rotations) were defined in MAT_020, which was different from the 
deformable body in LS-DYNA. 

4. Model Validation 
An impact test with a flat anvil according to the TIS 369-2557 standard was performed 

for the validation procedure to compare with the simulation results. All components of 
the helmet structure were combined and set up as shown in Figure 5, in which the anvil 
was assigned as the fixed support. An initial velocity of 27 kph (7.5 m/s) was then applied 
downward for the other components. Since this paper needs to clarify the ability of 
comfort padding to reduce head injury during impact accidents, the model was divided 
into two cases: without comfort padding (Figure 5a) and with comfort padding (Figure 
5b). Deformation behavior of a helmet can occur naturally when contact between the shell 
component and anvil is defined by AUTOMATIC_SURFACE_TO_SURFACE, which has 
a friction coefficient of 0.2. The analysis procedure was performed for 10 ms and the 
acceleration and HIC results were compared with the test and criteria of the standard. 

 
Figure 5. Model configurations for impact simulation according to TIS 369-2557. (a) Without comfort 
padding; (b) with comfort padding. 

Figure 4. CAD model of the headform.

Each component was separately discretized in the mesh for both rigid and deformable
bodies. An assembly of all helmet components was then generated for model preparation
before simulation. However, the motion constraints of a rigid body (translations and
rotations) were defined in MAT_020, which was different from the deformable body in
LS-DYNA.

4. Model Validation

An impact test with a flat anvil according to the TIS 369-2557 standard was performed
for the validation procedure to compare with the simulation results. All components
of the helmet structure were combined and set up as shown in Figure 5, in which the
anvil was assigned as the fixed support. An initial velocity of 27 kph (7.5 m/s) was then
applied downward for the other components. Since this paper needs to clarify the ability
of comfort padding to reduce head injury during impact accidents, the model was divided
into two cases: without comfort padding (Figure 5a) and with comfort padding (Figure 5b).
Deformation behavior of a helmet can occur naturally when contact between the shell
component and anvil is defined by AUTOMATIC_SURFACE_TO_SURFACE, which has
a friction coefficient of 0.2. The analysis procedure was performed for 10 ms and the
acceleration and HIC results were compared with the test and criteria of the standard.
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Acceleration, which was recorded from the CG of the headform for all three cases
(impact test according to TIS 369-2557 (Section 2.2), FE model with comfort padding, and
FE model without comfort padding), is illustrated in Figure 6. The results from the test and
FE models were recorded and compared based on the TIS 396-2557 criteria. The results
were significantly different when the helmet caused the first impact with the anvil at 1 ms
because the chin strap was neglected in the finite element model. The headform could
fall and freely impact with the flat anvil under the assigned initial velocity more than the
test and affect the CG of the headform to obtain the acceleration results. Peak acceleration
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occurred when the acceleration of the headform was transferred to the helmet’s structure
until it caused the highest deformation. The results in Figure 6 display characteristics
of finite element analysis that were similar to those of the test according to TIS 369-2557.
Furthermore, the acceleration during the impact simulations clearly showed the same
tendency as the test, which can confirm that the simulations had sufficiently accurate results
to represent the test. The related results from the simulation (peak acceleration and HIC) in
Figure 6 can be compared with the testing results in Table 3. The model without comfort
padding achieved the highest performance to represent the helmet structure under impact
conditions, which showed a maximum error of only 5.5% for HIC. However, the model
with comfort padding achieved an unacceptable error of 17.1% for HIC, even when the
peak acceleration was close to that of the test. Therefore, the finite element model without
comfort padding could be employed to analyze other impact scenarios and investigate the
damage to motorcyclists due to head injury. However, this commercial helmet in Thailand
did not pass the TIS 369-2557 standard due to the testing and simulation results, with the
HIC values being higher than the limit for this regulation, even though it has been sold
commercially in stores.
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Figure 6. Acceleration during impact test according to TIS 369-2557.

Table 3. Comparisons of the results between the test and FE model.

Results Test
FE Model (with or without) Comfort Padding

with %Error without %Error

Peak acceleration (g) 336 329 2.1% 320 4.8%
HIC 2824 2342 17.1% 2685 5.5%

Both helmet models, with and without comfort padding, were then analyzed to
investigate the effect of comfort padding and head protective ability by impacting with
a flat surface at four different positions (refer to Figure 1). The energy absorption, which
was obtained from simulation, for all cases is compared in Figure 7, in which the comfort
padding did not influence the reduction in head injury.

The comfort padding component is primarily responsible for enhancing the wearer’s
comfort, rather than protecting against a head injury. The overall energy absorption
was increased slightly from that of the helmet structural model with comfort padding.
Therefore, these results emphasize that the helmet model without comfort padding was
the most effective for further investigations concerning different kinds of impact accident
cases. Therefore, the comfort padding can be neglected in the structural model for strength
analysis and simulation.
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Figure 7. Energy absorption with different positions under the impact test.

5. Scenario of Impact Accidents

The efficacy of the finite element model for helmet structure was investigated for
damage and head injury under three cases: sliding, collision with a footpath, and skidding
to collide with a footpath. Cases of sliding and collision with a footpath directly represent
an accident when colliding with an object or vehicle. The motorcyclist then falls to the
road until the helmet and head impact the road surface or edge of the footpath. Skidding
to collide with a footpath combines the effect of sliding until impact with the sharp edge
of the footpath. Since a motorcycle accident causes falling behavior until impacting with
an object that is similar to a projectile profile, both the head impact and velocity impact
angles were employed to simplify the problem. The head impact angle (Figure 8a) defines
the angle on a horizontal line of the headform to describe the impact direction from 0 to
90 degrees [30]. The impact velocity angle (Figure 8b) assigns the direction of the model to
impact with the object along with normal and tangential velocities [32]. The head impact
angle was specified as 30 degrees to analyze all cases, while the impact velocity angle was
studied at 15, 30, 45, 60, and 75 degrees [31], as summarized in Table 4. Initial velocities of
27, 30, and 47 kph were applied to the model for all investigations, because 27 kph is the
velocity specified according to TIS 369-2557 standard, while 30 and 47 kph are the average
velocity and mean speed for lost control of motorcycles, respectively [32].
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Table 4. Directions of head impact and impact velocity.

Head Angle
Velocity Angle

15 30 45 60 75

30
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5.1. Sliding Case (Case I)

The helmet model defined the boundary conditions for the sliding problem, as shown
in Figure 9, which measures the height from the CG of the headform. The results of peak
acceleration for all conditions from the simulation are displayed in Figure 10. It was found
that both the impact angle and initial velocity significantly increased the peak acceleration,
especially at the impact angles of 45, 60, and 75 degrees under the initial velocity of 47 kph.
The lost control speed was the most dangerous for sliding with the ground due to the
high acceleration of the headform at the impact angle of 30 degrees. The peak acceleration
increased 8.4 times from 30 kph to 47 kph at the impact angle of 30 degrees. It caused
severe damage to the motorcyclist’s head, even with no direct impact with any corner or
sharp edge. If the initial velocity of 47 kph was neglected, the maximum peak acceleration
of 1180 g occurred when the impact angle was 75 degrees at 30 kph. Furthermore, AIS 2+
was then calculated using Equation (2) based on the acceleration results, and found that the
initial velocity of 47 kph caused 100% head injury probability for all impact angles, except
for 15 degrees. The other velocities were quite safe in terms of severity and head injury due
to the AIS 2+ being lower than 100%, except for impact angles of 60 degrees upwards.
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These serious impact angles (45, 60, and 75 degrees) had high acceleration by causing
a large contact area at the shell. The helmet impacted the ground early and slid through
the remaining surface longer than the others. Figure 11 compares the stress distribution
at the initial velocity of 27 kph between impact angles of 30 and 60 degrees, which shows
the broad area of stress at 60 degrees, causing severe damage to the helmet structure
and headform. Energy absorption can be observed in the performance of each helmet
component to reduce the head injury severity and prove protection. The low acceleration
directly affected the foam component to reduce the head injury, which mainly absorbed
all energy during impact accidents (Figure 12). The foam had poor protectability when
the impact angle was 60 degrees upwards, absorbing less than 75%. The foam absorbed
less than 75% of the impact energy, causing a high probability of severe head injury for the
sliding case.
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Figure 12. Energy absorption and contact force from simulation at 27 kph for case I.

5.2. Collision with a Footpath (Case II)

The helmet model was set to impact with the sharp edge of a footpath (Figure 13),
with horizontal and vertical alignments of 1.5 m measured from the CG of the headform.
The top and front areas of the helmet impacted with the corner simultaneously during the
simulation; the stress distribution between impact angles of 45 and 60 degrees is compared
in Figure 14. An impact angle of 45 degrees had a smooth distribution in both the front
and top areas due to the broad contact surface, while 60 degrees seemed to cause point
contact at the top surface. Low impact angles (15 and 30 degrees) were also found to
have a point distribution of stress at the front area because the helmet behaved by sliding
beforehand, so contact occurred at the top surface first. Thus, the smoothest distribution of
stress occurred when the impact velocity angle was 45 degrees.
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Figure 14. Stress distribution upon impact with a footpath at 27 kph. (a) Impact angle: 45 degrees;
(b) impact angle: 60 degrees.

The results of peak acceleration also emphasized that an impact velocity angle of
45 degrees was the best position for impact in this case because it showed the lowest
value compared to other conditions (Figure 15). The lost control velocity (47 kph) also
caused the highest severity of injury at the head during an impact accident, which was also
neglected for further considerations. The maximum peak acceleration of 1310 g occurred
when the impact angle was 15 degrees at 30 kph, because there was not enough surface for
sliding, which caused deceleration before impacting with a sharp edge. The highest energy
absorption of foam components was also around 80% at an impact angle of 45 degrees with
the lowest contact force, while the energy absorption in other cases was lower than 75%
(Figure 16). The injury probability at the head also indicated that only an impact angle of
45 degrees had severity less than 100% for collision with a footpath, except for an initial
velocity of 60 kph. Thus, 75% energy absorption by foam is also an effective criterion to
reduce the risk of head injury from impact with a sharp corner on a footpath.
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Figure 16. Energy absorption and contact force from simulation at 27 kph in case II.

5.3. Skid to Collide with Footpath (Case III)

This case combined the characteristics of cases I and II to generate the finite element
model (Figure 17), which had a length of 0.3 m for sliding. The height of CG for the
headform was 0.15 m.
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Figure 17. FE model for skidding to collide with a footpath.

The results of peak acceleration for all initial velocities and impact velocity angles are
illustrated in Figure 18, in which the lowest acceleration was present at an impact angle of
30 degrees. The effect of impact velocity at angles of 45, 60, and 75 degrees caused high
acceleration because the front area of the helmet directly impacted the ground, and the whole
model turned to collide with the sharp edge of the footpath. Part of the surface area of the
helmet slid on the ground before impacting with the footpath at a 15-degree impact angle,
which caused the peak acceleration to be higher than that at 30 degrees. Based on the peak
acceleration results, the probability of head injury (AIS 2+) was lower than 100% only at initial
velocities of 27 and 30 kph with impact angles of 30 and 45 degrees. The AIS 2+ for impact
angles of 30 and 45 degrees at 27 kph were 7% and 44%, respectively, while the other cases,
especially the initial velocity of 47 kph, had a probability of 100% according to AIS 2+.
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Figure 18. Simulation results of peak acceleration of case III.
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The contact force results comply with the peak acceleration, in which the impact
angle of 30 degrees showed the lowest value when compared with the other impact angles
(Figure 19). Furthermore, the foam component in the case of impact angles of 30 and 45
degrees absorbed almost 80% and 75% of the total impact energy, respectively. In contrast,
the other impact conditions exhibited less than 75% energy absorption for foam. Thus,
the foam component should perform energy absorption at over 75% to reduce the risk of
head damage and injury severity according to AIS 2+.

Appl. Sci. 2022, 12, 5676 14 of 17 
 

 
Figure 18. Simulation results of peak acceleration of case III. 

The contact force results comply with the peak acceleration, in which the impact 
angle of 30 degrees showed the lowest value when compared with the other impact angles 
(Figure 19). Furthermore, the foam component in the case of impact angles of 30 and 45 
degrees absorbed almost 80% and 75% of the total impact energy, respectively. In contrast, 
the other impact conditions exhibited less than 75% energy absorption for foam. Thus, the 
foam component should perform energy absorption at over 75% to reduce the risk of head 
damage and injury severity according to AIS 2+. 

 
Figure 19. Energy absorption and contact force from simulation at 27 kph for case III. 

5.4. Result Comparisons 
All studies examined the head protection performance of motorcycle helmet 

structures under three cases of accidents with different initial velocities and impact angles. 
The results in this section were calculated based on Equation (2) using the related results 
from finite element analysis. Firstly, the lost control speed (47 kph) caused the most severe 
head injury due to the high peak acceleration, and the probability of head injury for all 
cases was 100% according to AIS 2+ (Figure 20). The severity of injury was different for all 
three cases depending on the characteristics and behaviors in each case. An initial velocity 
of 27 kph at 30 and 45-degree impact angles seemed to be the most effective condition, 
because the probability of head injury was lower than 60% for all cases, except for 30 
degrees in case II. The low impact angles caused an impact area at the top surface of the 
helmet only and increased the HIC because other surfaces had not absorbed the impact 
energy. The other impact angles varied based on each impact condition. Impact angles of 
60 and 75 degrees also caused high peak acceleration for all cases, because the helmet had 
a collision with a footpath only, without sliding effects, and was not included for further 
comparison. However, the defined velocity for those helmet regulations (7.5 m/s or 27 
kph) showed safe situations for head injury. In contrast, higher velocities (30 and 47 kph) 

0

500

1000

1500

2000

2500

3000

15° 30° 45° 60° 75°

Pe
ak

 a
cc

el
er

at
io

n 
(g

)

Impact velocity angle

27 kph 30 kph 47 kph

0
10
20
30
40
50
60
70

0

20

40

60

80

100

15° 30° 45° 60° 75°

C
on

ta
ct

 fo
rc

e 
(k

N
)

Fo
am

 e
ne

rg
y 

ab
so

rp
tio

n 
(%

)

Velocity Angle 

Energy absorbtion of foam Contact force

Figure 19. Energy absorption and contact force from simulation at 27 kph for case III.

5.4. Result Comparisons

All studies examined the head protection performance of motorcycle helmet structures
under three cases of accidents with different initial velocities and impact angles. The results
in this section were calculated based on Equation (2) using the related results from finite
element analysis. Firstly, the lost control speed (47 kph) caused the most severe head injury
due to the high peak acceleration, and the probability of head injury for all cases was 100%
according to AIS 2+ (Figure 20). The severity of injury was different for all three cases
depending on the characteristics and behaviors in each case. An initial velocity of 27 kph
at 30 and 45-degree impact angles seemed to be the most effective condition, because the
probability of head injury was lower than 60% for all cases, except for 30 degrees in case
II. The low impact angles caused an impact area at the top surface of the helmet only and
increased the HIC because other surfaces had not absorbed the impact energy. The other
impact angles varied based on each impact condition. Impact angles of 60 and 75 degrees
also caused high peak acceleration for all cases, because the helmet had a collision with
a footpath only, without sliding effects, and was not included for further comparison.
However, the defined velocity for those helmet regulations (7.5 m/s or 27 kph) showed safe
situations for head injury. In contrast, higher velocities (30 and 47 kph) were associated with
more severe injuries, even though those speeds are typically used for driving nationwide.

The energy absorption of foam components is also a pivotal point to evaluate in terms
of the performance of helmet protectability during accidents. The results were compiled
with the probability according to AIS 2+ (Figure 21). The highest energy absorption was
observed when the impact angles were 30 and 45 degrees at an initial velocity of 27 kph.
In all cases present, the foam absorbed over 75% of the energy, effectively reducing the
impact of accidents’ head injury probability. Thus, the helmet structure should be designed
by mainly considering the energy absorption of the foam component, which can enable the
most efficient performance for head protectability and reduce the severity of head injury in
the event of impact accidents.
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Figure 20. Probability of head injury according to AIS 2+.
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6. Conclusions

This work proposes the critical points to investigate in terms of helmet structural
performance for head protectability using a finite element model via LS-DYNA. The sim-
ulation results show that the helmet model represents the characteristics of the impact
test well according to the TIS 369-2557 standard, and comfort padding had no significance
in reducing head injury by evaluating energy absorption. The helmet structure was then
analyzed under different initial velocities and impact conditions. The lost control speed
(47 kph) presented the overall results of head injury for all cases, because the highest peak
acceleration and probability of head injury was 100% according to AIS 2+. Impact angles
also affected injury severity due to the characteristics of sliding and impacting in each case.
The velocity impact angles of 30 and 45 degrees seemed safe compared with the others,
since the high energy presences and head severities were less than 100% based on AIS 2+
criteria. Furthermore, foam was the most effective component in the helmet structure to
reduce head injury by absorbing the impact energy. Head injury severity was less than
100% when the energy absorption of the foam was over 75% of the total energy. Thus,
designing the foam component to absorb at least this much energy is recommended for an
efficient motorcycle helmet that can reduce the risk of head injury and severity in impact
accidents. The chin strap should be included in the model for investigating and examining
the characteristics and behaviors of head injury and helmet structural performance in
future work.
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