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Abstract
Objectives: The objective of this study was to develop a numerical model of the eyeball and orbit to simulate a blunt injury to the eyeball leading 
to its rupture, as well as to conduct a comparative analysis of the results obtained using the finite element method against the clinical material 
concerning patients who had suffered an eyeball rupture due to a blunt force trauma. Material and Methods: Using available sclera biometric 
and strength data, a numerical model of the eyeball, the orbital contents, and the bony walls were developed from the ground up. Then, 8 different 
blunt force injury scenarios were simulated. The results of numerical analyses made it possible to identify possible locations and configurations of 
scleral rupture. The obtained results were compared against the clinical picture of patients hospitalized at the Department of Ophtalmology, Medical 
University of Gdańsk in 2010–2016 due to isolated blunt force trauma to the eyeball. Results: It has been demonstrated that the extent of damage 
observed on the numerical model that indicated a possible location of eyeball rupture did not differ from the clinically observed configurations of 
the scleral injuries. It has been found that the direction of the impact applied determines the location of eyeball rupture. Most often the rupture 
occurs at the point opposite to the clock-hour/positions of the impact application. The eyeball rupture occurs in the first 7–8 ms after the contact 
with the striking rigid object. It has been established that the injuries most often affected the upper sectors of the eyeball. Men are definitely more 
likely to sustain such injuries. Eyeball ruptures lead to significant impairment of visual acuity. Conclusions: This study may contribute to a better 
understanding of injury mechanisms and better treatment planning. It may also contribute to the development of eyeball protection methods for 
employees exposed to ocular injuries. Int J Occup Med Environ Health. 2023;36(2):263 – 73
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INTRODUCTION
Each case of vision impairment resulting from injury 
has serious consequences both in terms of the quality of 
life of the injured person and from the occupational and 

socioeconomic point of view. According to the  World 
Health Organization (WHO), around 55 million eye inju-
ries occur worldwide each year, of which about 1.6 mil-
lion (about 3%) cases result in blindness [1]. According  
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women. However, if all injuries are analyzed and not 
limited to eyeball rupture, the  percentage of women is 
more modest and amounts to 12.2%. This number is also 
very similar to the  report by Stafiej et  al.  [6] from the 
Department of Ophthalmology in Bydgoszcz, Poland, 
2001–2003. This can be explained by a different gender 
distribution of causes for hospitalization. Namely, men 
are much more often hospitalized due to the penetration 
of foreign bodies into the eye tissue and orbit or perforat-
ing or penetrating injuries, which is related to the nature 
of their work (miner, locksmith, mechanic, etc.) per-
formed predominantly by men. Women, on the  other 
hand, suffer more blunt injuries than with a sharp object. 
The  above work also mentions that half of the  injuries 
occur at home, one-third at work and the rest elsewhere. 
In the case of the material of the Ophthalmology Depart-
ment of University Clinical Center in Gdańsk, Poland, 
the  statistics regarding eyeball fractures indicate that 
only 8.3% occurred during work. However, if all cases 
of injuries are taken into account, indeed approx.  36% 
(109 patients) took place while performing work, while 
more than half (56.8%) took place at home or in its 
immediate vicinity.
Injuries in children are a separate clinical problem. Among 
them, a particularly important mechanism that disrupts 
the scleral continuity is a penetrating trauma with a sharp 
object as well as blunt force injuries. The most common 
cases included accidental mutilation, violence, and trans-
port-related injuries [7]. Many of such injuries could have 
been avoided with proper eye protection.
Smith and Regan proposed 2 theories to describe 
the  pathomechanism of orbital injury in the  course of 
impact with a blunt object, i.e., the buckling theory and 
the  hydraulic theory  [8]. The  buckling theory assumes 
an orbital wall fracture when the  force is applied to 
the outer rim. On the other hand, the hydraulic theory 
explains the  formation of fractures of the  lower and/or 
medial orbital wall, while the orbital wall remains intact. 

to these statistics, the  largest percentage of injuries is 
blunt force trauma, followed by injuries from a  sharp 
object, traffic accidents, gun shooting, injuries involv-
ing pyrotechnics, and falls  [2,3]. According to US sta-
tistics nowadays accidents take place mostly at home 
(41%), accidents at workplace are the  second most 
common  (14%)  [2]. For less developed countries this 
statistics is different and work-related injuries are more 
common. The  worst prognosis is for injuries resulting 
from assault/beating and injuries sustained in motorcycle 
accidents [4]. Additionally, it has been demonstrated that 
the state under the influence of alcohol is not only condu-
cive to the occurrence of serious eye injury but also tends 
to worsen the prognosis when the injury occurs [5].
Work-related eye injuries can be categorized as traumatic 
injuries and exposure injuries. The former are for exam-
ple blunt or penetrating trauma to the eyeball and/or sur-
rounding structures such as orbit and/or lids  – corneal 
abrasions and foreign bodies, scleral abrasions, lacera-
tions to the lids and lid margins, damage to the tear duct 
apparatus and globe laceration. Penetrating injuries may 
result in an intraocular foreign body. Blunt eye injury 
during work duties mainly occur when tools slip malfunc-
tion and strike the globe. Direct blunt trauma to the globe 
may result in the formation of a hyphema, development 
of retrobulbar hemorrhage and orbital compartment syn-
drome or in most serious cases may lead to globe rupture. 
The latter include for example thermal burns, electric arc 
injuries, ultraviolet light exposure, laser light burns and 
acid or alkali burns (alkali burns and tend to be more 
serious than acid burns because they penetrate soft tis-
sues deeper).
In the  literature, the number of eyeball injuries in men 
is much higher than in women. The  most frequently 
reported amount is 4 times the amount  [2,3]. This sta-
tistic fully corresponds to the  number of eyeball frac-
tures in the  clinical material analyzed for this study, 
which showed an identical ratio of trauma in men and 
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caused by a  moving, rigid object (cylindrical shape). 
The results obtained with simulation methods were com-
pared against clinical studies of patients with eyeball rup-
ture hospitalized at the Department of Ophthalmology at 
the University Medical Center of Gdańsk.

MATERIAL AND METHODS
For the needs of the analysis, the properties of individ-
ual parts of the orbit and eyeball (except for the sclera) 
were adopted as per literature (Table  1). For the  sclera, 
the elastic modulus (Young’s modulus) value of 10.7 MPa 
was adopted, being the average from the previously con-
ducted own tests (on an animal specimens)  [16]. Then, 
the  orbital numerical model was constructed. The  pos-
sibility of contact between the  following elements 
was determined: the  rigid cylinder and the  outside of 
the  eyeball, the  eyeball and the  orbital fat, and the  fat 
and the bone. Also, a membrane representing the orbital 
septum was created. From a mechanical point of view, it 
was assumed that both the eyeball interior the orbital fat 
were incompressible materials, which reflects the Poisson 
modulus value close to 0.5, and that bones, eyeball, and 
adipose tissue were elastic isotropic materials. Adoption 
of the  Poisson modulus value ν  = 0.49 for incompress-
ible elements caused a  divergence of calculations. Only 
the value of ν = 0.499999 led to correct results [17,18].
To obtain the  most reliable and life-like results, in 
the  finite element analysis a  geometrically nonlinear 
variant in the  range of large deformations was used in 

According to this theory, forces acting on the orbital soft 
tissues move them backwards, leading to the  creation 
of pressure which is transferred evenly to all orbital 
walls, and their rupture usually occurs in the  thinnest 
place [9,10]. The study by Ahmad et al. proves that such 
an injury mechanism protects the eyeball from rupture 
as a  result of blunt trauma  [11]. In  that study, it was 
found that less force was needed to break the  orbital 
floor when the force was applied directly to the eyeball 
than when it was applied to the orbital rim. The orbit-
al contents together with the  eyeball and bony walls 
are closely interrelated in terms of mechanics. Most of 
the  studies on eyeball resistance to injuries concerned 
models of the eyeball alone [12–15]. Accurate mapping 
of the orbital contents influences the value of results of 
modeling dynamic blunt trauma both to the eyeball and 
the  orbit, as well as the  conclusions drawn from such 
experiments [16].

Objective of the study
Studies on the mechanisms of blunt trauma, its course, 
and its effect bring us closer to the invention of more effec-
tive methods of eye protection at work, more accurate 
diagnostics and possibly better treatment methods. For 
obvious reasons, such studies cannot take place in vivo, 
which is why they are increasingly often conducted on 
numerical models. This study aimed to present some 
aspects of numerical modeling of the  eyeball and orbit 
and the  elements of analysis of simulated blunt injury 

Table 1. Material properties adopted for the individual elements of the eyeball and orbit model based on the literature

Element Reference
Young’s modulus

[Pa]
Poisson modulus (ν)

Density
[kg/m3]

Orbital bones 10 1.3 × 109 0.33 2000

Vitreous body 20, 28 0.5 × 106 0.499999 1000

Orbital fat 16 0.5 × 106 0.499999 952

Sclera and cornea 16, 28 10 × 106 0.42 1000

Orbital septum 16 0.5 × 106 0.33 1000
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In the obtained analyses, no stress component exceeded 
the  permissible value of RKT , but the  already calculated 
equivalent stresses σM exceeded these permissible values, 
and it was possible to end the simulation at this stage and 
recognize that the sclera ruptured.
The sclera and cornea were modeled as separate parts 
of the  eyeball since they feature different mechanical 
properties. For simplicity, eye lens was not included in 
the modeling due to their complicated suspension system 
and a minor role it could play in eyeball rupture.
The phenomenon of contact was taken into account in 
the  calculations. For this purpose, 4 deformable bodies 
were defined: bone, eyeball, orbital septum and fat, and 
a single rigid body (or “punch”) that caused the system 
deformation. To build the model (Figure 1), the authors 
adopted equations for curvatures of individual eyeball 
structures included in the work [19].
First to check numerical properties of the eyeball model, 
which was the  most important part of analysis, it was 
tested alone using a non-linear dynamic compression test 
on a rigid surface (Figure 2).
Described model consists of 22  673 nodes and 98  064 
elements (of which 32 346 for the eyeball). The finished 
model of the eyeball was linked to the other elements of 
the orbit and a rigid cylinder. This object was to strike at 

the  Lagrange approach. In  the  MSC Marc/Mentat pro-
gram (MSC Software, Newport Beach, California, USA), 
dynamic calculations were performed in the  dynamic 
implicit options. The equations of motion were integrated 
using the Houbolt method with the parameters γ1 = 1.5 
and γ = –0.5. The integration step was Δt = 10–6 s. More-
over, it was assumed that all materials are isotropic and 
have elastic (bones) or elastic perfect plastic (soft tissues) 
physical properties (Table  1). Nevertheless, the  analy-
sis was terminated when the  elastic limit of the  sclera 
was reached at a certain point. It was assumed that it is 
the eyeball rupture point.
The obtained results were displacements, stress compo-
nents, and equivalent stresses Huber-von Mises-Hencky 
σM calculated according to the formula:
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where:
σx, σy, σz – normal stress consistent with the axes of the global 
coordinate system;
τxy, τxz, τyz – shear stress in the same system;
RKT – ultimate stress value causing sclera rupture.

The application of this hypothesis is because only 1 param-
eter is known, determining the moment of sclera rupture. 

Z
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X
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eyeball inside
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Figure 1. Finished model of the eyeball, orbit and striking object

eyeball

striking object

Inc: 200
Time: 2.200e–04 s

Max: 1.1887e+06 @Node 3765
Min.: 1.189e–05 @Node 7880

Lcase1
Equivalent Von Mises Stress

3.000e+06
3.700e+06
3.400e+06
2.100e+06
1.800e+06
1.500e+06
1.200e+06
9.000e+05
6.000e+05
3.000e+05
0.000e+00

Figure 2. Test of the eyeball numerical model [Pa]
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RESULTS
Finite element modeling of the eyeball rupture
The solution for finite element equations was obtained 
in the  form of stress maps in the  numerical model of 
the  eyeball. It  should be noted that all of the  tests were 
performed for the left eyeball and left orbit model. In each 
test, the rigid cylinder stroke at the eyeball from a differ-
ent direction. The numerical model indicated the points, 
where the assumed stress limit was achieved, identical to 
the most likely point of scleral rupture in vivo (Table 3). 
Following other authors’ reports, for the  limit stresses 
resulting in scleral rupture the  following values were 
adopted: strain ε = 6.8%; stress RK = 9.4 MPa [13,20].

Comparison with clinical data
The locations of eyeball rupture in patients hospitalized 
in the  Ophthalmology Department of University Medi-
cal Center of Gdańsk in 2010–2016 were determined, as 
illustrated in Table 4.

the eyeball directly at a speed of 9 m/s and then decelerate 
linearly to 0 m/s after 0.003 s. Eight tests were performed 
from 8  different directions. The  finite element mesh is 
shown in (Figure 1). Velocity vectors for the  specified 
impact directions are presented in Table 2.

Table 2. Initial velocity vectors for the individual tests

Testa

Velocity vector
[m/s]

component X component Y component Z

0°– 0° 0 9 0

45°– 0° –6.364 6.364 0

30°– 0° –4.57 7.7942 0

15°– 0° –2.3294 8.6933 0

0°– 5° 0 8.69333 2.32937

30°–15° –4.34667 7.52865 2.32937

15°–15° –2.25 8.39711 2.32937

Component X, Y, Z according to the global coordinate system (Figure 1).
a [y axis dev.] – [z axis dev.] / axis.

Table 3. Summary of tests on the numerical model

Test Impact direction Limit stress reaching reference point
Limit stress reaching 

time
[h]

Test 1 (0°–0°) from the front (along axis Y) sclera in the place of the external rectus muscle attachment 3:00
Test 2 (45°–0°) from the front at an angle of 45° from axis Y 

(from the front and the temple)
sclera in the nasal quadrant in the projection of the flat part 
of the ciliary body (pars plana), slightly below the height 
of the internal rectus muscle attachment

8:30

Test 3 (30°–0°) from the front at an angle of 30° from axis Y 
(from the front and the temple)

sclera in the nasal quadrant in the projection of the flat part 
of the ciliary body (pars plana), slightly below the height 
of the internal rectus muscle attachment

8:30

Test 4 (15°–0°) from the front at an angle of 15° from axis Y 
(from the front and the temple)

sclera in the nasal quadrant in the projection of the flat part 
of the ciliary body (pars plana), slightly below the height 
of the internal rectus muscle attachment

8:30

Test 5 (0°–15°) from the front along axis Y and from below 
at an angle of 15° from axis Z (from below)

sclera in the upper quadrant, in the pars plana projection, 
in the projection of the upper rectus muscle attachment

11:00–12:00

Test 6 (30°–15°) from the front at an angle of 30° from axis Y 
and from below at an angle of 15° from axis 
Z (from the temple and from below)

sclera in the upper quadrant, in the pars plana projection, 
slightly nasally from the upper rectus muscle attachment

11:00–12:00

Test 7 (15°–15°) from the front at an angle of 15° from axis Y 
and from below at an angle of 15° from axis 
Z (from the temple and from below)

sclera in the upper quadrant, the pars plana projection, 
in 2 places: slightly nasally and slightly temporally 
from the projection of the upper rectus muscle attachment

11:00, 01:00
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and such configurations of eyeball rupture in clinical 
patients were selected that correspond to the  results 
of the  numerical simulation regarding the  location of 

The data obtained in the analysis of the clinical material 
(Table  4) were compared against the  data obtained in 
the dynamic analysis on the numerical model (Table 3), 

Table 4. Summary of clinical cases

Participant
(No.)

Sex
Age

[years]
Eyeball Mechanism of trauma Rupture location Rupture extent

1 M 67 left impact (wood fragment) corneal limbus 6:00–10:00

2 M 78 left fall (on the pot) impact 
(beating)

muscle attachment 
+ to the equator

9:00–12:00

3 M 41 left impact (beating) corneal limbus 4:00

4 M 59 right impact (beating) muscle attachment 12:00–3:00

5 M 62 left fall (onto heater) corneal limbus 10:00–12:00

6 M 61 right impact (wood trunk) corneal limbus 
+ meridian wound

11:00–6:00

7 M 67 right strike (sole) corneal limbus + oblique wound 10:00–2:00

8 F 70 right fall (on bathroom faucet) corneal limbus 11:00–4:00

9 M 58 right fall (getting off the bus) equator 9:00–12:00 (90° in the upper temporal 
quadrant)

10 M 64 left bash (metal object) corneal limbus + 2 meridian 
wounds

1:00–4:00 + meridional wounds at 1:00 
and 4:00 almost to n. II

11 M 60 right impact (beating) equator towards 
the back of the eyeball

12:00–3:00 obliquely towards the rear 
pole

12 M 54 left impact (beating) corneal limbus 10:00–2:30

13 M 65 right fall corneal limbus 6:00–12:00

14 M 26 right impact (hit by the car) pars plana 1:00–2:30

15 F 69 right impact (with wood) corneal limbus 1:00–6:00

16 F 53 left impact (chair rod) corneal limbus + meridian 6:00–12:00 and then to the upper rectus 
muscle

17 M 60 left fall (edge of well) corneal limbus 12:00–5:00

18 M 60 right impact (probably against 
the steering wheel)

equator 9:00–1:00

19 M 41 right impact (with a piece of wood) meridian from the limbus to 
the equator

7:00

20 M 59 right bang (champagne cork) corneal limbus 9:00

21 F 60 right fall corneal limbus + meridian 
wound

7:00–12:00

22 M 54 right impact (beating) equator 9:30–12:00

23 M 10 right impact (shovel) corneal limbus + oblique wound 7:30–12:00

24 M 64 left impact (against the corner 
of the shelf)

upper rectus muscle attachment 12:00
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DISCUSSION
The literature describes various objectives and applica-
tions for eyeball numerical models. Nagasao et al.  [21], 
Schaller et  al.  [22], and Al-Shukhun et  al.  [23] were 
the  first ones to use mathematical methods (finite ele-
ment method) for orbital model construction. Initially, 
the models contained only bony elements. Later on, they 
were enriched with orbital contents (eyeball and other 
retrobulbar structures) [21–27]. More advanced models 
were built based on the  CT image transferred with  

the probable rupture, as presented in Table 5. The select-
ed ones were presented in the  form of legible figures 
(Figure 3–8).
In half of the  patients (No. 3, 6, 9, 10, 13, 15–19, and 
21–23 as per Table  4), no rupture configuration match-
ing the  locations indicated in the  numerical simulation 
was observed, or the rupture size was too large to indicate 
the probable original rupture spot. Most likely, a mecha-
nism of injury in these patients was complex, or the impact 
directions varied from those proposed in Table 3.
All procedures related to this research work have been 
positively assessed by the Independent Bioethical Com-
mittee for Scientific Research at the Medical University of 
Gdańsk (NKBBN/497/2016).

Table 5. Comparison of the tests on the numerical model  
with the clinical cases

Test
Limit stress  

reaching time
[h]

Patient  
with a similar rupture  

(No.)

Test 1 (0°– 0°) 3:00 3, 20

Tests 2 (45°– 0°),  
3 (30°– 0°), 4 (15°– 0°)

8:30 1

Test 5 (0°–15°) 11:00–12:00 11, 24

Test 6 (30°–15°) 11:00–12:00 2, 4, 5, 8, 14

Test 7 (15°–15°) 11:00, 1:00 7, 12

striking object

Inc: 800
Time: 8.000e–04 s

Max: 9.917e+06 @Node 11623
Min.: 4.481e+03 @Node 12624

Icase1
Equivalent Von Mises Stress

eyeball

9.917e+06
8.925e+06
7.934e+06
6.943e+06
5.952e+06
4.961e+06
3.969e+06
2.978e+06
1.987e+06
9.957e+05
4.481e+03

X
Y

Z

Figure 3. Predicted sclera rupture site in test No. 2 [Pa]

Inc: 800
Time: 8.000–04 s

Max: 9.917e+06 @Node 11943
Min.: 3.303e+03 @Node 12662

lcase1
Equivalent Von Mises Stress

eyeball

striking object
Z Y

X

9.917e+06
8.925e+06
7.934e+06
6.943e+06
5.951e+06
4.960e+06
3.969e+06
2.977e+06
1.986e+06
9.946e+05
3.303e+03

Figure 5. Predicted sclera rupture site in test No. 5 [Pa]

Z

X

Figure 4. Location of the wound in patient No. 1 (left eye)
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with the trauma course observed using high-speed cam-
eras was demonstrated. Since ballistic tests require plac-
ing an examined eyeball in a  block of transparent gel, 
the numerical model of the eye in that study was placed in 
similar conditions. Also, the  authors demonstrated that 
numerical modeling of trauma could help in the under-
standing of the course and causes of intraocular injuries 
that have not yet been precisely explained. In the work by 
Dai et al. [28], the numerical model was used to further 
explain the mechanisms of drug transport from the eye 

the  use of computational programs to a  mathematical 
finite element model. The basis for the data transfer were 
grayscale (Hounsfield scale) units, considering only the 
linear coefficient for the weakening of density and not the 
material properties of the tissues. Those studies made it 
possible to obtain a  new perspective on the  traumatol-
ogy of the orbit. For this reason, it was possible to assess 
the behavior of individual bone structures in the course 
of injury and find locus minoris resistentie of the orbit, as 
well as to determine particularly dangerous injury direc-
tions. From here, it is only a step to develop new protec-
tive measures for people who are particularly exposed to 
damage to the  orbit, both in the  workplace and during 
sports activities. However, the modeled orbital contents 
were treated as a  kind of “filling” for bone structures, 
without high accuracy in the mapping of the eyeball, for 
example.
In the work by Gray et al. [15], the objective was to com-
pare the results of numerical modeling of an eye injury 
from a  paintball impact with the  empirical model of 
such an injury. In that work, an exact model of the eye-
ball was built, and consistency of the  numerical model 

Z

X

Figure 6. Location of the wound in patient No. 7 (right eye)

Inc: 800
Time: 8.000–04 s

Max: 1.097e+07 @Node 11796
Min.: 4.218e+03 @Node 12966

lcase1
Equivalent Von Mises Stress

eyeball

striking object

Z
Y X

1.097e+07
9.871e+06
8.775e+06
7.678e+06
6.582e+06
5.486e+06
4.389e+06
3.293e+06
2.197e+06
1.101e+06
4.218e+03

Figure 7. Predicted sclera rupture site in test No. 6 [Pa]

Z

X

Figure 8. Location of the wound in patient No. 8 (right eye)
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ture configuration is consistent with the simulated rup-
ture sites; however, this comparison cannot be applied 
for extensive ruptures, but only for those limited to 
2–3 clock-hours distance of the sclera. This is because for 
more extensive wounds it is not possible, at the current 
stage of research, to determine the  direction of rupture 
widening, therefore it cannot be presumed which clock-
hour of the  rupture was the  initial, and which one was 
the terminal point of the rupture.
The limit stress on the  created numerical model was 
achieved no later than after 8 ms from the  contact of 
the object striking at the cornea of the modeled eyeball. 
This observation suggests that the  sclera begins to rup-
ture before the impact pulse stops acting.
Further development of the  numerical model details to 
include periocular muscles and other so-far omitted 
structures (such as crystalline lens), while considering 
the plasticity effect or, finally, including the damage phe-
nomenon in simulations, will result in obtaining more 
accurate results and lead to drawing more far-reaching 
conclusions.
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