
Composites Part B 221 (2021) 109008

Available online 25 May 2021
1359-8368/© 2021 Elsevier Ltd. All rights reserved.

Development and impact characterization of acrylic thermoplastic 
composite bicycle helmet shell with improved safety and performance 

Goram Gohel a, Somen K. Bhudolia a,*, Shanmuga Bala Subramanyam Elisetty a, Kah Fai Leong a, 
Pierre Gerard b 

a School of Mechanical and Aerospace Engineering, Nanyang Technological University, 50, Nanyang Avenue, 639798, Singapore 
b Groupement de Recherche de Lacq, Arkema, Route Départementale 817, BP 34, 64170, Lacq, France   
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A B S T R A C T   

Fiber-reinforced composites are increasingly used as an outer shell of sporting helmets as an alternative to 
conventional thermoplastic shells like Acrylonitrile butadiene styrene (ABS), Polyurethane (PU), and poly-
carbonate (PC) for improved protection. The current research presents a detailed study to manufacture novel 
woven carbon/Elium® (WEL) thermoplastic composite helmets and investigate the details based on the impact 
tests following the industrial safety certification criteria (CPSC 1203 helmet certification) tests on the flat, curb- 
stone, and the hemispherical anvils. The effect of thermoplastic Elium® resin toughened thermoplastic Elium® 
IM, and Epoxy resin is investigated to understand the benefits offered by the thermoplastic variants in terms of 
safety, energy absorption, and the impact failure mechanisms. Post-failed Carbon/Elium® thermoplastic com-
posite shells have shown more ductile and less catastrophic damage as opposed to the Carbon/Epoxy composite 
shell damage. The impact damage mechanisms as observed from the in-situ high-speed camera images have 
shown more deformation-dominated failure mechanisms for the composite shells manufactured with Elium® and 
toughened Elium® resin. Carbon/Epoxy composite shells have shown lower energy absorption and the nature of 
the failure was more catastrophic and more cracks were noticed on the inner side of the foam which is directly 
attached to the human head. In case of an impact on a flat anvil, the PC shell configuration has shown a critical 
injury rate of 28.7% and a fatality rate of 6%. With the manufactured Carbon/Elium® composite helmets, the 
chances of critical and fatal injury rates are reduced to 16.7% and 3% respectively.   

1. Introduction 

The predominant concern regarding cycling is the accidents and the 
majority lead to head injuries which are common but can be very fatal 
[1]. More than 50% of the reported bicycle-related deaths and perma-
nent disabilities are a result of accidents with head injuries. Further-
more, traumatic head injuries like concussions and skull fractures are 
found as a common cause of death [1–3]. To avoid such injuries, we 
must wear protective equipment i.e. helmets. It is proven that helmets 
play a critical and dominant role in downsizing the severity of the injury 
as they provide substantial protection [3,4]. With the increased daily 
usage, there is a higher demand for enhanced protection. Thus, there is 
continuous development in helmets in terms of design, material inno-
vation, manufacturability, performance, and safety which is of utmost 
importance. Helmets consist of mainly two parts, an inner foam liner 
which is mainly the expanded polystyrene (EPS) foam, and an outer 

rigid shell which is usually made of conventional thermoplastics like 
acrylonitrile butadiene styrene (ABS), polyurethane (PU), poly-
carbonate (PC) or polymer composites. The primary function of inner 
foam is to absorb higher amount of the impact energy and to minimize 
the load transmitted onto the cyclist’s head. However, the stiff outer 
shell avoids load concentration by distributing the impact of energy 
across a larger area. Also, the shell deformation during the impact helps 
in dissipating nearly 34% of the total energy [5–11]. Thus, it is very 
evident that further research can be done to improve the shell perfor-
mance in terms of improving the energy-absorbing capability. 

Composite shells are relatively more expensive than conventional 
thermoplastic shells but there are many associated advantages. One such 
major advantage is the energy-absorption. When the composite lami-
nates are subjected to an impact, energy is not only absorbed through 
deformation but also through the damage mechanisms like delamina-
tion, fiber breakage, and matrix failure [7,12,13]. Also, the composite 
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materials have significantly higher strength and specific stiffness as 
opposed to pure thermoplastic shells [14]. It specifically reduces the 
possibility of having brain injuries occurring due to induced accelera-
tions [5–11]. V Kostopoulos et al. have carried out the finite element 
analysis on the motorcycle composite helmet [14]. Their goal was to 
understand the dynamic response of the helmet and the parameters that 
are influencing that particular response by modeling its mechanical 
behavior. They have used carbon fibre, Kevlar fibre, and glass fibre 
reinforced polyester composite system as the shell material and EPS as 
the liner. Their work showed that the development of the damage and 
the stiffness of the shell was the major influencing factors. The results 
were validated according to the highest acceleration observed at the 
center of the head-form and the peak Head injury criteria (HIC) value. 
Glass and carbon fibre composite shells have shown similar results but 
the usage of Kevlar composite shells with lower shear strength has 
resulted in more extensive damage through delamination and matrix 
cracking. They have pinpointed the demerit of using stiffer composite 
shell at low velocity which results in higher acceleration while in terms 
of energy absorbing capability the composite shells have shown signif-
icantly better properties than the conventional ABS shell at very high 
velocity impact. Composite shells at higher velocities absorb significant 
energy until the complete failure and provide more safety to the human 
head by transferring a lower amount of energy to the foam. 

A. Cernicchi et al. studied the complicated aspects that are encoun-
tered in the virtual modeling of the protective helmet [15]. For this 
study, they used a helmet that is available commercially to analyze and 
performed the testing. The simulations for the test conditions were fol-
lowed according to the ECE 22.05 standards. They emphasized partic-
ularly on the fiber-reinforced plastic shell, due to their superior 
performance and commented on the strain rate sensitivity and the ma-
trix cracking phenomenon. Praveen K. Pinnoji et al. conducted a study to 
determine the performance of the protective helmet under impact 
loading [7]. The most effective failure modes of the composite shell such 
as the delamination and the matrix damage were investigated in detail. 
They found that these modes can have a vital role in terms of 
energy-absorbing capability. They examined the glass woven fab-
ric/epoxy and cross-ply glass/epoxy helmet shell under impact-induced 
forces and concluded the benefits of the composite shells over the con-
ventional ABS shell. The investigated fiber systems and the laminate 
thickness under consideration did not cause significant delamination 
failure and hence the energy absorption was minimal with the use of 
glass fiber epoxy composite shells. However composite shells have flared 
much better in terms of head injury criteria when compared to con-
ventional ABS shells. Denneulin et al. studied the response of a poly-
carbonate and a composite plate subjected to an impact test and their 
energy dissipative phenomena [16]. The composite system constituted 
Carbon fibers with a thermoplastic matrix (Polyamide and Poly-
urethane). As expected, to dissipate the energy, damage mechanisms 
like the failure of the matrix material or fiber material, de-cohesion 
among the fibers, and delamination were noticed. Vishal et al. pre-
sented the research on the analysis of industrial safety helmets using 
composite material which has much better properties than the existing 
materials used in the helmets [17]. They discussed the overview of the 
key constructional features in a safety helmet, the advantages of com-
posite materials in general, and the selection of appropriate composite 
material in their research. They have shown that the polycarbonate 
composite shell with 10% glass reinforcement has better mechanical 
strength than the conventional HDPE material. Ram et al. had worked on 
the design and finite element analysis of a hybrid composite motorcycle 
helmet [18]. The polycarbonate and polypropylene shells deformed 
more to the load and possess less durability and impact resistance 
compared to carbon fiber composite materials. 

From the available literature, it is evident that numerous researches 
are done especially on the numerical simulations and the finite element 
analysis of the bicycle/motorcycle helmets. However, a very limited 
amount of work has presented an experimental detail on the 

manufacturing, testing, and understanding of the failure mechanisms of 
the composite helmet shells under the impact. Elium® liquid resin is a 
recent development by ARKEMA and suitable to use by any liquid in-
jection techniques at room temperature [19–23]. Elium® resin can be 
used to impregnate fibres by using any liquid injection techniques at 
room temperature and results in parts having impact and fracture 
toughness attributes. Many studies are available in literature pertaining 
the fracture toughness [21,24–26], impact [22,27–31], vibration [32, 
33], flexure [34–36], tensile [36,37], welding [38–41] and other char-
acteristics. Elium® resin seems to be a perfect resin owing to the 
above-mentioned mechanical properties, the extended plasticity 
behavior and it could overcome the catastrophic failure concerns with 
the usage of polyester and epoxy resin. 

The current research presents a first detailed study to manufacture 
composite shells using a vacuum-assisted resin infusion process with 
woven carbon fiber reinforcements and novel Elium® and toughened 
Elium® matrix systems and carry out the helmet certification tests. Also, 
a detailed understanding of the failure mechanisms of the foam and the 
shells and the energy absorption mechanisms are established. The 
baseline performance comparison of novel carbon/Elium® and carbon/ 
toughened Elium® is carried out with a conventionally used poly-
carbonate shell and epoxy-based composite shells by understanding the 
results with the help of in-situ high-speed camera investigation. 

2. Materials and manufacturing 

2.1. Materials 

In the current research, FOE-sized and Epoxy sized 12 K 2 × 2 twill 
woven Carbon fibers were used for the manufacturing of thermoplastic 
and thermoset composite helmets respectively. The fibers were acquired 
from CHOMARAT, France. Elium® 150 resin and Elium® IM 150 resin 
was procured from Arkema, France. Elium® 150 liquid thermoplastic 
resin curable at room temperature, having a viscosity of 100 cP, 
developed by Arkema. Elium® 150 resin undergoes radical polymeri-
zation to form high molecular weight acrylic co-polymers with the 
addition of a benzoyl peroxide initiator at a mixture ratio of resin to 
hardener 100:3 at room temperature (RT) [19–23]. Elium® IM 150 is 
the impact modified Elium® 150 (Elium® 150 + 10 wt% of Acrylonitrile 
butadiene styrene copolymer (ABS)). Acrylonitrile butadiene styrene is 
grafted to the PMMA matrix during the polymerization of MMA and 
dispersed at a nano-scale [30]. To manufacture thermoset composite 
helmet shells, Epoxy (AM-8937 A/B) resin was used as a matrix material 
that was procured from Wells Advanced Materials (Shanghai) Co., Ltd. 
Epoxy resin cross-links with the mixture of resin and hardener at a 
weight ratio of 100:35. For all the different helmet configurations, the 
EPS inner foam of weight 112 ± 2 g was used having a density of 60 
g/cm3. 

2.2. Manufacturing 

A single part aluminum mould was used to manufacture the com-
posite helmets using a Vacuum-assisted resin infusion process. The di-
mensions of the mould used were 421 × 345 × 143 mm3 and the 
isometric view of the helmet mould is shown in Fig. 1. Preforming step 
was carried out with three layers (0.4 mm thick) of ±45◦ woven carbon 
fibres having dimension 450 × 420 mm2 which were cut and placed in 
the mould. The preform and entire bagging setup are shown in Fig. 2a 
and Fig. 2b respectively. The final manufactured composite helmet shell 
is shown in Fig. 2c. 

For the manufacturing of the thermoplastic composite shell i.e. using 
Elium® 150 and Elium® IM 150 resin, it was infused into the preform at 
room temperature (RT). After the injection was completed the inlet hose 
was clamped and the part was allowed to cure at RT before demoulding. 
Once the part was polymerised at room temperature, it was further post- 
cured/annealed at 60 ◦C in the oven for 45 min. For manufacturing of 
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the thermoset composite shell i.e. using epoxy resin, a heated cycle was 
required for infusion and curing. Before the infusion of the resin, the 
mould was heated to 50 ◦C by placing it on the hot press. Once the mould 
reaches 50 ◦C, the mixed epoxy resin was injected into the mould using a 
similar method as mentioned for the thermoplastic composite shell. 
After the resin injection, the inlet to the mould was closed and the 
temperature of the mould was increased to 100 ◦C for curing. The mould 
was held at this temperature for 10 min and the part was de-moulded 
after cooling it down to RT. The average infusion time to fill the pre-
form for all the helmet configurations and the consolidation time to 
allow the resin to flow and ensure that the part is completely filled in the 
thickness direction are given in Table 1. 

3. Experimentation 

3.1. Impact test following CPSC 1203 standard 

The Impact tests were performed using the CADEX impact machine 
(ISO 9001–2015 certified) (refer to Fig. 3). The impact parameters such 
as peak acceleration, peak force, impact velocity, contact time, and Head 
Injury Criteria (HIC) values were obtained from the data acquisition 
system. HIC is calculated by the data acquisition system using the 
following equation (3.1) [9,44]. 

HIC =(t2 − t1)⋅

⎡

⎣ 1
t2 − t1

∫t2

t1

a(t)dt

⎤

⎦

2.5

(3.1)  

where. 
HIC Head Injury Criterion [− ], Acceleration [m/s2], t1 Initial time of 

the critical period [s], t2 Final time of the critical period [s]. 
The velocity during the impact was measured by the flag mounted on 

the impactor which operates simultaneously with the velocity detecting 
assembly attached (refer Fig. 3) following the CPSC 1203 standard. The 
values of velocity, displacement, and absorbed energy quantities were 
extracted by carrying the sequential integration of transient force ob-
tained from the data acquisition system [22,42]. The test was performed 

Fig. 1. CAD model and 3D isometric view of the helmet mould.  

Fig. 2. (a) Preform placement into the mould (b) Bagging setup of the infusion process for the helmet shells (c) manufactured composite helmet shell.  

Table 1 
Average infusion time for different composite shell configurations.  

Composite shell configurations Average infusion 
time (sec) 

Consolidation time 
(sec) 

(WovenCarbon_Elium®) Composite 
shell (CEL) 

75 65 

(WovenCarbon_Epoxy) Composite shell 
(CEP) 

122 75 

(WovenCarbon_Elium® IM) Composite 
shell (CEL IM) 

330 265  
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following the CPSC 1203 standard, using a head-form along with an 
impactor weighing 5 kg with flat, hemispherical, and curbstone anvils. 
According to the CPSC 1203 standard, the testing should be performed 
on 2 helmets. Helmet 1 was impacted at 4 different locations. Two out of 
the four impacts were performed on the flat anvil (refer Fig. 3b,c), while 
the other two were tested on the hemispherical anvil (refer Fig. 3d,e). It 
should be noted that the center of all 4 impact sites was kept at least 120 
mm apart when measured on the surface of the helmet, from any prior 
impact location. Helmet 2 was impacted at a single site, on the curbstone 
anvil (refer Fig. 3f). The test schedule summary is given in Table 2. 

3.2. Cut-out samples and high-speed camera (HSC) test setup 

Cut-outs of the helmet shell, as well as the inner foam, were cut from 
the full helmet to a coupon size of 100 mm × 100 mm using the water jet 
cutter and hot wire cutter respectively. Cut-outs were made to observe 
and understand the failure mechanisms of the shells and the foam. The 
coupons were also tested according to the CPSC 1203 standard specifi-
cation on a curbstone anvil (refer Fig. 4). To understand the damage 
mechanism and to better analyze the failure of the coupons, the impact 
event was captured using the Phantom Camera Control (version 3.4) 
software (refer Fig. 4) using a frame rate of 1000 fps. Then, using the 
individual frames at certain time intervals, the damage analysis was 
carried out. Samples from each helmet category were selected for HSC 
testing. 

4. Results and discussion 

The details of the impact dynamics of the helmet were studied by 
understanding the load, time, and energy characteristics of the ther-
moset and thermoplastic composites helmets. The failure mechanism of 
the helmets was studied in detail by carrying out high-speed camera 
analysis and observing the failure modes on the outside and inside of 
both the shells and foam of the helmet. Table 3 shows the nomenclature 
used for the helmet configurations. The impacted energy on the helmet 
is absorbed via different mechanisms including elastic and plastic 
deformation of foam/shell or by damage/failure of the specimen in the 
form of a dent, crack formation, delamination of the composite shell, 
compression of the foam, perforation, friction, and many others [22,43]. 

The major criteria to certify the sporting helmets using CPSC 1203 
standard is based on peak acceleration. Another factor termed as Head 
Injury Criteria (HIC) factor takes into account not only the peak accel-
eration causing a certain injury, but also the duration of the impact 
[44–46]. The impact results were compared among the different resin 
systems by studying the load-time curve, energy absorbed by each 
configuration, HIC value, peak acceleration, and also the damage anal-
ysis which was carried out by observing the crack and damage in both 
shell and foam. The failure mechanisms are also understood through 
in-situ high-speed camera observations. It should be noted that for each 
configuration, two samples were tested for each anvil. It should be noted 
that for each configuration, two samples were tested. Later, the graph 
which is the best representative curve within the same configuration and 
is closer to the average value is shown for the analysis in the subsequent 
sections for impact with different anvils. 

4.1. Impact of carbon reinforcement helmet: curbstone anvil  

a. Testing and data analysis 

Fig. 5 shows the impact analysis of all the configurations on the 
curbstone anvil, where Fig. 5a represents the load-time curve, Fig. 5b 
represents the energy absorption curve and Fig. 5c shows the peak ac-
celeration of all the configurations. Table 4 shows the obtained, 
analyzed, and calculated values for all the configurations impacted on 
the curbstone anvil. The energy at a certain point can be calculated as an 

Fig. 3. (a) Experimental setup using CADEX impactor (b,c) Flat anvil impact sites 1 & 2 (d,e) Hemispherical anvil impact sites 1 &2 (f) Curbstone anvil impact site.  

Table 2 
Test schedule of CPSC 1203 safety standard for a Bicycle helmet.  

Test standard Helmet 
no. 

Type of anvil/no. of 
impacts 

Certification 
criteria 

CPSC 1203 safety 
standard for Bicycle 
Helmets 

Helmet 1 (a) Flat/Impact 1 <300 G at 6.2 
m/s (b) Flat/Impact 2 (120 

mm apart) 
(c) Hemispherical/ 
Impact 1 (120 mm apart) 

<300 G at 4.8 
m/s 

(d) Hemispherical/ 
Impact 2 (120 mm apart) 

Helmet 2 (e) Curbstone/Impact 1 <300 G at 4.8 
m/s  
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area under the load-displacement curve. In the energy curve, the 
maximum value signifies the impact energy of the helmet and the last 
data point on the curve represents the total energy absorbed by the 
helmet. 

From the load-time graph (refer Fig. 5a), it can be observed that the 
peak load of CEP/EPS configuration is 10% and 8.2% higher compared 
to the CEL/EPS and CEL IM/EPS composite shell configurations 
respectively. Also, the peak acceleration value is proportionally higher 
for the CEP/EPS configuration, 9.5%, and 8% compared to the CEL/EPS 
and CEL IM/EPS configuration respectively. Whereas, the reference 
helmet i.e PC/EPS helmet shown a comparatively higher peak load 
compared to all the composite configurations. The similarity is reflected 
in the peak acceleration where the PC/EPS helmet shows a 15% higher 
value as compared to the CEL/EPS composite helmet. When the contact 
time of all the configurations is compared, it can again be observed that 
CEL IM/EPS shows the best result among all the configurations with a 
maximum contact time of 11.67 ms. The increase in contact time for 
toughened IM Elium® is due to the additional ductility induced in the 
Elium® resin with ABS [28,30,47]. The toughened Elium® exhibit 
better crack resistance, have higher damage resistance, and have 
significantly higher molecular weight with very high toughness [35, 
48–53]. These properties lead to extended plasticity behavior in the case 
of toughened thermoplastic Elium® resin and must have resulted in 
higher contact time during the impact event. PC/EPS configuration 
shows the least contact time which is 21% and 16.5% lower than the CEL 
IM/EPS and CEL/EPS configuration respectively. Also, CEP/EPS 
configuration shows a 15% lower contact time compared to CEL/EPS 

configuration. From Table 4, it can be observed that the %total absorbed 
energy is almost similar for all the composite shell configurations. For 
reference PC/EPS helmet, the amount of % of absorbed energy is slightly 
higher. But, herein, the maximum load is transferred to the foam and as 
a result, maximum energy absorption is through the severe damage in 
the foam which is not an ideal condition. For PC/EPS configuration, 
82.8% of the energy is absorbed by the foam whereas, in the case of the 
composite helmet, CEL/EPS, CEL IM/EPS, and CEP/EPS configurations 
have shown 12.8%, 33.3%, and 21.1% absorbed energies. As HIC takes 
into account both the peak acceleration and the contact time, it can be 
observed that the HIC of the CEP/EPS configuration is highest among 
the composite shell configurations (refer Table 4). This also directly 
relates to the value of the peak acceleration which was higher for 
CEP/EPS configuration and the contact time which was least among 
composite shell configurations. This resulted in the higher value of HIC 
for CEP/EPS configuration due to the catastrophic failure of the epoxy 
shell owing to the thermoset brittle behavior.  

b. High-speed camera (HSC) analysis 

As explained earlier, to better understand the failure of the shell and 
the foam, the HSC analysis was carried out on the coupon level for all the 
configurations on the curb-stone anvil. Fig. 6 shows the snapshots of the 
impact event recorded by a high-speed camera during an impact on the 
curb-stone anvil for all the configurations where the first image repre-
sents the start of the impact event, the second image represents the first 
load drop which corresponds to the crack formation in the foam in the 
load-time curve. 3rd image represents the full compression stage i.e. the 
peak load condition of the impact event where the foam is fully com-
pressed. These events can be directly correlated with the load curve and 
match with the event timings with respect to HSC testing failure events. 
Fig. 7a shows an example of a load-time curve depicting different in-
stances of failure in the foam and the shell for composite and the poly-
carbonate shell configuration. Also, Fig. 7b and c show the load- 
displacement curve and the energy absorption contours for the PC/ 
EPS and CEL/EPS configurations. The majority of the energy for PC/EPS 
configuration is absorbed by foam (49.9 J) as opposed to only 9 J energy 
absorbed by the foam for CEL/EPS configuration and the remaining 42 J 
energy is absorbed by the CEL composite shell through failure and 

Fig. 4. PCC high-speed camera setup with 100 mm × 100 mm helmet cut-out sample.  

Table 3 
Helmet configurations and their nomenclature used in the current project.  

Helmet configurations The nomenclature used in the 
manuscript 

(WovenCarbon_Elium®) Composite shell/EPS 
foam 

CEL/EPS 

(WovenCarbon _Epoxy) Composite shell/EPS 
foam 

CEP/EPS 

(WovenCarbon _Elium® IM) Composite shell/ 
EPS foam 

CEL IM/EPS 

Polycarbonate shell/EPS foam (Reference) PC/EPS  
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deformation. 
For CEP/EPS helmet (refer to Fig. 6b2), it can be observed that there 

is a crack formation at around 2.7 ms, and a corresponding load drop 
observed in Fig. 5a. Further, there is a crack propagation during the later 
event which can be observed from Fig. 6b3. A similar phenomenon can 
be also observed for PC/EPS configuration (Fig. 6(b1-b3)) where the 
crack formation and propagation in the foam can be observed. For, CEL/ 
EPS and CEL IM/EPS configurations, no clear/severe crack formation 
was observed in the foam which is directly related to the damage images 
of both configurations as shown in Fig. 9a,c. After the completion of the 
impact event, for CEL/EPS and CEP/EPS configurations, it can be seen 
that the shell has a brittle failure in the CEP/EPS configurations (refer to 
Fig. 8b) whereas permanent deformation in the case of CEL shell (refer 
to Fig. 8a) is noticed. At the end of the impact event, the CEL shell is 
significantly deformed (Fig. 6a3) and from Fig. 8a, the failure of the shell 
is evident with cracks with ductile failure [22,29,36,43] as opposed to 

the catastrophic failure as in the case of CEP shell. Thus, from the HSC 
analysis, it can be observed that composite shell performs better in terms 
of the severity of the crack through the thickness direction and the 
compression compared to PC/EPS helmet. Also, considering the crack 
formation and failure mechanisms, CEL shell configuration showed 
benefits over the CEP/EPS helmet.  

a. Damage analysis 

Fig. 9 shows the post-failure images of all the configurations 
impacted on the curb-stone anvil. From the load-time curve and 
maximum absorbed energy data (refer to Fig. 5a and Table 4), it can be 
observed that for PC/EPS helmet takes the maximum amount of load 
and the maximum amount of the energy is also absorbed by the foam. 
This maximum absorption of energy is due to the failure of the foam and 
is not ideal for human head safety. This can be directly co-related by the 
failure images of the foam of the reference helmet as shown in Fig. 9d. 

CL represents the crack length and CW represents the crack wide 
opening which infers to the severity of the crack. PC/EPS configuration 
shows a severe crack on the inner side of the foam of crack length 35 mm 
and a width of 1 mm. Also, when the outer side of the foam is observed, 
there is a severe dent with compression of 7 mm and the spread is 135 
mm. On the contrary, it is observed in the case of the composite shells. 
the first load drop is very early, so there are crack formation and a slight 
failure of the foam. Later most of the load is carried by the composite 
shell and energy is absorbed majorly by the shell failure and there is 
minimal damage in the foam (refer to Fig. 9a-c). The above explanation 
can be directly verified from the failure images of all the configurations 
shown in Fig. 9. Fig. 9 shows the post impacted failure images of the 
shell and the foam of all the configurations impacted on the curb-stone 
anvil. From the failure images, it can be observed that the failure in the 
CEL/EPS and CEL IM/EPS helmet configurations are almost similar. 
There is no significant propagation of the crack on the inner side of the 
shell and the foam. Whereas, in CEP/EPS helmet there is huge damage in 
the outer composite shell with crack length (CL) 110 mm which is 
further propagated into the inner side of the shell with a CL of 35 mm. 

More damage in the CEP/EPS shell is due to the brittle nature of the 

Fig. 5. (a) Load-time curve (b) Energy-time curve and (c) Peak acceleration for all the configurations impacted on the curb-stone anvil.  

Table 4 
Calculated and Analyzed values for all helmet configurations impacted on the 
curb-stone anvil.  

Helmet configuration CEL/EPS CEP/EPS CEL IM/ 
EPS 

PC/EPS 

Shell weight (g) 155 153.7 155 116 
Helmet weight (g) 262.5 265 265.2 230 
Peak Acceleration (G) 111.7 ±

8.6 
122.1 ±
7.98 

113.1 ±
8.86 

128.7 ±
7.9 

Peak Load (kN) 6.29 ±
0.34 

6.92 ±
0.44 

6.39 ±
0.23 

7.42 ±
0.36 

Eim(J) 60.12 58.67 60.33 60.96 
Eab(J) 51.39 50.45 50.9 55.25 
Absorbed energy at the end of 

impact event (%) 
83.01 83.71 81.47 89.67 

tcontact (ms) 11.06 9.45 11.67 9.24 
HIC 413 446 414 500 
Major energy absorbed energy 

by shell (%) 
70.21 50.39 60.34 6.87 

Major energy absorbed energy 
by foam (%) 

12.8 33.32 21.13 82.8  
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Epoxy resin which leads to the catastrophic failure of the shell. As a 
result, there is also a huge compression of the outer foam of depth 6 mm, 
and a massive is crack formed on the inner side of the foam with CL of 
40 mm. The higher failure and the crack propagation to the foam in 
CEP/EPS are directly related to the shell failure mechanism, where the 
energy is absorbed by the catastrophic failure of the shell owing to the 
thermoset behavior whereas there is more permanent deformation in the 
CEL/EPS owing to the viscoelastic and ductile nature of acrylic ther-
moplastic Elium® resin [22,29,36,43]. 

4.2. Impact of carbon reinforcement helmet: flat anvil  

a. Testing and data analysis 

The impact testing on the flat anvil was carried out at 2 impact sites 
separated by 120 mm apart with an impact velocity of 6.2 m/s. For all 
the helmet configurations impacted on the flat anvil, there was no sig-
nificant crack propagation in the foam or the shell on the first impact 
which was significant to influence the damage propagation on the 2nd 
impact site which is impacted at 120 mm apart. Fig. 10a represents the 
load-time and Fig. 10b represents the energy-time graphs of the first 
impact for all the helmet configurations. The analyzed and recorded 
values of both 1st and 2nd impacts for all the helmet configurations are 
represented in Table 3. 

In Fig. 10a, many load drops can be observed. The first load drop 
directly corresponds to the crack formation or the internal damage in the 
foam. It also signifies the amount of load taken by the foam and the 
corresponding time in the Energy-time curve shows the energy absorbed 
by the foam. Similarly, the load drops just before the peak load has 
reached during the impact event is representative of the internal damage 
or the crack formation in the shell where the majority of the load is taken 
and energy is absorbed by the shell. The remaining energy is attributed 
to the energy absorption by the full compression of the foam. 

Table 5 shows the (%) major absorb energy by the failure and/or 
deformation in the shell and the foam. From Fig. 10a, it can be depicted 
that the peak load for all the helmet configurations is very similar. 

Considering the contact time, it can be observed that Elium® 150 
composite and Elium® IM composite helmet showed longer contact time 
as compared to the Epoxy composite helmet. The increase in contact 
time is directly related to safety, the higher the contact time, the safer is 
the impact event for the helmet application. From Fig. 10c, it can be 
observed that all the helmet configurations pass the CPSC 1203 criteria 
of a maximum of 300 G. For peak acceleration, lower is better. CEP/EPS 
configuration shows an 8.08% and 5% higher peak acceleration 
compared to CEL/EPS and CEL IM/EPS helmet configurations. But when 
compared to the PC/EPS configuration, the peak acceleration is about 
9.2% higher compared to the CEL/EPS configuration. Similarly, for the 
energy absorption (Fig. 10b and Table 5), it can be observed that the 
total % absorbed energy for CEL/EPS configuration (86.405 J) at the end 
of the impact event is much higher than the energy absorbed by CEP/ 
EPS (69.95 J). 

Considering the energy absorption phenomenon, the benefit of the 
thermoplastic Elium® resin can be clearly observed. The failure in the 
CEL/EPS configuration is the combination of damage as well as the 
permanent deformation due to the ductile nature and the extended 
plasticity behavior of acrylic thermoplastic Elium® resin [22,29,36,43]. 
For CEP/EPS configuration, the energy is absorbed by the catastrophic 
failure of the shell due to the brittle behavior of the epoxy resin. In the 
PC/EPS configuration, the % absorbed energy is almost similar to the 
CEP/EPS configuration barring that the failure in the former is more 
significant. For PC/EPS configuration, the majority of the load and en-
ergy absorption is taken by the foam and the shell acts as supporting 
material. As seen from Table 5, the % major absorbed energy by foam in 
the PC/EPS configuration is 75.39% which results in the higher failure 
and deformation of the foam. This is not an ideal condition as the foam is 
in direct contact with the human head. As opposed to the PC/EPS 
configuration, all the composite shell configurations have shown higher 
energy absorption by shell compared to the foam. The higher energy 
absorption characteristics of the shell are preferred as less amount of 
load will be transferred to the foam. Another important factor is the HIC, 
which indicates the severity of the damage considering the acceleration 
along with accounting for the contact time. From Table 5, it can be 

Fig. 6. High speed camera impacted events captures for all the helmet configurations (a1-a3) CEL/EPS (b1-b3) CEP/EPS (c1-c3) CEL IM/EPS (d1-d3) PC/EPS.  
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observed that all composite helmet configurations are below 1500 HIC 
value. CEL IM/EPS configuration showed the least value which is 8% 
lower than the CEP/EPS configuration. Below the 1500 range, the crit-
ical injury is below 20% and the fatality rate is around 3% [46]. But 
when compared to PC/EPS configuration the HIC is 1592 which corre-
sponds to the critical injury rate of 30% and the fatality rate of 6%.  

b. Damage analysis 

After the impact event, the damages for all the helmet configurations 
were analyzed by observing the failure of both the shell and the foam of 
the helmet on both the inner and outer sides as shown in Fig. 11. From 

Fig. 11a,c, it can be observed that CEL/EPS and CEL IM/EPS helmet 
configurations have shown similar failure in the shell and cracks in the 
foam. CEL IM/EPS configuration shows slightly less crack formation on 
the inner side of the foam where the crack length (CL = 40 mm) is much 
lower compared to crack length (CL = 70 mm) for CEL/EPS configura-
tion. As observed from Fig. 11b, in CEP/EPS configuration, there is a 
more concentrated and catastrophic failure in the shell due to the brittle 
behavior of the Epoxy resin. The crack formed in the foam is much se-
vere with a crack length of 65 mm and significantly higher crack width 
of 1 mm whereas, in CEL/EPS and CEL IM/EPS configurations (Fig. 11a, 
c) more spreaded failure with multiple cracks on the shell can be 
observed due to the ductile behavior of thermoplastic Elium® resin [22, 

Fig. 7. (a) Different instances of failure in the foam and the shell in load vs time curve (b,c) Load vs displacement curve and respective energy contours for foam and 
shell for PC/EPS configuration and CEL/EPS configuration. 

Fig. 8. High-speed camera capture after the impact event for (a) CEL/EPS (b) CEP/EPS.  
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29,36,43]. Due to the extended plasticity and spread failure behaviour 
of the acrylic Elium® resin, the amount of load transferred to the foam is 
distributed over the area and as a result, the cracks in the foam are less 
severe in CEL/EPS configuration. 

When the composite shell is compared to the PC/EPS configuration 
(refer Fig. 11d), it can be observed that the damage in the foam is much 
severe. Multiple cracks on the inner side of the foam can be observed 
with a crack length of about 80 mm and a crack wide opening of about 
1.3 mm, which is comparatively more severe than the composite shell 
variants. The reason for this is directly related to the previous expla-
nation that for PC/EPS configuration as the maximum load is taken by 
the foam and the total energy absorbed by the foam in the terms of crack 
or deformation (78.5% out of total 86.3% absorbed energy). The inner 
foam crack delivers a very good understanding of the importance/effect 

of the material system in terms of safety it is in direct contact with the 
human head. Thus, concerning safety concerns, composite helmets are 
much safer than the PC/EPS helmet. Also, from the failure mechanism, it 
is very evident that the thermoplastic Elium® and Elium®IM composite 
shell helmet is a better choice than the conventional Epoxy composite 
shell helmet. In the case of toughened Elium®, Elium® Acrylic resin 
filled with ABS increases the matrix ductility in Elium® resin and leads 
to more plastic deformation under impact [30]. By making Elium® more 
ductile, the ABS typically act to resist and bridges the cracks and shields 
the matrix from cracking. It is evident from the literature that the main 
damage mode for the ductile materials is through cavitation. The 
improved performance of Elium® and Elium®IM composite shells in 
terms of damage, energy absorption, and the failure mode is due to the 
inherent ductility in case Elium® and due to micelle cavitation in the 

Fig. 9. Post impacted images of the inner and outer side of the foams and shells impacted on the curb-stone anvil (a) CEL/EPS (b) CEP/EPS (c) CEL IM/EPS (d) PC/ 
EPS configurations. 

G. Gohel et al.                                                                                                                                                                                                                                   



Composites Part B 221 (2021) 109008

10

case of Elium®IM which enhances the toughness of the matrix [22,25, 
28–30,43]. Under the drop impact, the cavitation phenomenon reduces 
severe deamination as in the case of brittle epoxy matrices and prevents 
delamination [43], and creates matrix shear banding [30,31]. 

4.3. Impact of carbon reinforcement helmet: hemispherical anvil  

a Testing and data analysis 

Fig. 12(a–b) represents Load-time and Energy-time curves for all the 
helmet configurations of first impact sites. Table 6 shows the analyzed 
results of both the impact sites on the hemispherical anvil. From Fig. 12, 
it can be depicted that for all the composite helmet configurations, the 
peak load and peak acceleration values are almost similar. All the helmet 
configurations pass the CPSC 1203 standard i.e. <300 G when impacted 
on the hemispherical anvil. The PC/EPS configuration (reference 

helmet) shows a much higher peak load compared to all the composite 
configurations and proportionally the peak acceleration is also much 
higher than the composite shell helmet. The peak acceleration of the PC/ 
EPS configuration is 64.6%, 66%, and 63.2% higher compared to CEL/ 
EPS, CEP/EPS, and CEL IM/EPS helmet configurations respectively. 

Similar to the case of flat anvil impacts, CEL IM/EPS shows the 
highest contact time during the impact event (9.15 ms) followed by 
CEL/EPS (7.9 ms), and CEP/EPS (7.7 ms) configurations. PC/EPS 
configuration shows the least contact time of all configurations (7.35 
ms). Also, while comparing the % energy absorption (refer Table 6), all 
the composite configurations have shown similar results and absorb the 
total impact energy. Whereas the % energy absorption in PC/EPS con-
figurations is 84.4% of the total impacted energy. But the nature of 
energy absorptions by shells and foam are very different. The reason can 
be explained as in the composite shell helmets, the majority of the en-
ergy is absorbed by the shell whereas in the case of PC/EPS 

Fig. 10. (a) Load-time curve (b) Energy-time curve and (c) Peak acceleration for all the configurations impacted on the flat anvil.  

Table 5 
Calculated and Analyzed values for all helmet configurations impacted on the flat anvil.  

Helmet configuration CEL/EPS CEP/EPS CEL IM/EPS PC/EPS 

Shell weight (g) 161 149 160.2 116 
Helmet weight (g) 271.1 258.4 267.5 230 
Impact 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
Peak Acceleration (G) 194.7 ± 9.5 197.2 ± 9.8 210.2 ±

11.3 
213.8 ±
12.5 

200.2 ±
9.86 

198.5 ±
8.5 

195.4 ±
7.85 

198.2 ±
7.43 

Peak Load (kN) 10.04 ±
0.27 

11.42 ±
0.23 

11.32 ±
0.26 

12.08 ±
0.31 

10.52 ±
0.32 

9.12 ±
0.38 

10.03 ±
0.28 

11.15 ±
0.25 

Impact energy Eim(J) 103.3 101.5 102.01 101.12 101.37 101.34 101.15 99.58 
Absorbed energy at the end of impact event, 

Eab(J) 
89.9 90.4 77.86 78.4 85.8 84.2 90.5 87.65 

Eab (% of Eim) 85.09 87.72 68.98 71.02 81.85 79.64 88.2 86.39 
Contact time, tcontact (ms) 6.06 6.23 5.99 5.78 6.3 6.21 6 5.82 
HIC 1416 1390 1489 1498 1379 1373 1587 1592 
Major energy absorbed by shell (%) 51.85 52.65 48.68 49.21 53.38 51.92 12.81 7.89 
Major energy absorbed by foam (%) 35.62 37.35 25.17 22.92 28.47 27.72 75.39 78.5  
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configuration maximum load is transferred to the foam and absorbed by 
the foam. As seen in Table 6, the HIC value of the PC/EPS configuration 
is almost 86% higher than the CEL/EPS configuration. All the configu-
rations are below 700 HIC, so the fatality rate for all configurations is 
0%. But the critical injury rate for PC/EPS (3%) is almost twice as 
compared to composite shell configuration (1.3%).  

b. Damage analysis 

From Fig. 13, it can be observed that for the helmet foam on the outer 
side, there is a huge dent/compression of the foam but there was no 
crack propagation on the inner side of the foam for all configurations. 
From Fig. 13a-c, the shell of the CEL/EPS and CEL IM/EPS configura-
tions, it can be observed that damage for both the configurations is 
comparatively lesser and there is more spread out the failure of the 
cracks. Whereas in CEP/EPS configuration, it can be observed that the 

crack on the shell is more concentrated as in the case with the flat anvil, 
and also the crack length is relatively higher. 

The wide-spread failure in the CEL configuration helmet helps to 
dissipate the energy and the amount of load transferred to the foam is 
also comparatively lesser. This can be observed from the compression of 
the foam and its diameter. CEP/EPS foam shows comparatively more 
compression of 7 mm and dent area of diameter 60 mm, as compared to 
the other composite shell configurations (5 mm compression and dent 
area of diameter 50 mm) due to the catastrophic failure of the shell. 
Similarly, while comparing the composite shell configurations to PC/ 
EPS helmet (refer Fig. 13d), the amount of foam compression and its 
spread is much higher as the majority of the load is transferred to the 
foam and minimal load is taken by the shell (PC). This also resulted in 
the crack formation through the thickness direction and propagation to 
the inner foam with a crack length of 25 mm (refer Fig. 13d). On the 
other hand, there is no crack in the inner foam of all the composite shell 

Fig. 11. Post impacted images of the inner and outer side of the foams and shells impacted on the flat anvil (a) CEL/EPS (b) CEP/EPS (c) CEL IM/EPS (d) PC/EPS 
configurations. 
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configurations. The benefit of the composite shell over the conventional 
PC shell can be observed in the form of energy absorption, crack for-
mation, and damage propagation. 

4.4. Head injury criteria: summary 

If the HIC values are considered, the PC/EPS helmet performs least 
among all the configurations and the benefit of the composites over 
conventional helmets can be observed (refer Fig. 14). Among the com-
posite helmets, a clear benefit of using Elium® and toughened Elium® 
resin system can be observed. For both the flat anvil, CEL/EPS and CEL 
IM/EPS composite helmet shows the fatality rate of 3% and 3.3% as 
opposed to 3.9% and 6% in case of CEP/EPS and PC/EPS respectively. 
Also with the manufactured Carbon/Elium® composite helmets, the 
chances of critical rates are reduced to 15% (CEL IM/EPS) while 
comparing with PC/EPS configuration (28.7%). For all the configura-
tions tested on the curb-stone and hemispherical anvils, the fatality rate 
is 0% but CEL/EPS and CEL IM/EPS composite helmet shows critical 
injury rate reduced to 1.3% and 0.9% while comparing with conven-
tional PC/EPS configuration with the critical injury rates of 2% and 3% 
for the respective anvils. Whereas, for curbstone anvil, carbon fibre 
composite helmet shows the best result. 

5. Conclusions 

Composite helmets with different types of matrix systems such as 
Elium®, Elium® IM, and Epoxy were successfully manufactured using a 
vacuum-assisted resin infusion process and they can be injected in as low 
as 1 min. All the helmet configurations were tested based on CPSC 1203 
standard and accordingly were impacted on three different anvils Flat, 
Hemispherical, and Curbstone. The composite helmet configurations 
along with the PC/EPS helmet passed the CPSC peak acceleration 
criteria of below 300 G. Comparing the peak acceleration result among 
all the configurations, CEL/EPS showed the best result among all con-
figurations. Considering the HIC value, the PC/EPS helmet showed the 
poorest result with a very high fatality rate on the flat anvil impact of 6% 
while the composite helmet can reduce the fatality rate to 3%. It was 
noticed that most of the energy absorption in the composite helmet was 
taken by the shell and helped in transferring less amount of load to the 
foam. On the other hand, for the PC/EPS helmet, the majority of the load 
was transferred to the foam which is not an ideal condition. The 
improved performance of Elium® and Elium® IM composite shells in 
terms of energy absorption and the failure mode is due to the inherent 
ductility in case Elium® and due to micelle cavitation in the case of 
Elium® IM which enhances the toughness of the matrix. Among the 

Fig. 12. (a) Load-time curve (b) Energy-time curve and (c) Peak acceleration for all the configurations impacted on the hemispherical anvil.  

Table 6 
Calculated and analyzed values for all helmet configurations impacted on Hemispherical anvil.  

Helmet configuration CEL/EPS CEP/EPS CEL IM/EPS PC/EPS 

Shell weight (g) 161 149 160.2 116 
Helmet weight (g) 271.1 258.4 267.5 230 
Impact 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
Peak Acceleration (G) 100.9 ± 9.3 103.1 ± 8.9 106 ± 9.8 108.2 ± 9.3 104.2 ± 7.1 103 ± 9.7 178.7 ± 10.2 173 ± 7.6 
Peak Load (kN) 5.26 ± 0.31 5.32 ± 0.23 5.8 ± 0.24 5.68 ± 0.29 5.26 ± 0.45 5.77 ± 0.41 8.38 ± 0.32 8.98 ± 0.42 
Impact energy Eim(J) 58.57 59.11 60.17 59.34 59.7 60.35 60.11 57.81 
Absorbed energy at the end of impact event, Eab(J) 58.5 58.98 60.09 59.32 59.55 60.22 52.01 50.45 
Eab (% of Eim) 99.88 99.78 99.87 99.97 99.70 99.78 84.43 85.41 
Contact time, tcontact (ms) 7.9 7.86 7.8 7.75 9.1 9.15 7.4 7.35 
HIC 368 379 399 385 396 376 625 683 
Major energy absorbed energy by shell (%) 42.34 41.14 36.29 37.23 43.92 43.21 9.23 11.11 
Major energy absorbed energy by foam (%) 57.54 58.64 63.58 62.74 55.78 56.57 75.2 74.3  
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Fig. 13. Post impacted images of the inner and outer side of the foams and shells impacted on the hemispherical anvil (a) CEL/EPS (b) CEP/EPS (c) CEL IM/EPS (d) 
PC/EPS configurations. 
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composite configurations, Elium® and Elium® infused composite shells 
showed a wide-spread failure and cracks were less severe. From the HSC 
analysis, a clear deformation of the composite shell was observed owing 
to the ductile behavior of the thermoplastic composite. On the other 
hand, Epoxy infused composite shells showed relatively more concen-
trated failure in a catastrophic manner. Overall, the detailed 
manufacturing and certification tests performed on the helmets have 
shown a significant potential of using carbon/Elium® composite shells 
as a viable alternative to the conventionally used material systems for 
helmets in terms of achieving enhanced safety. 
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