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Abstract – All safety equipment used in various 
working environments should comply with specific 
standards. This scientific paper is about research and 
analyses of the compulsory standards for eye-
protection in working environment. It includes 
methods for mechanical tests according to the standard 
further explained and virtual testing by using a 
numerical model. A physical reference model was used 
that complies with the aforementioned standard. The 
main purpose of this scientific paper is showing the 
behaviour of safety glasses during their mechanical test 
but in virtual environment. The standard EN166:2001- 
“Personal eye protection equipment” describes the test 
and the requirements that should be fulfilled for 
granting confirmation. The aim of this paper is the 
conduction of the mechanical test described in the 
standard EN166 by using virtual simulation, analyzing 
the results and suggesting possible modifications on the 
safety equipment. 

Keywords – Finite element method; eye protection; 
safety glasses; EN166; virtual simulation 

1. Introduction

Occupational safety is the most important segment 
of any activity. In order to ensure this safety, 
specially designed equipment  which is reliable in 
different working conditions is created to prevent  

DOI: 10.18421/TEM91-01 
https://doi.org/10.18421/TEM91-01 

Corresponding author: Nikola Avramov,  
Faculty of Mechanical Engineering ‐ Skopje, Karpos2bb, 
Macedonia.  
Email: nikola.avramov@mf.edu.mk 

Received:   10 December 2019. 
Revised:     24 January 2020. 
Accepted:   30 January 2020. 
Published:  28 February 2020. 

© 2020 Nikola Avramov, Petar Simonovski & 
Nikola Krstic; published by UIKTEN. This work  is  licensed 
under  the  Creative  Commons  Attribution‐
NonCommercial‐NoDerivs 3.0 License. 

The  article  is  published  with  Open  Access  at 
www.temjournal.com 

factors that are dangerous to humans. 
For example, this may be working conditions in 

which the worker: 

 is exposed to extremely high temperatures
 is exposed to extremely low temperatures
 is exposed to poisonous substances
 is exposed to radiation
 operates heavy machinery and tools

Depending on  working conditions, different 
equipment is used. It consists of protective gloves, 
shoes, helmets, glasses, visors, anti-phones, masks, 
etc. The most common cause considering eye injuries 
in Singapore was construction activities, accounting 
for 38.4% (n = 51) of all injuries. From all these, 
grinding and welding accounted for the most number 
of eye injuries, comprising 15.8% (n = 21) and 9.0% 
(n = 12) of all cases respectively. Human-inflicted 
mechanisms were the second most common source 
of injury, making up 12.0% (n = 16) of all patients. 
Road traffic accidents (RTA) and chemicals 
accounted for 8.3% (n = 11) each. Six per cent (n = 
8) of the patients had sustained an eye injury from a
fall, while only 6.0% (n = 8) had been injured while 
playing sports. Of all the patients in the study, 56.4% 
(n = 75) had sustained a work-related eye injury 
while 43.6% (n = 58) had sustained non-work-related 
injury [1],[2].  

Before being used by  a worker, the safety 
equipment needs to pass certain tests described in the 
corresponding standards in order to ensure maximum 
safety. The tests are different depending on  purpose 
of the equipment. There are number of norms in the 
European, American and other standards that cover 
such tests. The purpose of this paper is to implement 
FEM analysis  comprising protective glasses using 
methods according to the European standard EN166. 

2. Eye Protection as a Safety Equipment

Human eyes have a naturally protective 
mechanism of tears that protect the eye from dust and 
prevent the occurrence of infections; however in 
more extreme conditions this protection is 
insufficient. Therefore, there is a need for additional 
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external protection. In working conditions where  a 
worker is exposed to dust, works with dangerous 
chemical substances, dangerous light radiation, 
operates with heavy tools and machines, protection 
of the face is obligatory. In general, 95% of eye 
injuries at work were caused by contact of the eye 
with chemicals or impact from hard particles. 
Therefore, the equipment used for protection of the 
face and eyes  have to meet certain conditions in 
order to be approved for use.  

 

 
 

Figure 1.  Foreign body in cornea while hammering metal 
without eye protection [3] 

 

The most common features that are required to be 
included in the safety equipment are blurring 
resistance, scratch resistance, high kinetic energy 
impact resistance, UV protection, or protection of the 
eyelet or the entire frontal part of the head. The most 
common material used in protective eye care 
products is polycarbonate due to its low weight and 
transparency. Different types of face protection are 
protective glasses (eye-shields), protective glasses-
masks, welding face shields and face shields. 

 

 
 

Figure 2.  Types of protective face equipment 
 

Considering indirect source of injuring while using 
mechanization 54 injuries (64.29%) were sustained 
due to incorrect realization of work operation (32 
injuries; 38.10%) and incorrect entry and exit from 
the machine (26.19%). During usage of hand tools 16 
injuries (24.24%) were sustained due to improper use 
of tools and equipment, whereas 16 injuries (22.73%) 
occurred due to incorrect realization of work 
operation. In case of mechanical tools, 28 injuries, 
contributing to 45.16% of the injuries inflicted due to 
usage of this resource, occurred due to incorrect 
realization of work operation, whereas 23 injuries 
(37.10%) occurred due to improper use of tools and 
equipment, which amounts to 82.26% of the total 
number of injuries [4]. 

3. European Normative EN166 and its 
Requirements Related to Eye Protection 
 

The Optical Manufacturers Association's Research 
Associate Program had begun at the National Bureau 
of Standards in February 1974. The object of this 
program was to develop a mechanical testing 
procedure for verifying the impact resistance of 
ophthalmic lenses [5]. The safety and durability of 
this type of equipment are guaranteed by certain 
normative under the guidance of the European 
personal protection equipment directive (PPE). The 
equipment regarding eye protection is conducted 
under several European standards depending of the 
type and use of the eye protection, and one of them 
is: 

- EN166:2001 Personal eye protection equipment. 
Specifications (technical characteristics - basic 
standard according to which all samples of eye 
protection  have to conform). 

 

3.1. Protection Requirements and Designation of 
the Safety Equipment in Accordance with 
EN166:2001 

 

The European Normative EN166:2001 is a basic 
standard according to which all samples of eye 
protection equipment  have to comply. It consists of 
tests and features that are defined in some of the 
other standards such as EN167, EN168, EN171 etc. 
For a certain eye safety product to be qualified as 
such, it  has to be examined in accordance to the 
requirements set out in EN166:2001 [6]. 

Always care should be taken when supplying 
protective equipment. Eye protection equipment 
should contain labels that guarantee that it has been 
approved by the European Commission for 
standards. Each product  which can be considered as 
protection equipment is carrying certain marks that 
are mandatory according to the normative EN166. 
These markings mean that the protective glasses have 
passed the test described in EN166. Certain numbers 
or letters also state in which class the product falls 
under certain criteria. With these designations, the 
quality of the glasses itself is enclosed, and it is 
defined for which purpose and in what kind of 
working environment they will be used. The 
markings shall be included together with the mark 
EN166. 

 
 

Figure 3.  Designation of protective glasses according to 
European normative [7] 
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The markings labeled on the glasses used in this 
paper are the following: 

 

 (logo) EN166 FT CE on side arm 
 2C-1.2 (logo) 1FT CE of the lens 

 

The marking of “EN166” ensures that the glasses 
are pre-tested and approved according to the test 
described in the mentioned standard. The “CE” 
marks European Conformity meaning that the 
product complies with the requirements of the 
European directives on safety, health and 
environmental protection and does not pose a threat 
to any of the listed. Products with this symbol can 
also be legally placed on the market in the country of 
origin. Number “2” indicates the type of filter 
according to which the field of use  regarding the 
glasses is determined, and in this case it is a UV 
filter. “C” denotes the perception of color when 
looking through the lenses, and in this case it is an 
undefined color perception. Index “1.2” indicates the 
degree of light passing through the lenses, i.e. the 
degree of dimming. “1” denotes the lens, or degree of 
optical distortion. For this paper work the most 
important marking is the letter “F”, which contains 
the parameters that characterize the physical test. The 
physical test will be simulated in a virtual 
environment, and it will be conducted with a 6mm 
ball discharge, 0.86g weight and velocity of 45m/s. 
For the test itself to be successful, no cracking or full 
penetration on the surface of the lenses should occur. 
The final mark “T” indicates that the test should be 
carried out at a temperature of -5 °C to + 55 °C. 
 
4. Protective Glasses Used for Analysis 

 
The model used for analysis is a basic model of 

glasses for everyday use when working with tools 
and machines. That is in conditions when the eye 
injury is less likely to happen. 
 

 
 

Figure 4. Protective glasses used as reference model 
 
After determining that the physical model is 

appropriate as an example, the CAD model was 
developed for the use in the simulation. Due to the 
availability of the glasses, it was possible to carry out 

detailed measurements for more precise development 
of the virtual model. The model was made by using 
surface modeling due to the complex geometry, and 
at the end shell thickness of 2.00mm was added. The 
model itself consisted of three parts: two side arms 
and lenses merged in one assembly as in the real 
glasses. For rendering, the model was placed on a 
model of human head in order to perceive real 
proportions. 
 

 
 

Figure 5.  Renders of a 3D model of protective glasses 
 
5. FEM Model of Protective Glasses 
 

Each surface was divided into infinitely small 
elements and spatial polygons that together form the 
mesh of elements. The intersection points of each of 
these elements are the nodes of the model. This 
method, or the finite element method that is based on 
numerical calculations, calculates the position vector 
of each of the nodes  within the elements relative to 
the global coordinate system, unless otherwise 
specified, and its change over time. Since these 
models represent discrete systems of time from a 
known displacement, the velocity or the acceleration 
in each of the points can be determined, further by 
the structural analyzes with known displacement and 
characteristic of the material,  stress, strength and 
deformation can be obtained. Many parameters affect 
the quality of the mesh, and they are a very important 
factor for the accuracy of the results. 

 
5.1. Description of the Test Method 

 
Occupational eye hazards are threatened by 

transfer of kinetic, thermal, chemical, or radiant 
energy. The kinetic energy of a missile depends upon 
its mass, m and its velocity, v. In the field of eye 
protection, clinically observed injuries depend on the 
amount of energy transferred, the rate at which the 
energy is delivered, and the surface area of contact 
[8]. The test method as previously mentioned is 
determined according to the markings of the glasses, 
or the letter “F”. The mechanical test consists of 
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ejected steel ball with a diameter of 6mm and a 
weight of 0.86g, which travels with a constant 
velocity of 45m/s or 162km/h in the location of the 
central part of one of the lenses or the eye position. If 
there is no crack or the ball  does not penetrate the 
lens or the glasses absorb the energy of the impact 
without falling from the head of the test dummy, the 
test is passed. 

The FEM analysis mesh consists of several types 
of elements depending on the need and type of 
simulation to be performed. Various element types 
can be 1D, 2D or 3D elements, whether the analysis 
involve beam, surface or solid bodies. In this case, 
2D elements are used in generating the mesh because 

it is a surface model and no significant change in the 
stress trough material thickness is expected. For the 
glasses, 2D elements of triangles and quadrangles are 
used in order to cover all the details in the geometry 
while the ball is made of 3D elements. The number 
and size of the elements also depend on the type and 
complexity of the model, and they can vary in 
different cases. The presented model consists of a 
mesh in which the elements gradually decrease in the 
segment  in which the impact of the ball is expected. 
This is done in order to break the mesh on that 
segment where the impact of the ball to the glasses 
takes place. 
 

 

Table 1. Mechanical test. Classification, marking and parameters [9] 

 
 
 

 
 

Figure 6. FEM modeling of the glasses components 
 

In the FEM model a group of nodes are connected 
with 1-D links that in the virtual simulation are 
known as “tied nodes”. These tied nodes connect the 
lenses with the side arms, merging them together. 
The rear part of the side arms is fixed in all degrees 
of freedom, and this is the place where the frames 
rest on the ears. The standard states that the glasses 

are not allowed to fall after the impact and regarding 
the FEM model they are fixed at the back, so this 
does not replace the real situation. The strength of the 
glasses themselves is the main interest in this paper. 
The steel ball impact is positioned in the direction of 
the eye position as close as possible to the lens and 
given an initial velocity vector with magnitude of 
45m/s. 
 
5.2. Materials Used in the Virtual Simulation 

 

The impact resistance of spectacle lens materials 
has been of interest to optometrists since 1970s. 
Wiggleworth published a series of papers comparing 
the performance of glass and polycarbonate lenses 
under ballistic testing [10]. Factors that could affect 
impact resistance of ophthalmic lens materials 
include the strength of the lens, type of lens material, 
laboratory surface coatings,  center thickness and 
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temperature [11]. Considering the effect of small 
missiles for small steel balls of diameter less than 2.0 
mm, a reversal effect can take place, i.e., non-heat-
treated glass can offer more protection than the heat 
treated glass [12]. For the glasses material, the 
polycarbonate (PC) is determined for the analysis. 
PC is one of the thermoplastics that have better 
mechanical properties than the other low cost 
polymers. The chemical composition and the 
carbonate group combined in pure polycarbonate 
gives its unique characteristics of optical 
transparency and good toughness and rigidity, even 
at relatively high temperatures. To enhance the 
properties of PC even further, it is possible to co-
polymerize the molecule with other monomers 

(improves the flame resistance, refractive index and 
resistance to softening), or to reinforce the PC with 
glass fibers (giving better mechanical properties at 
high temperatures). [13]. 

Polycarbonate glasses and steel projectile 
properties used in this study are given in Table 2. 
The material properties available for polycarbonate 
material at high strain rate found in the literature 
were very rare and material models in most cases 
were incomplete or lacked precision. Even though 
the material properties used were obtained at lower 
strain rates than the material properties that 
correspond at higher strain rates or bullet impacts. 
[14]. 
 

 
Table 2. Material properties for the glasses and the impact ball 
 

General properties Polycarbonate (PC) Low carbon steel Unit 

Density 1.14e3 - 1.21e3 7.8e3 - 7.9e3 kg/m^3 

Price 2.21 - 2.7 0.7 - 0.76 USD/kg 

Mechanical properties    

Young's modulus 2 - 2.44 205 - 217 GPa 

Yield strength (elastic limit) 59 - 70 400 - 1500 MPa 

Tensile strength 60 - 72.4 550 - 1760 MPa 

Elongation 70 - 150 3 - 38 % strain 

Hardness - Vickers 17.7 - 21.7 140 - 693 HV 

Fatigue strength at 10^7 cycles 22.1 - 30.8 248 - 700 MPa 

Fracture toughness 2.1 - 4.6 14 - 200 MPa.m^0.5 

 
6. Analysis and Results of the Virtual 

Simulations 
 

Virtual simulations are preformed to acknowledge 
the behavior of the safety glasses during impact in 
the mechanical conformity test according to the 
standard EN166. For crack simulation the plastic 
strain to failure was used. This is the strain in the 
region of plasticity at which the failure of the 
material occurs, recognized in LsDyna as EPPF. 
Different simulations were  performed with varying 
the EPPF value and finding the strain at which the 
glasses will crack under impact. According to the 
material database in the CES EduPack software, in 
the group of polymers where polycarbonate belongs 
depending from the chemical composition the 
elongation can differ from 70 to 150 %strain. The 
strain equals to the extension over the original length 

 
 
 
 
 

 and is in the dimensionless unit because it is a ratio 
of lengths. As per material specifications for 
polycarbonate the calculated strain is 0.7-1.5 times 
the initial length of the test piece. Below are shown 
two simulations with different plastic strain to 
failure, or one with the real according to the material 
specification and one with the value when the crack 
initiates. 
 
6.1. Case 1 - Velocity Simulation of 45m/s with 

EPPF=0.7 
 

According to EN166 marking of the safety glasses 
used as a real model, they can sustain low energy 
impact by ejected steel ball with diameter of 6mm 
and velocity 45m/s. The glasses have the designation 
of letter “F” which means that they have passed this 
mechanical strength test. 
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Figure 7. Simulation with plastic failure EPPF=0.7 
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The stress distribution can be seen on the figures in 
the location where the impact of the ball happens and 
gradually increasing in the form of rings. The stress 
shown is VonMisses stress reaching the elastic limit 
or the Yield stress. (acc. to the CES EduPack yield 
stress equals to 59MPa). The elastic deformation of 
the lens or flipping on the side arms is evident  as 
well as the deformation waves that are transmitting 
trough the frames till the back where they are locked. 

 

6.2. Case 2 - Velocity Simulation at 45m/s with 
EPPF=0.1 

 

After performing the virtual simulation of the 
mechanical test, the next was finding the strain at 
which the polymer will crack under impact. Because 
of high strain rates this value can differ compared to 
the material specifications. For the plastic strain value 
EPPF = 0.1, it was noticed that when the ball hits the 
glasses, it deforms the lens to some extent, slows 
down and rejects, leaving minimal crack on the 
surface. 

 
 

 
 

 

 

 

 
 

Figure 8. Simulation with plastic failure EPPF=0.1 
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The crack forms start from the impact point and 
propagate outwards. The crack path depends from the 
finite elements reaching the value of plastic strain 
EPPF=0.1.  After getting the value the element is 
deleted from the calculation. Considering EN166, no 
crack or full penetration should occur, so for this 
material of the glasses the test is not passed. 

 
7. Material selection 

 

The CES EduPack software gives a wide variety of 
material selection [15]. It provides all the needed 
information about material properties (general, 
physical, mechanical, thermal, carbon footprint, etc.) 
as well as its application. The polycarbonate belongs 

to the family of polymers, subgroup of plastics and 
the group of thermoplastics. A thermoplastic is 
a material, usually a plastic polymer, which becomes 
softer when heated and hard when cooled. 
Thermoplastic materials can be cooled and heated 
several times without any change in their chemical 
composition or mechanical properties. When 
thermoplastics are heated, they melt to a liquid. They 
freeze to a solid state when cooled enough. They are 
easily worked, molded, and thermoformed for many 
applications, such as electronic components, 
construction materials, data storage devices, 
automotive and aircraft parts, prosthetics and security 
glazing. 

 

 
 

Figure 9. Bubble chart of Polycarbonate materials 
 

The bubble chart above shows the whole group of 
polycarbonates but filtering only those that have a 
strain value above 10 [%strain]. These are shown as 
blue bubbles. This is the elongation percentage for 
polycarbonate group of polymers that passes the 
mechanical strength test according to EN166. If only 
one member in the subgroup has a plastic strain value 
equal or higher than 10[%strain] the subgroup is 
colored blue. On the chart the x-axis is elongation in 
unit [%strain] and on the y-axis is the yield strength 
in [MPa]. Five subgroups denoted with PC are set 
apart. These are: PC (30% PTFE, lubricated); PC 
(copolymer, heat resistant); PC (high viscosity, 
molding and extrusion); PC (low viscosity, molding 
and extrusion, flame retarded) and PC (low viscosity, 

 
 

molding and extrusion). The first polycarbonate 
subgroup, PC (30% PTFE, lubricated) can be 
excluded from the analysis because of its low Yield 
stress and elongation limit. All the other subgroups 
can be used as possible material for safety glass 
production according to the standard and complying 
with the test denoted as “F”. 

In pursuing the need to provide both excellence in 
optics and impact protection, it is a logical 
progression that manufacturers have looked for 
materials that have a higher Abbé number than 
polycarbonate, but retain as much of the 
polycarbonate’s impact protective qualities as 
possible. This has led to the polyurethane based lens 
materials, which have their origins in military needs 
[16]. 
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8. Conclusion 
 

All the safety equipment used in various working 
environments should comply with different standards. 
This main purpose of this scientific paper is showing 
the behavior of safety glasses during their mechanical 
test but in virtual environment. The standard 
EN166:2001- “Personal eye protection equipment” 
describes the test and the requirements that should be 
fulfilled for granting confirmation. For bringing the 
virtual test as close as possible to the experimental 
test the numerical model was prepared, meshed with 
surface shell elements, with increasing number at the 
place of impact. The boundary conditions were initial 
velocity of the impact steel ball as prescribed in the 
standard, locking the rear part of the glasses side arms 
and plastic strain to failure (EPPF) for crack 
simulation of the target glasses. After conducting the 
simulation the mechanical test according to EN166 
was passed, which could also be seen as a labeled 
marking at the same real glasses used as reference. 
Further when knowing that the numerical model 
behaves close to the real, some analysis could follow. 
The same test states that no crack on the safety 
glasses should occur so the stain to failure value was 
lowered till the one that initiates the crack. That value 
was EPPF=10 [%strain]. Polycarbonate is the 
material used for this kind of safety equipment 
because of its impact, heat and scratch resistance, and 
also its high transparency settings. Different kinds of 
materials were suggested from the group of 
polycarbonate thermoplastics and their selection will 
be analysis to follow. These materials excluding the 
ones with strain failure lower than 10[%strain] can 
lead to higher Yield strength, elongation, durability or 
cycles to failure, impact or heat resistance, lower cost, 
etc. 
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