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absorption of polymer foam following the same European 
standard protocol was implemented. Finally, the results 
obtained in this study were compared to those reported 
by an accredited laboratory. 

3.1 Impact Testing Device 

The following Tab. 1 is intended to show components 

and specifications of the manufactured drop assembly. 
 

EN 913 ASTM F1292 

Missile 

  

Support Assembly 

 

Drop Assembly 

 

 

Material: Steel and Aluminum 
Required Mass: 
8 ± 0.1 kg 
Measured Mass: 
7991.25 g 

Material: Aluminum 6061 
Required Mass: 
4.6 ± 0.02 kg 
Measured Mass: 
4623.70 g 

Tab. 1: Drop Assembly Components  

 
It is relevant to point out that the whole apparatus is 

capable to perform impact tests according each of the two 
different protocol units specifications, simply by replacing 
the missile. Therefore, a special threaded shaft, shown in 
section “Missile” of Tab. 1, that contains accelerometer 

and cables, is characterized by a diameter that realizes 
both cylindrical and hemispherical missile mechanical 
coupling.  

In Fig. 5 whole installed test apparatus is shown. The 

drop assembly was mounted to a monorail linear 
guidance system (type HRW, THK Co. Ltd.). Drop height 
was controlled by an adjustable magnet mechanism.  

 

 
Fig. 5: Fully Installed Test Apparatus 

 
Impact velocity was measured by a ±40 mm laser 

displacement sensor (type LK-G152, Keyence Corp.) that 

worked as a light gate. Acceleration was detected by a 
±500 g piezoelectric uniaxial transducer (type 

8614A500M1, Kistler Holding AG) aligned with the 
cylinder vertical axis. All data recording and displaying 
was performed by a multi-channel measurement amplifier 
(type CS-7008, imc Messsysteme GmbH) at sampling 
frequencies of 20 kHz (accelerometer) and 100 kHz 
(laser). In order to prevent aliasing in the digitized 
acceleration data, the acceleration signals was filtered 
with a low-pass filter (corner frequency of half of the 
channel sampling rate). 

3.2 Materials and Specimen 

Experimental results were achieved carrying out 
several impact tests on two different sample 
configurations named Configuration A and Configuration 
B, both sections shown in Tab. 2: any polymer-based 

foam layers, 12 mm of thickness, are coupled in two 
different architectures through hot-melt process. Closed 
cell fully cross-linked Polyethylene (PE) foam with a 
density of 30 kg/m

3
 manufactured by D&S S.r.l [15] was 

studied.  Each specimen measured 500 mm in width and 
500 mm in length. 

 
Configuration A Configuration B 

 

 

1. Red PVC Coating 
2. 1° Layer (upper) 
3. 2° Layer (lower) 

1. Blue PVC Coating 
2. 1° Layer (upper) 
3. 2° Layer (wave) 
4. 3° Layer (lower) 

Tab. 2: Configuration A,B Sections 

3.3 Impact Testing Protocol 

Low velocity impact tests were conducted using the 
drop-weight rig shown in Fig. 5. 

The head of the striker (cylindrical missile shown in 
Tab. 1)  was attached to a support assembly, both 
connected to a lifting carriage (guidance system) which 
raised the drop assembly to the desired height. At the 
required height, the whole drop assembly was uncoupled 
(through an electro-magnetic releasing device installed in 
the test rig) and fell under gravity by a vertical guidance 
system on the center of a sample that was fixed by 
double-sided adhesive on a steel plate (anvil) in order to 
limit the overall bending of the specimen. All test pieces 
were conditioned for a minimum of 3 h at the test 
temperature of 23±2 °C. The impact velocity was 
measured by a laser displacement sensors sited along the 
path of the striker, just above the specimen. Sequential 
interruption of the laser beam by a plate attached to the 
falling striker triggered the starting and stopping of a 
counter-timer. The impact velocity was determined from 
the elapsed time and the plate height. 

In order to measure drop assembly deceleration, the 
testing rig was equipped with a piezoelectric 
accelerometer (rigidly mounted into the missile through a 
PE high density threaded shaft) connected to a data 
acquisition PC computer for post-processing acceleration 
as a function of time. An example of a yield acceleration-
time trace is given in Fig. 6, evaluated on a foam 
specimen from 35 cm of height through a drop assembly 
of 8 kg equipped with a cylindrical head. 
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Fig. 6: Acceleration-Time Displayed 

 
Every foam panel specimen under examination was 

subjected to five consecutive low velocity impacts, with an 
interval of 1.5 min. All acceleration-time traces were 
examined to ensure that it contained no spurious peaks. 
Furthermore, prior to the onset of impact, it was verified 
that the recorded acceleration value was 0±20 m/s

2
 and 

the acceleration waveform descended from its maximum 
value to a stable value of 0±20 m/s

2
 without overshooting 

the zero baseline by more than 20 m/s
2
. This procedure 

also described in ASTM F1292 ensured that the recorded 
data were correct. 

3.4 Data Processing 

All recorded trials were analyzed in terms of the 
measured peak value of the acceleration (am), impact 
velocity (vm) and the related drop height (hm). On the 
other hand, the related theoretical velocity (vth) 
respectively the related theoretical drop height (hth) were 

calculated. More details about symbols adopted are given 
through a nomenclature sheet in Tab. 3 

 
Variable Description Formula 

hm 
is the drop height set up 
before impact event 

 
 

vm 

is the velocity measured 
by light gate device 
before impact event 

 
 

am 
is the peak acceleration 
measured by transducer 
during impact event 

 
 

vth 

is the theoretical velocity 
that should be observed 
in a free-fall from the 
height hm 

mh*g*2=thv
 

(3) 

hth 

is the theoretical height 
related to the velocity vm 

g*2

2

m
v

=
th

h  (4) 

rv 

is the ratio of measured 
and theoretical velocity  

th
v

m
v

=
v
r  (5) 

Tab. 3: Nomenclature – Symbols Adopted 

4 Results 

Impact tests were performed on two different sample 
configurations, named Configuration A and Configuration 
B during three series of tests. Drop height hm was set to 

the value reported by the accredited laboratory 
(hm,A=0.27 m; hm,B=0.50 m) on test series 1 and test 

series 2. On test series 3, drop height was adjusted 
(hm,A=0.21 m; hm,B=0.35 m) in order to achieve a 

maximum acceleration of 500 m/s
2
 as required in EN 913. 

Values of the last 3 on a series of 5 impacts were 

collected to calculate arithmetic mean and standard 
deviation for each configuration and testing condition. 

The results displayed in Tab. 4 and Tab. 6: Results for 

specimen Config. B,show a significantly higher impact 
velocity during the tests conducted at Chemnitz University 
of Technology on test series 1 and 2 compared to the 
accredited laboratory ones. Consequently, both 
theoretical drop height and peak acceleration appear to 
be greater than those reported by the accredited 
laboratory. 

For that reason drop height was reduced on test series 
3 (Tab. 5, Tab. 7). Interestingly, Configuration A revealed 

a higher theoretical drop height in test series 3 compared 
to accredited laboratory while Configuration B showed the 
opposite. The velocity ratio rv of all six Chemnitz testing 
events remained on a constant level of 0.974±0.006 while 

the ratio calculated from the accredited laboratory gained 
results was of 0.813±0.000 for Configuration A 
respectively 0.906±0.008 for Configuration B. 

. 

Variable 
Accredited 

Lab 
Chemnitz 

Test series 1 
Chemnitz 

Test series 2 
Unit 

hm 0.27 m 

vm 1.87±0.00 2.23±0.02 2.25±0.02 m/s 

am 484.7±4.4 657.8±7.0 669.0±10.9 m/s
2
 

vth 2.301 m/s 

hth 0.178±0.000 0.254±0.004 0.257±0.005 m 

rv 0.813±0.000 0.969±0.008 0.976±0.010 - 

Tab. 4: Results for specimen Config. A,  
hm=0.27 m (Accr. Lab; Test series 1,2) 

 

Variable 
Accredited 

Lab 
Chemnitz 

Test series 3 
Unit 

hm 0.27 0.21 m 

vm 1.87±0.00 1.96±0.02 m/s 

am 484.7±4.4 454.2±2.25 m/s
2
 

vth 2.301 2.029 m/s 

hth 0.178±0.000 0.196±0.003 m 

rv 0.813±0.000 0.966±0.009 - 

Tab. 5: Results for specimen Config. A,  
hm=0.27 m (Accr. Lab); hm=0.21 m (Test series 3) 

 

Variable 
Accredited 

Lab 
Chemnitz 

Test series 1 
Chemnitz 

Test series 2 
Unit 

hm 0.50 m 

vm 2.84±0.03 3.05±0.01 3.06±0.01 m/s 

am 484.4±13.3 940.0±11.9 867.3±24.9 m/s
2
 

vth 3.132 m/s 

hth 0.410±0.007 0.475±0.003 0.478±0.002 m 

rv 0.906±0.008 0.975±0.003 0.978±0.002 - 

Tab. 6: Results for specimen Config. B, 
hm=0.50 m (Accr. Lab; Test series 1,2) 

 

Variable 
Accredited 

Lab 
Chemnitz 

Test series 3 
Unit 

hm 0.50 0.35 m 

vm 2.84±0.03 2.57±0.00 m/s 

am 484.4±13.3 488.6±3.0 m/s
2
 

vth 3.132 2.620 m/s 

hth 0.410±0.007 0.337±0.000 m 

rv 0.906±0.008 0.981±0.000 - 

Tab. 7: Results for specimen Config. B, 
hm=0.50 m (Accr. Lab); hm=0.35 m (Test series 3) 

 
In Fig. 7: Config. A and Fig. 8 mechanical behaviour of 

the tested materials undergoing consecutive impacts is 
shown: an increase in peak acceleration am during 5 

impacts was observed in every Chemnitz laboratory test 
for both of the materials. The absolute increase appeared 
to be greater during test series 1 and test series 2 while 
greater maximum accelerations occurred. 
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Fig. 7: Config. A, acceleration vs. impact progression 

number 
 

 
Fig. 8: Config. B, acceleration vs. impact progression 

number 

5 Discussion 

Many studies, presented in a review by Mills [16], have 
proven that foam mechanical properties decrease under 
multiple impact events. Due to the permanent deformation 
of the polymer-based foam peak acceleration values 
increased even with small number of impacts (1 to 15). 
The same behaviour is displayed in Fig. 7: Config. A and 
Fig. 8, giving a sort of validation of the protocol followed 

to collect the experimental results. 
These first results confirm the need  to improve the 

testing procedures to be used on gymnastic equipment by 
updating the test protocol of EN 913 starting from the 
experience of the ASTMF1292.  

To improve the repeatability properties of the test and 
the fair comparison of results collected using different 
testing laboratories, the parameter theoretical drop height 
hth should be evaluated. Theoretical drop height excludes 

the influence of friction in the guidance system on the test 
result and is expected to be lower than the measured (hm) 
ones: hth ≤ hm. It was calculated by the measured value 
impact velocity vm. In EN 913 it is whether not required to 

install a velocity measurement system nor to obtain 
impact velocity by any other procedure such as the 
integration of the acceleration-time trace. So it should be 
useful to update the standard in this way. 

From a safety point of view it is reasonable to declare 
a material that is characterized by a greater hth as more 
secure. In this study Configuration B reached the higher 
value compared to Configuration A when tested both on 
Test Series 3 and in the accredited lab. In general, it 
would have been expected that theoretical drop height of 
either configuration was of the same order for both of the 
testing institutions. 

Furthermore, the introduction of the ratio rv of 
measured velocity vm and theoretical velocity vth enabled 

to quantify the influence of friction during the fall. In order 
to ensure comparable testing conditions in all accredited 
laboratories it is strongly recommended to declare a fixed 
tolerance. 

Finally, due to sources of uncertainty in shock 
absorption performance evaluation through the most 
widely used EN 913 protocol, authors are intended to 
suggest that theoretical drop height, fixed tolerance 
regarding velocity ratio scores rv must be taken into 

account when safety officers, such as managers or 
technicians as well, are dealt in establishing safety 
requirements about materials and devices that must be 
chosen for sport equipment applications. 

On the other hand, if theoretical drop height must be 
not introduced in impact testing protocol, the human head 
injury risk in case of impact should be underestimated. 

6 Conclusion and Outlook 

In this work an impact testing apparatus was conceived 
and built in the laboratories of Chemnitz University of 
Technology that is able to carry out impact test following 
both American and European standards protocols. This 
study has shown the necessity of additional specifications 
in EN 913 in order to receive valid, reliable and 
reproducible data. In a pilot investigation of two sample 
configurations the working principle of the testing device 
was validated and promising results were gained. Authors 
are strongly convinced that the laboratory-built apparatus 
should be useful in further investigations on material 
prototypes undergoing EN 913 testing. On the other hand 
it is planned to extend the protocol in order to take head 
injury risk criterion (ASTM F1292) into account and to 
correlate test results of the latter with EN 913. 
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Abstract 

Purpose: 
Aim of the paper is to show impact testing experimental results useful to highlight major 
limitations of passive safety standards for sports equipment and surfaces. These results can 
be the starting point to define new methods for the assessment and the improvement of 
passive safety in sports applications, helping technicians in selecting protection devices and 
in setting functional requirements. 

Method: 
Experimental tests were carried out through a low-velocity impact testing apparatus, 
conceived and built in the laboratories of Chemnitz University of Technology. In particular, 
adopting ASTM F1292 test procedure, the absorption properties of the impact of five polymer-
based foams architectures used to cover sports equipment, were tested. These properties 
are evaluated on the base of impact measures correlated to different level of head injuries. 
These represent, in fact, the most severe risks to the athlete healthy in case of human body 
impact. 

Result: 
The results of the experimental tests showed that, in order to optimize the choice of 
protection devices on the base of impact absorption properties, it needs to consider together 
acceleration peak, drop height and Head Injury Criterion (HIC) values. 

Discussion&Conclusion: 
The joint use of these three parameters is necessary both for producers and technicians in 
product development process and application, respectively. It was shown that device 
performances depend on drop height magnitude: for each sport discipline, it is important to 
define the critical fall height of use or the maximum impact energy amount which could be 
experienced by athletes during sport practice. Finally, a new injury risk index, functionally 
related to previous performance parameters and a simple eco-sustainable approach in 
selecting the optimal device were proposed. 

 

1 Introduction 

Sport is one of the most widespread leisure activities of 
European citizens, a common cultural element of modern 
societies and an important social and economic 
phenomenon.  

The European Parliament estimated that sport counts 
for estimated 3.6% of the Community Gross National 
Product (GNP) in EU countries [1]. 

On the other hand, sport accounts for a considerable 
number of injuries: in [2] it was estimated that 14% of all 
medically treated injuries are related to sport and in [3], 
based on European hospital Injury Database (IDB) is 
estimated that annually almost 6 million persons need 
treatment in a hospital due to an accident related to 
sportive activity, of whom 10% require hospitalization for 
one day or more. Such data lead to the calculation, for the 
direct medical costs in the European Community, of at 
least 2.4 billion Euro. 

Although the burden of sport injury is economically 
relevant, from a public health point of view, it is necessary 
to analyse the problem for adopting all the prevention 
possible actions. In fact, based on the Eurostat and World 

Health Organization (WHO) mortality databases, the 
number of fatal sport injuries is very high and can be 
estimated at 7.000 fatalities per year. 

Education and information, the so called “active 
strategies” of prevention, play an important role in injury 
prevention, but in general, there are other, and in most 
cases even more effective prevention strategies available 
like e.g. the use of protective device in sports area, the so 
called “passive safety strategies”. 

Generally, the situation in sport is the same of other 
sectors like road transport, where accidents and injuries 
occur as unwanted side effects. 

In sport, falling and stumbling played an important role 
in the total amount of accident mechanism (more than 
30%) while significant share of head injuries were 
observed in basketball, soccer, ice hockey, cycling and 
many others [3].  

According both sport safety international standards [4, 
5] and biomechanical studies [6], head injuries 
represented the most severe risks to the athlete healthy in 
case of human body impact on sport surfaces.  

To this end, head injury risks evaluation indexes were 
well studied in Biomechanics efforts through an 
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acceleration-time trace during head impact monitoring. 
Therefore, standardized methods to perform impact tests 
were introduced by American and European 
Organizations in order to characterize impact attenuation 
properties of protective device used in Sports field.  

In the paper five polymer-based foams architectures, 
generally used to cover sports equipment, were tested 
through a low-velocity impact testing apparatus, following 
standardized procedure requirements.  

Aim of the paper is to use these experimental results 
as starting point to define new methods for the objective 
assessment of the passive safety in sports area, which 
allow, taking into account several parameters, protection 
materials comparison and choice. 

2 Head Injury Models 

In the design processes of the head protective devices 
(e.g. helmets), tolerable head impact limits, that could be 
related to serious injuries or death, are required. The 
head acceleration, as function of time, following an impact 
event, is considered as reference parameter for 
measuring the severity of head injury, well-known in the 
literature as Head Injury Model (HIM) [7].  

2.1 Acceleration Peak  

This simple method, based on the maximum 
acceleration recorded during an impact event, utilizes 
only a single point on the acceleration-time waveform 
called peak (g). The duration of the impact pulse is not 
considered while, in Physics, this last one contributes to 
characterize impact attenuation properties of protective 
surfaces. In Fig. 1, two different acceleration graphs 
(each related to different materials density) are shown for 
a given impact energy value. 

 

Fig. 1 Acceleration-Time trace for two different materials 
densities: soft surface (green line); hard surface (red line) 

 
A relatively high acceleration peak indicates low 

absorption properties of the protective surface and the 
impact event lasts for a short period of time (red line on 
the graph). High absorption performances appear to be 
reached in correspondence to relatively lower 
acceleration peaks and longer impact time period (green 
line on the graph). 

Lisner et al. [8] have experimental demonstrated that 
the severity of head injury is dependent both on the 
magnitude and the duration of impact. To this end, in Fig. 
2 the Wayne State Tolerance Curve is shown. Points 
above the curve are considered danger to life, instead of 
those below that are tolerable. Many literature references 
agree on a maximum acceptable acceleration value of 50 

g before injury threshold while an acceleration peak value 
of 200 g represents a limit before fatal injuries. 

 

 

Fig. 2 Human tolerance to for head impact in terms of the 
tolerable duration of a given acceleration level [7] 

2.2 Head Injury Criterion  

The Head Injury Criterion (HIC) is used to evaluate the 
injury level of the pedestrian head when it is calculated as 
the linear acceleration observed at the center of mass of 
the head of an anthropomorphic test device seated in a 
vehicle that collides with a fixed rigid barrier. The HIC 
considers the more injurious portion of the impact 
waveform, the peak and close to peak section and it has 
been introduced in 1971 [9]. 

It is defined as: 
  

  (1) 
 

 
Where (t2-t1) is the portion of waveform to be measured 

during which HIC attains maximum value; a(t) is the 
acceleration on impact (in units of gravity g); dt is the 
duration of acceleration on impacts (ms). 

An experimental program conducted by Prasad and 
Mertz [10] has shown correlation between HIC scores and 
different head trauma levels through an index called 
Abbreviated Injury Score (AIS). In Fig. 3 six different risk 
of life threatening brain injury curves (and related HIC 
values) are shown. 

 

Fig. 3 Probability of Brain Injury vs HIC scores for AIS=1 to 
AIS=6  (minor injury to fatal injury)  

  
The HIC score of 1000 is defined as that value 

corresponding with a probability of 16% of life threatening 
brain injury (AIS=4). 
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HIC scores are also used as measured parameters in 
EuroNCAP testing procedures of pedestrians frontal 
impact assessment [11]. Following “Frontal and Side 
Impact” assessment procedure (head and neck section), 
is possible to build an overall star rating that evaluates 
cars impact performance when a fiftieth percentile male 
dummy is used and HIC scores are calculated. 

3 Materials and methods 

Using a low-velocity impact testing apparatus, 
conceived and built in Sports Equipment and Technology 
Department of Chemnitz University of Technology and 
adopting ASTM F1292 test procedure [12], experimental 
impact tests on five different sandwich configuration of 
polymer-based foam sport protective devices were carried 
out.  

3.1 Specimens 

Specimens under test were available in a sandwich 
configuration with overlapped layers (hot melted) made of 
fully cross-linked polyethylene closed cell foam (PE), 
dimension 50 cm x 50 cm and variable thickness. 

In Tab.1 a building scheme is shown with materials 
specifications. 

 

Layer 
Name 

Sandwich Presence 

Cover 
 

Yes or Not 

Top  Yes or Not 

Core 

 

Regular or 
Irregular 

 

 

Down  Yes or Not 
Layer 
Name 

Layer 
Quantity 

Layer 
Type 

Layer 
Material 

Layer 
Density  

Layer 
Thick. 

Cover 1 Full PVC  thin 

Top 1 Full PE 

low 

high 
medium 

Core 

1-4 Full PE 

low 

high 
thick 

1-4 Cut PE low thick 

Down 1 Full PE 
low 

high 
medium 

Tab. 1 Sandwich building scheme and material properties 

 
Depending on cover, top and down layer presence, 

core layer type (full, cut or wave) and layer densities 
choices, it has been possible to identify several 
sandwiches units (architectures). 

In Tab. 2 are shown architectures under test: layers 
number, densities, weight and covering specifications. 

3.2 Impact Testing Protocol 

Impact tests under a velocity range from 1 to 10 m/s 
[13] were carried out using the low velocity impact testing 
apparatus.  

 

Arch. 
Name 

Photo 
Layers 

Number 
Layers 
Density 

Arch. 
Weight 

(kg)  
Cover 

A 

 

5 

1°-low Reg. 
2°-low Irreg. 
3°-low Irreg. 
4°-low Irreg. 
5°-low Irreg. 

0.559 PVC 

B 

 

6 

1°-high Reg 

2°-low Reg. 
3°-low Reg. 
4°-low Reg. 
5°-high Reg. 
6°-low Reg. 

0.655 NO 

C 

 

4 

1°-low Reg. 
2°-low Reg. 
3°-low Reg. 
4°-low Reg.  

0.404 PVC 

D 

 

5 

1°-high Reg. 
2°- highReg. 
3°- highReg. 
4°- highReg. 
5°- highReg. 

1.115 NO 

E 

 

3 
1°-low Reg. 
2°-low Irreg. 
3°-low Reg.  

0.389 PVC 

Tab. 2 Architectures Specifications 

 
Several impact test series (3 sequential impacts each) 

were performed from different drop height in order to 
meet, finally, both the acceleration and the HIC 
performance criterion specified in ASTM F1292 Standard. 

To this end, an hemispherical missile was designed, 
manufactured  and used (Fig.4). 

 

 

Fig. 4 Impact testing support assembly 

 
The head of the striker was attached to a support 

assembly, both connected to a lifting carriage (guidance 
system) which raised the drop assembly to a first trial 
measured height (hm). At this height, the whole drop 
assembly was uncoupled (through an electro-magnetic 
releasing device installed in the test rig) and fell under 
gravity by a vertical guidance system on the center of a 
sample that was fixed by double-sided adhesive on a 
steel plate (anvil) in order to limit the overall bending of 
the specimen. All test pieces were conditioned for a 
minimum of 3 h at the test temperature of 23±2 °C. The 
impact velocity (vm) was measured by a laser 
displacement sensors sited along the path of the striker, 
just above the specimen. Sequential interruption of the 
laser beam by a plate attached to the falling striker 
triggered the starting and stopping of a counter-timer. The 
impact velocity was determined from the elapsed time and 
the plate height. In order to measure drop assembly 
deceleration (am), the testing rig was equipped with a 
piezoelectric accelerometer (rigidly mounted into the 
missile through a PE high density threaded shaft) 
connected to a data acquisition PC computer for post-

…
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processing acceleration as a function of time. HIC value 
was also calculated through formula (1). The specimen 
under examination was subjected to three consecutive 
low velocity impacts, with an interval of 1.5 min. All 
acceleration-time traces were examined to ensure that it 
contained no spurious peaks. Furthermore, prior to the 
onset of impact, it was verified that the recorded 
acceleration value was 0±20 m/s

2
 and the acceleration 

waveform descended from its maximum value to a stable 
value of 0±20 m/s

2
 without overshooting the zero baseline 

by more than 20 m/s
2
. In order to take into account friction 

influences in the guidance system, also theoretical 
velocity and drop height values, velocity ratio values (vth, 
hth, rv) were calculated in a post-process phase. 

Afterwards, several impact test series trials were 
carried out by increasing measures drop height values. 
The whole impact testing procedure ended when the 
critical fall height hcr (maximum of hm) was reached and 
the acceleration performance criterion of 200g and HIC 
performance criterion of 1000 were met. All adopted 
symbols and impact testing units are shown in Fig. 5 and 
Tab. 3. 

 

 

Fig. 5 Impact testing apparatus units 

  
Trials 

Parameter 
Description Formula 

hm 
Drop height fixed before the 
starting impact testing series 

no formula  

(measured) 

vm 
Missile velocity before the 
contact with the specimen 

no formula  

(measured) 

am 
Peak acceleration during the 

impact event 

no formula  

(measured) 

hth 
Drop height that produces a 

velocity of vm (free-fall) 

 

 

vth 
Missile velocity in a free-fall 

from an height of hm 

 

 

rv 
Measured and theoretical 

velocity ratio 

 

 

HIC Head Injury Cryterion Score (1) 

Tab. 3 Adopted symbols 

 

4 Results 

Impact tests were performed on five different layer 
configurations, named Architecture A,B,C,D,E (shown in 
Tab. 2), during several trial series of drops (each trial 
series counted three consecutive drops from the same 
drop height with an interval time of 1.5 min). Values of the 
last 2 on a series of 3 impacts  were collected (in terms of 
variables shown in Tab.3) to calculate arithmetic mean for 
each architecture. 

 In order to meet acceleration performance criterion of 
200g and HIC performance criterion of 1000, first trial 
series drop heights were increased till the critical one was 
reached. 

In Tab.4, all critical collected data (mean values) for all 
the tested architectures are shown. 

 
Variable Arch.A Arch.B Arch.C Arch.D Arch.E 

hm (m) 2.000 2.400 1.750 2.200 0.900 

vm (m/s) 5.43 5.95 5.10 5.72 3.63 

am (g) 189.19 192.3 201.4 180.2 185.5 

HIC 666.5 1096.5 826.5 1029 382 

hth (m) =  
hcr 

1.503 1.805 1.329 1.662 0.674 

vth (m/s) 6.26 6.86 5.86 6.57 4.20 

rv 0.867 0.867 0.870 0.871 0.864 

Tab. 4 Critical data sheet for Architecture A,B,C,D,E 

 
Measured drop heights (hm) appeared to be different 

from the theoretical ones (hth) as expected: due to 
guidance system friction influences, measured impact 
velocities (vm) were lesser that theoretical ones (vth) and 
velocity ratio (rv) remained on a constant value of 
0,868±0.003 (m/s) that ensured comparable tests 

boundary conditions (in terms of friction influence) during 
the whole experimental session. 

Interestingly, Architectures A,C,E were characterized 
by acceleration peak values close to the requested 
performance criterion of 200g while the HIC values were 
far from the requested performance criterion of 1000. 

In Figg. 6 and 7, critical fall height  and HIC 
performances of all the five architectures are shown. 

 

 

Fig. 6 Critical fall height Architecture performances 
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Fig. 7 HIC Architecture performances 

 
Due to a low number of specimens, it has not been 

possible to achieve HIC scores close to the performance 
criterion of 1000 for architectures A,C,E.  

In Figg. 8 and 9, referring to architecture A, an 
acceleration peaks vs drop height values plot and an HIC 
vs drop height values plot have been obtained through an 
exponential curve fitting process: as expected, 
acceleration peaks and HIC plots have shown an 
increasing trend. These last performances trends were 
confirmed also for the architectures C,E. So by increasing 
of drop heights in order to obtain greater scores of HIC, 
acceleration peaks should be greater than the previous 
value of 200g and both performance criterions should not 
have centered simultaneously. 

 

 
 

Fig. 8 Acceleration peaks vs drop height values plot 

 

 

Fig. 9 HIC vs drop height values plot 

 
In Figg. 10 and 11, referring to architectures B and D, 

that have shown best performances than the others, as 
highlighted in Fig.6, it has been done a comparison 
between HIC and acceleration peak performances 
evaluated for two different drop heights (both lesser than 
architectures B and D critical ones). 

 

 

Fig. 10 Architecture B and D comparison in term of HIC and 
acceleration peaks performances from the same drop height 

0.91 m 

 

 

Fig. 11 Architecture B and D comparison in term of HIC and 
acceleration peaks performances from the same drop height 

1.21 m  

 
Architecture B is characterized by greater values of 

acceleration peak and HIC than Architecture D from a 
drop height of 0.91 m. 

On the other hand, Architecture D has shown greater 
performances at drop height of 1.21 m. 

Finally, in Fig. 12, the ratio between critical fall height 
(Cfh) and weight, for all of the tested architectures has 
been considered [17, 18]. 

 

 

Fig. 12 Architecture performances in term of efficiency of 
use of the material 

5 Discussion 

Many Sports Safety standards, i.e. for gymnastic 
equipment [5], for playground surfaces [14], for football 
helmets [15], faced on impact attenuation properties 
evaluation of protective devices, define drop height as the 
vertical distance between the lowest point of the impactor 
and the apex of the impact surface. According this 
definition, certified critical fall heights overestimate 
theoretical ones, that take into account guidance system 
friction influences (Tab. 4). 

Impact test results for architectures analyzed in this 
study have shown that both acceleration performance 
criterion and HIC performance criterion were not reached 
simultaneously: specimens A,C,E acceleration peak 
values, in fact, were approximately 200g while related HIC 
values were markedly lesser than 1000. A similar study 
[16] on polymer based-foam mats has confirmed these 
performances behaviour. 

Cfh/weight 
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In order to take exhaustively into account head impact 
injury risks, an HIC values and acceleration peaks joint 
monitoring is requested: it could happen, in fact,  that HIC 
values are lesser than 1000 while acceleration tolerable 
peaks are exceeded. 

A particular comparison between architecture B and D 
scores has shown that the best performances of 
architecture B in correspondence of a critical fall height 
are not confirmed at different drop height. From safety 
assessment point of view, it is recommended to evaluate 
protective devices performance parameters by 
introducing a reference drop height that agrees with 
protective device use [15]. 

From the efficiency of material use point of view it is 
possible to observe that Fig. 12 shows a new ranking 
among the five architectures compared to that one shown 
in Fig. 6 in terms of  critical fall height. 

In particular architecture C becomes more efficient 
from the material use point of view and architecture D, 
second in terms of  critical fall height, becomes the last in 
term of efficiency of use.  

From the analysis of the results, it is possible to define 
a new injury risk index, whose formulation it should 
depend on Head Injury Criterion values (HIC), 
acceleration peaks (am) and critical drop height of use 
(hu). (2) 

6 Conclusion 

At present the safety of protection devices in sports 
area is assessed according to sport safety standards 
associated with their specific use. However, the different 
sport safety standards do not propose a method for 
assessing the safety which allows to define the degree of 
safety achieved but they just specify a criterion of 
conformity of use.  

With reference to the Head Injury Models, in the paper, 
thought experimental impact tests, it was demonstrated 
that, in order to quantify the injury risk for a protection 
device, it is not possible to consider separately the peak 
acceleration, the drop height and the HIC. 

This new approach, applicable to different sports 
disciplines, will allow to define appropriate injury risk 
indexes, as a function of peak acceleration, drop height 
and HIC. 

Finally, further works will be addressed to take into 
account also the eco-sustainability of the product, as an 
important parameter in selecting the optimal device. 
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Abstract 
 

Purpose  
Aim of the paper is to propose a new approach for the assessment of passive safety of gymnastic equipment that allows technicians to 
optimize the choice of protection devices. On the base of a new procedure, defined to evaluate the impact absorption properties of 
materials and architectures of protection devices, it has been possible to highlight the limitations of current safety international standards.  
Design/methodology/approach  
According to different standard procedures, EN 913 and EN 1177 with an additional control on the acceleration parameter, experimental 

tests on polymer foam materials were performed using cylindrical and hemispherical missiles connected to a flexible impact testing 

apparatus realized at Chemnitz University of Technology.  

In particular, considering EN913 test procedure, trial impact testing consecutive series were carried out in order to find the critical fall 

height that complied the performance criterion of an acceleration peak value lesser than 50 g. On the other hand, considering EN 1177 test 

procedure, trial impact testing consecutive series were performed in order to establish the maximum value of drop height (critical drop 
height) that finally caused Head Injury Criterion (HIC) scores lesser than 1000: in this case an additional monitoring was paid on each 

impact series acceleration-time traces and the performance  criterion of 200 g was registered. 

Findings  
Impact tests carried out using cylindrical and hemispherical missiles have shown, for the same impact energy, different acceleration peak 
values, always greater for hemispherical missile than cylindrical one. So considering EN 913 procedure, the severity of head impacts, in 
term of acceleration peak can be underestimated when a cylindrical missile is used. For this reason to correctly assess the head injuries is 
necessary to take into account in addition to the acceleration peak value, also HIC parameter. Furthermore it has to consider also the effect 
of the friction of the guidance system measured because it does to overestimate the impact energy and so to underestimate the damage. 

Research limitations/implications  
The research described in the paper was carried out taking into account only the human head impacts (the most severe injuries) and not 
other parts of the human body. Furthermore at present the assessment of the brain injury risks in Sport area is performed through HIC 
scores taking into account the automotive knowledge obtained, in the last decades, simulating human head impacts by using 50th percentile 
male dummies. 
Practical implications  
The new approach proposed in the paper can be useful for the choice of the protective devices to improve the passive safety of gymnastic 

equipment. It represents a starting point to define new standards.  
Originality/value 
On the base of experimental tests, the authors show that the safety threshold of peak acceleration defined in the EN913 standard is poor. 
For this reason it is necessary to modify the current standards, in order to guarantee an adequate passive safety and to allow the technicians 
to optimize the choice of protection devices on the base of impact absorption properties, that are evaluated using all together the 
parameters: acceleration peak, drop height and Head Injury Criterion (HIC).  

Keywords: 
Design Methods, Sport Safety, Polymer Foam, Impact Test, Head Injury Criterion. 
 



1. Introduction 
 
At present the safety of protection devices in sports area is 

assessed according to sport safety standards associated with their 
specific use. In Tab. 1 a comparison among several international 

standards [1-6], characterized by different application fields (from 
playground surfacing systems to general playing systems) but by 
the same dynamic impact testing apparatus join them, is shown.  

Today these standards represent the only reference that a 
technician can use in selecting of the protection devices materials 
and architectures.  

Moreover recent studies highlighted some limitations of 
current passive safety standards for sports equipment and 
surfaces.  

In [7] it was investigated if the testing procedure given by 
European standard EN 913 [6] was sufficient to lead to 
comparable results, in case of materials being tested by different 
laboratories and the results showed clearly the necessity of 
additional specifications in order to receive valid, reliable and 
reproducible data.  

It was recommended to extend the protocol in order to take 
head injury risk criterion into account (as in ASTM F1292 [1]) 
and to correlate test results of the latter with EN 913. 

In [8] the results of the experimental tests showed that the 

technician, in order to optimize the choice of protection devices 
on the base of impact absorption properties, has to consider the 

joint use of three parameters: acceleration peak, drop height and 

Head Injury Criterion (HIC).  
These limitations in standards, combined with the few papers 

in literature and with the lack of a method for assessing the safety 
which allows to define the degree of safety achieved, have 
stimulated the authors to develop a new approach for the materials 
and architectures choice, in particular to guarantee the safety of 
gymnastic equipment. 

 

2. Background 
 
A recent study [9] on sport injuries in the European Union 

showed that annually, almost 6 million persons needed hospital 
treatment due to accidents related to Sports activities. Based on 
the Eurostat and WHO mortality databases, in fact, the number of 

sports fatalities can be estimated at 7000 per year and Team ball 
sport account for about 40% of all hospitalizations. The most 
severe injuries are related to the head and arise mainly (30%) due 
to impacts (falling, stumbling) with the ground/surface, 
equipments or opposite players. 

While severe head injuries are relatively rare, they have the 
potential to change lives in a dramatically way. For this reason the 
sports community had to pay attention to risks assessment and 
provide prevention requirements to improve passive safety of 
sport equipment. To this end protection devices, mainly produced 
in polymer foam, are required to guarantee passive safety. 

From a biomechanical standpoint, many authors [10-12] have 
analysed and provided brain injury risks indexes trough 
mathematical models, Head Injury Models (HIM), based on the 
observed responses of cadavers, animals or accident victims 
during head impact experiments or simulations. 

Lisner et al. [13] have experimental demonstrated that the 
severity of head injury is dependent both on the magnitude and 
the duration of impact. The relationship between the acceleration 
level and time duration with respect to head injury is known as 
Wayne State Tolerance Curve (WSTC). 

The region above the curve is considered danger to life 
because belong to it critical conditions for both magnitude and 
duration. The region below the curve is considered tolerable. 
Many literature references agree on a maximum acceptable 
acceleration value of 50 g before injury threshold while an 
acceleration peak value of 200 g represents a limit before fatal 
injuries. 

These data were used by Gadd in 1961 [14] and an approx. 
straight line function was developed for the weighted impulse 
criterion that became known as the Gadd Severity Index (GSI). 
Afterwards, Versace in 1971, defined a new parameter, the Head 
Injury Criterion (HIC) that is currently used to assess head injury 
risk in automotive crash test, as following: 

 
 (1) 

 
 
where (t2-t1) is the time interval in which the acceleration time 

curve (Fig.1) numerically calculated, attains the maximum value 
of the integral; a(t) is the acceleration on impact (in units of 
gravity g). 

 

Table 1. 

Sport Safety International Standards Comparison 

Standards ASTM F1292 ASTM F355 ASTM F2440 ASTM F1936 EN 1177 EN 913 

Application 
Field  

Playground 
Surfacing 

Playing Surface 
Systems 

Wall/Feature 
Padding 

Football Field 
Playing Systems 

Playground 
Surfacing 

Gymnastic 
Equipment 

Impact Testing 
Apparatus.  

Dynamic Drop Tester Device 

Missile  
Hemispherical 

Radius=160mm 
Mass=4.6kg 

Cylindrical 
Radius=64mm 
Mass=9.1kg 

Hemispherical 
Radius=160mm 

Mass=4.6kg 

Cylindrical 
Radius=64mm 
Mass=9.1 kg 

Hemispherical 
Radius=160mm 

Mass=4.6kg 

Cylindrical 
Radius=75mm 

Mass=8 kg 

Performance 
Parameter.  

HIC, Gmax HIC, Gmax HIC, Gmax Gmax HIC Gmax 

Performance 
Criterion  

HIC<1000 
Gmax<200g 

HIC<1000 
Gmax<200g 

HIC<1000 
Gmax<200g 

Gmax<200g HIC<1000 Gmax<50g 

 
 

 



 

Empirically determined relationships between HIC scores and 
the probability of head injury were observed and analysed by 
Prasad and Mertz [15] during an experimental program where 
different probability of head injury curves related to different 
head trauma levels are shown.  

The HIC score of 1000 is defined as that value corresponding 
with a probability of 16% of life threatening brain injury (AIS=4) 
and is fixed as a reference value for life threatening head injury 
threshold. 

The potential for head injury had an influence on the 
development of sports protective devices and a shock attenuating 
surfaces evaluation began in 1975 when the US Consumer 
Product Safety Commission (CPSC) published its first hazard 
analysis and safety guidelines for playgrounds. In several cases, 
International organizations for standardization (i.e., International 
Organization for Standardization, ISO, American Society for 
Testing material, ASTM and European Commitee for 
standardization, CEN) provide standard test methods used to 
evaluate shock attenuation properties of sports protective 
materials and to minimize head injury risks through an  
appropriately cushioned surface installation. 

 

3. Materials and methods 
 
An impact testing experimental program on polymer foam 

materials was followed at Sports Equipment and Technology 
department, SGT of the Chemnitz University of Technology laboratory 
() where an apparatus [7] was designed and built. 

In order to carry out experiments during two different impact 
testing phases, the procedures that have been adopted referred to the EN 
913 [6] and the EN 1177 [5] with an additional control on the 
acceleration parameter. A brief focus on both standards apparatus units, 
procedure requirements and adopted apparatus units, is shown in Tab. 2. 

 

Table 2. 
EN 913 and EN 1177 procedures requirements 

Standard EN 913 EN1177 

Performance 
Parameter  

Acceleration Gmax HIC 

Performance 
Criterion  

Gmax < 50 g HIC< 1000 

Standard 
Missile  

“Cylidrical” 

 
Diam.=75mm 

Mass=8kg 

“Hemispherical” 

 
Diam.=160mm 

Mass=4.6kg 

Adopted 
Missile 

 
Mass=7991g 

 
Mass=4623g 

 

According to single units apparatus descriptions [7] is useful 
to underline that the main functional requirements adopted during 
the design phase was the impact testing devices parts 
interchangeability: the so built apparatus, in fact, was capable to 
comply the two previous standards procedures by changing the 
missile (cylindrical and hemispherical). Performance parameters 
were controlled and analysed through a piezoelectric transducer 
(accelerometer) fixed inside the missiles and a record system that 
allowed to show an acceleration-time trace signal. 

An example of acceleration graph is shown in Fig.1. 
 

 
Fig. 1 Acceleration-Time curve 

 

3.1. Materials 
 

Specimens under test (50x50cm) were structured in a 
sandwich mode through hot-melted layers overlapping. Each layer 
was made of a polymer-based foam named “fully cross-linked 
Polyethylene closed cells” (PE). A typical sandwich structure was 
composed by a special varnish as covering, a top and bottom full 
layer that sustained a core cut layer section: depending on varnish 
application (yes/no), top layer density (low. medium, high), core 
layer number and bottom layer presence (yes/no), several material 
architectures were available to test (A,B,C,D,E,F,G,H in Tab.3) in 
four thickness categories (thin, intermediate, normal and thick). 

 
3.2. Impact Testing Procedures 

 
Impact tests were performed through a flexible low-velocity 

impact testing apparatus [16] according two different standard 
procedures, EN 913 and EN 1177 with an additional control on the 
acceleration parameter. From EN 913 point of view, trial impact 
testing series [7], each composed by five consecutively impacts 
with a time interval of 1.5 min, were carried out in order to find a 
drop height (named critical drop height) that finally complied the 
performance criterion of an acceleration peak value lesser than 50 
g. On the other hand, from EN 1177 point of view, a similar to the 
previous procedure was adopted [8] through trial series of three 
consecutive impacts each, in order to establish which drop height 
(critical drop height) finally caused HIC scores lesser than the 
performance criterion of 1000: in this case, additional attention 
was paid on each impact series acceleration-time trace 
monitoring, related peak values registering and, finally, the 
performance  criterion of 200 g was implemented. All of the 



controlled (measured) and post-processed parameters are shown 
in Tab.4. 
 

Table 3. 

Specimen Architectures 

Name Photo 
Layer Number- 
Density- Type 

Thickness Cover 

A 

 

 1 - low - full.        
   2 - low - cut.  

   3 - low - cut.  

thin no 

B 

 

 1 - low - full.      

 2 - low - cut.  

 3 - low - cut.  

thin yes 

C 

 

 1 - high - full.    

2 - low - cut.  
3 - low - cut.  

  4 - high - full. 

intermed. no 

D 

 

  1 - high - full.  

 2 - low - cut.  

 3 - low - cut.  

  4 - high - full. 

intermed. yes 

E 

 

  1 - med. - full.   

2 - low - cut.  
3 - low - cut.  

4 - low - cut.  

5 - low - cut.  

normal no 

F 

 

 1 - med. - full. 

2 - low - cut.  

3 - low - cut.  
4 - low - cut.  

5 - low - cut.  

normal yes 

G 

 

 1 - high - full.   

2 - low - cut.  

3 - low - cut.  

  4 - low - cut.  
5 - low - cut.  

 6 - high - full.   

thick no 

H 

 

 1 - high - full.  

2 - low - cut.  

  3 - low - cut.  

  4 - low - cut.  
5 - low - cut.  

 6 - high - full.   

thick yes 

 

 

Afterward, in order to compare both of previous procedures 

parameters values, drop heights (heq) equivalent to EN 913 critical 

fall heights were calculated for EN 1177 procedure by equating 

impact energies [17] (fuctionally related to each missile masses) 
as following: 

 

cylind.

eq cr
hemisp.

m
h * h

m
=  (2) 

 
 

 
 

 
 

 

Table 4. 

Trials Parameter 
Symbols Description Measured/Calculated 

hm 
Drop height fixed before starting 

impact testing trial series 
measured 

 

vm  
Missile velocity before the 
contact with the specimen 

measured 
 

am  
Peak acceleration during the 

impact event 
measured 

 

hth 
Drop height that causes a 
velocity of vm (free-fall) 

2
m

th
v

h
2g

=  

vth 
Missile velocity in a free-fall 

from an height of hm th mv 2gh=  

rv 
Measured and theoretical 

velocity ratio 
m

v
th

v
r 1

v
= <  

HIC Head injury criterion score (1) 

 
Finally, empirically equations [18] for the evaluation of head 

injury trauma levels (AIS values) were implemented in MATLAB 

software starting from input HIC scores. 

1

1

1

1

AIS1 [1 exp((1.54 200 / HIC) 0.0065* HIC)]

AIS2 [1 exp((2.49 200 / HIC) 0.00483* HIC)]

AIS3 [1 exp((3.39 200 / HIC) 0.00372* HIC)]

AIS4 [1 exp((4.9 200 / HIC) 0.00351* HIC)]

AIS5 [1 exp((7.82 200 / HIC) 0.00429

-

-

-

-

= + + -

= + + -

= + + -

= + + -

= + + - 1

1

* HIC)]

AIS6 [1 exp((12.24 200 / HIC) 0.00565* HIC)]

-

-= + + -

 (3) 

 

4. Results 
 
Impact tests were performed on 8 architectures shown in 

Tab.3, according to both procedures EN 913 and EN 1177 by 
using cylindrical and hemispherical missiles, respectively. 

Following EN 913 protocol several trials series of drops were 
carried out from increased drop heights (for each specimen) in 
order to achieve the critical one that produced an acceleration 
peak of 50g.  

According to formula (2), equivalent drop heights were 
calculated to perform, through the hemispherical missile, 
following EN 1177 protocol, the second trials series,. 

Fig. 3 shows the critical drop height experimentally obtained 

and the height obtained by the equation (2). 

Fig. 4 shows the equivalent acceleration peaks that were 

greater than performance criterion of 50 g for all of specimens 
under study. For this reason it is necessary to evaluate HIC values 

and head injury trauma levels according to the equations (1) and 

(3) respectively, following EN 1177 procedure (see Tab. 5). 
Equivalent heights appeared to be greater than Critical ones 

due to minor mass of the hemispherical missile compared with 
cylindrical one.  
 



 

 
Fig. 3 Critical Heights (EN 913) compared to  

Equivalent Heights (EN 1177) 
 

 
Fig. 4 Hemispherical Missile Accelerations measured from 

Equivalent Heights 

 

Table 5. 

HIC and AIS scores evaluated from equivalent heights (heq) by 
using Hemispherical Missile procedure, for each layer 

architecture. 

 A B C D E F G H 

heq 
(m) 

0.311 0.366 0.444 0.479 0.676 0.700 0.832 0.917 

HIC 165 236 113 195 158 164 203 291 

AIS1 
(%) 

15.53 29.45 6.78 21.25 14.27 15.35 22.84 41.25 

AIS2 
(%) 

5.13 9.85 2.29 7.02 4.72 5.07 7.55 14.35 

AIS3 
(%) 

1.80 3.31 0.83 2.41 1.66 1.78 2.59 4.71 

AIS4 
(%) 

0.39 0.72 0.18 0.52 0.36 0.39 0.56 1.02 

AIS5 
(%) 

0.02 0.05 0.01 0.03 0.02 0.02 0.04 0.07 

AIS6 
(%) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 
According to Abbreviated Injury Scale (AIS) definitions, each 

layer architecture has shown a probability not equal to zero 
percentage that minor brain injuries occurred (AIS1 values in 
Tab.5). More severe injuries (from moderate to critical) appeared 
to be characterized by considerable probability from major drop 
heights (AIS2,3,4,5 scores in Tab.5). Not significant probability 

that a fatal injury occurred was achieved for all of the architecture 
under test. 

During a second experimental program phase, drop heights 
were arranged (by increasing) in order to comply the performance 
criterion of EN 1177 procedure by using the  hemispherical 
missile and registering HIC and also related acceleration peaks 
values. In Fig. 5 HIC scores registered from drop heights that 
produced acceleration peaks of 200 g are shown. 

 

 
Fig. 5 HIC scores related to acceleration peaks ≈ 200g 

 
No layer architecture met the performance criterion of 

HIC=1000 (showing considerable difference between evaluated 
HIC scores and the criterion of 1000 in Fig. 5) when the 
acceleration peaks achieved a maximum value of 200g. 

Furthermore, measured velocity values before impacts were 
always lesser than the theoretical ones (the latter defined in Tab.4) 
and, due to friction influence in the guidance system, theoretical 
drop heights were calculated and compared to measured ones, as 
in Fig. 6. 

Finally, a numerical procedure was implemented in order to 
estimate impact testing outcomes through a simple exponential 
model that fits real experimental data. In Fig. 7, starting from 
three collected (real) impact testing data series in term of 
acceleration peak, a fourth data series was simulated by fitting 
real measures with exponential function and by using exponential 
formula in order to find the correspondent drop height to the 
acceleration performance criterion of 200g (h=1.510 m in Fig.7) 
and the correspondent HIC value to this evaluated drop height 
(HIC = 627.5 in Fig.8). By using these last outcomes, a further 
impact testing series was carried out in order to compare 
simulated and real data in terms of percentage variation.  

 

 
Fig. 6 Measured and Theretical Drop Heights Comparison 



In Tab. 6 an example of the evaluated outcomes through the 
numerical and the real impact testing procedure is shown for the 
architecture G. 

 

Table 6. 
Comparison between numerical and real impact testing procedure 

outcomes for architecture G and referring to a measured drop 

height of 1.510 m 

Parameter 
Numerical 
Procedure 

Real Impact 
Testing 

Procedure 

Percentage 
Variation (%) 

Theoretical 
Drop Height  
hth (m) 

1.191 1.194 -0.26 

Measured 
Velocity 
vm (m/s) 

4.82 4.84 -0.33 

Acceleration 
Peak 
am (g) 

200 204.81 -2.35 

Head Injury 
Criterion 
HIC 

627.5 655.5 -4.27 

 

 
Fig. 7 Acceleration vs Drop height plot 

 

 
Fig. 8 HIC vs Drop height plot 

 

4. Discussion 
 
The main result obtained is that the critical heights following 

the EN 913 procedure are not safe. Following the EN 1177 
procedure, having performed impact tests from drop heights 
equivalent to critical heights, greater than zero brain injuries 
probabilities were registered. 

Therefore, the EN 913 acceleration performance criterion of 
50 g does not take into account head injuries risk. This is a 
consequence of the different missile shapes. Due to a focusing of 

the initial impact loads on a small area, in fact, hemispherical-
related acceleration peaks were always greater than the cylindrical 
ones. Many studies [19, 20] on low velocity impacts have 
confirmed missile shape influence on the mechanical behaviour of 
the material tested (in term of acceleration peaks, stress and 
absorbed energy responses). 

On the other hand, the specifications in term of mass and 
circumference of the EN 1177 hemispherical missile agree with 
National Highway Traffic Safety Administration (NHTSA) 
pedestrian regulations [18, 21]. 

Further impact experiments were carried out and HIC scores 
related to acceleration peaks of 200 g are shown in Fig. 6: no 
architecture comply with the EN 1177 performance criterion of 
1000 (HIC) when the acceleration response was equal to the life 
threatening threshold of 200 g established by Wayne State 
Tolerance Curve. Other impact testing experiments [22] on mat, 
padding and sport surfacing materials have confirmed that 
polymer-based foams exceed the acceleration limit of 200 g 
before the HIC limit of 1000 is reached. The opposite situation is 
detailed described to happen when impact tests are performed on  
fulfil materials like sand, wood chips and rubber [23]. 

Each impact testing series was also characterized by impact 
velocity measurement and related theoretical height calculation as 
post-processing: due to friction influence in the guidance system, 
measured drop heights were always greater than theoretical ones 
(Fig. 7) and drop height magnitude mainly appeared to contribute 
to the friction extent.  

Finally, in order to declare a numerical variation between 
nominal and obtained impact testing outcomes (in terms of 
acceleration peaks, HIC, etc in Tab.6), a numerical procedure was 
implemented by fitting real measures (acceleration and HIC vs 
drop height plot in Figg. 8,9) using an exponential model.                   
This model best fitted dynamic stresses (functionally related to 
acceleration peaks) and impact energies (functionally related to 
drop heights) real data, as showed for example in [24-26]. 

 

5. Conclusions 
 
This paper aimed to define a special protocol useful to 

improve passive safety of protective devices actually installed in 
sports area. Several International standards, that provide impact 
testing procedure requirements, were analyzed and implemented 
in designing and building activity of a low-velocity impact testing 
apparatus. A special protocol was adopted during an experimental 
program carried out on several polymer-based foam architectures. 
Performance parameters were monitored in order to characterize 
architectures under test in term of impact attenuation properties. 
Performance criterions were finally took into account in order to 
comply Biomechanical recommendations and minimize potential 
brain injury risks of sports participants. 

Previous results achieved by performing impact testing series 
have shown limitations in Sports area standard regulations and 
criterions concerning athletes passive safety.  

According to biomechanical studies, life threatening brain 
injuries were pointed as the most relevant factor in order to 
improve impact testing procedure requirements. To this end, it has 
been shown how the severity of head impacts (in term of 
acceleration peaks) were underestimated when a cylindrical 
missile was used. On the other hand, an hemispherical missile, 
that best fits an anthropomorphic headform, was useful to 



 

introduce and evaluate potential of head injuries by assessing HIC 
parameter and its scores limit. 

Furthermore, an acceleration and HIC variable (and respective 
performance criterion) joint monitoring is required when a proper 
brain injury risks assessment is meant to be took into account and 
sports protective devices limitations of use it is recommended to 
established.  

Finally, in order to achieve impact testing protocol 
reproducibility and related results comparability between different 
laboratories on similar specimens, it is recommended to properly 
fix an interval tolerance for velocity measurements (by 
introducing friction influences and theoretical drop height 
parameter) and for acceleration measurements (by declaring a 
percentage variation between its nominal and measured values).  

Authors are firmly convinced that it is recommended to define 
a new testing protocol through previous points practice that could 
allow technicians and sport safety responsible making right 
choices in impact attenuation properties evaluation and devices 
selection. 
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