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Abstract: 

One of the factors that significantly affect flight safety is bird strikes. Various aircraft   parts are vulnerable to damage. 

For helicopters, the windshield, the front part of the fuselage, and the rotor blades are particularly sensitive to bird 

collisions. Experimental studies and numerical modelling of bird model impacts on polycarbonate samples and a 
helicopter windshield are presented in the paper. For the tests, a gelatine projectile was used as a bird substitute. In 

numerical studies, it was represented by a cylindrical shape with hemispherical ends. In the first stage of the experi-

mental tests samples made of polycarbonate material were used as a target. These studies focused on determining the 
sample deflections and velocity at which the bird model would penetrate the target. The experimental investigations 

were conducted with a special set-up of a gas gun equipped with high-speed cameras, tensiometers, accelerometers, 

and force sensors. The simulations were conducted using LS-DYNA software by applying the SPH method to the bird 
model. The test stand models were developed in a CAD environment and then imported into LS-PrePost software, 

where they were discretized to use in numerical analyses. Results of the studies, such as impact force, acceleration, 

and windshield deflection were compared. Besides, the high-speed cameras allowed visualization of the impact pro-
cess. It turned out that both a polycarbonate plate and a helicopter windshield were punctured at the speed of 50 m/s. 

It can be noted that the curves of the impact force and the deflection of samples obtained as a result of numerical 

analysis correlated well with the empirical ones. The correlation validated the modelling parameters and confirmed 
that numerical simulations could be trusted as an effective and reliable method for analyzing materials' behavior 

under impact loading. 
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1. Introduction 

Aviation safety depends on many factors. One of 

them is bird strikes, which negatively impact on 

flight safety (Dhillon, 2011; Mclntyre, 2017; Metz, 

2021). Various parts of an aircraft are subjected to 

damage (Dolbeer et al., 2021). It goes without say-

ing that damage to an engine, as well as windshield 

penetration, is extremely dangerous. The conse-

quence of a bird being sucked into an engine can be 

the engine shutting down, whereas the penetration of 

the canopy can cause serious injury to the pilot, mak-

ing them unable to continue piloting the aircraft (El-

Sayed, 2019). In order to comply with certification 

requirements regarding the resistance of various 

parts of an aircraft to bird impacts, compulsory ex-

perimental tests must be conducted (Heimbs, 2011; 

Guida, et al., 2013).   

The legal regulations concerning the strength re-

quirements for the aircraft and rotorcraft windshield 

include the specification CS-25 and CS-29. Accord-

ing to these specifications, the windshield in the cat-

egory of a heavy aircraft and rotorcraft should with-

stand a bird strike whose mass equals 1 kg at a speed 

of 180 km/h, and an altitude of 2438 m. (EASA, CS-

25, CS-29, 2011). However, there are no require-

ments regarding the categories of small aircraft (CS-

23) and rotorcraft (CS-27). As the statistics show, 

there were many accidents concerning this category 

where the windshield was damaged due to a bird 

strike (Dennis and Lyle, 2009; El-Sayed, 2019). It 

can be assumed that one of reasons of that was the 

lack of certifying requirements. The Figure 1 depicts 

an example of the windshield damages of diamond 

DA42 plane as a result of bird strike. The accident 

occurred during the approach to landing at the 

Dęblin airport on September 25, 2020. The strike 

speed was approximately 80 kt (41 m/s). A pigeon 

was the impactor. Therefore, the main aim of the pa-

per is the comparison of the experimental and nu-

merical results  which is needed for further numeri-

cal analysis in order to develop the  more resist on 

bird strikes innovative windshield models intended 

for aircraft of the category "small". 

It is important to underline, that  experimental tests 

conducted on the subject often constitute a manufac-

ture’s trade secret, thus the number of available pa-

pers regarding experimental tests of bird strikes is 

very limited. Moreover, experimental tests are very 

expensive and time consuming. Therefore, the ma-

jority of researchers conducting numerical simula-

tions of bird strikes exploit the data of published 

studies, especially Wilbeck’s and Barber`s, which 

were carried out in the 1970s. Furthermore, the con-

ducted tests are unique from the Polish perspective 

and can popularize the problematic in the national 

research centers. 

Taking into account the above mentioned circum-

stances, the experimental tests conducted by authors 

are valuable and may serve as a reference for other 

researches. We believe, that results of the  studies 

presented in the manuscript will constitute new re-

search and will be of interest to researchers. 
 

 

 
Fig. 1. Damaged windshield of DA-42 after bird 

strike (courtesy of Marta Kuzyka) 
 

Therefore, it seems justified to conduct the tests and 

numerical simulations of bird strike in order to seek 
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new solutions regarding windshield construction. 

Within the conducted analyses the impact loaded ob-

ject was the SW-4 helicopter windshield and sam-

ples made of polycarbonate panels. The experi-

mental tests were carried out using a special gas can-

non. The test stand was equipped with cameras, 

strain gauges, force sensors and accelerometers 

(Ćwiklak et al., 2022). LS_DYNA software package 

was applied for conducting numerical analysis 

(LSTC, LS-DYNA, 2007).  The Introduction part 

describes the purpose of the article, the justification 

for the scientific research carried out, as well as its 

contribution to the development of air transport 

safety. The second part of the article describes the 

experimental and numerical methods that were used 

during the research. The next part contains research 

results in the form of graphs and drawings from ex-

perimental and numerical tests. The last part of this 

paper presents a summary, conclusions and plans for 

future research on bird strikes. 

 

2. Literature review 

Two general categories can be distinguished among 

experimental tests. The first group involves valida-

tion of bird models through impacting them into a 

rigid plate (Barber, 1978; Allaeys, et al., 2017), 

whereas the second group involves impacting the 

substitute bird into various parts of an aircraft in or-

der to comply with EASA or FAA safety require-

ments and to find new materials resistant to bird 

strikes. (Wilbeck, 1977; Liu, et al., 2014; Hedayati 

and Sadighi, 2015).  

Researchers have conducted a number of experi-

mental and numerical studies to analyze the impact 

resistance of a variety of aircraft parts, including 

windshields, flaps, and fan blades. (Yang et al., 

2003; Wang and Yue, 2010; Ivančević and Smojver, 

2011; Dar et al., 2013; Hedayati, et al., 2014; Jin, 

2014; Liu, et al., 2014; Plassarda, et al., 2015; Vi-

jayakumar, et al., 2015; Delsart, et al., 2017; Hu-

sainie, 2017; Orlando, et al., 2018; Zhou et al., 2019; 

Zhou et al., 2020; Arachchige, et al., 2020; Di 

Caprio, et al., 2020; Pernas-Sánchez, et al., 2020; 

Wu, et al., 2021). Despite this, no information re-

garding the set-up used in the published studies is 

available. An example of a comparison between the 

experimental and numerical investigations regard-

ing windshields (a polycarbonate plate of 8 mm in 

thickness) has been presented in studies (Plassarda 

et al., 2015). A dead chicken  was used as an bird 

model impacting with a windshield. The impact ve-

locity was 128 m/s. The values of the contact force 

and the deflection were recorded and compared to 

numerical analyses. A deep deflection of the poly-

carbonate plate and an its elastic behavior  were ob-

served. It could be stated that the polycarbonate 

plate is a flexible material (Plassarda et al., 2015; 

Ćwiklak, 2020). 

 

3. Methods 

The figure 2 shows a step by step a research meth-

odology of conducting of the experiment and numer-

ical analyses. 

The first step was preparing the different samples 

(different thickness, single-layer,  multi-layers) and 

projectiles. Next, the testing sample was mounted on 

the frame of the stand. Parameters of the test, such 

as a velocity and mass of the projectile were set. 

Each shot was conducted after placing the gelatine 

projectile in the barrel. After the shot recorded pa-

rameters were analysed. Numerical bird models and 

polycarbonate samples were elaborated in Solid 

works and LS-PrePost software. In the next step was 

performing numerical computing by Ls-Dyna  

solver. After that, the results obtained from the test 

were compared with numerical ones. In a case, in 

that the values of analysed parameters were compa-

rable, the results were recorded and sending to fur-

ther analyses.  Otherwise, numerical models were 

improved and the process of analysis were repeated. 

 

3.1. Experimental method 

The experimental tests of bird impact with 

polycarbonate plates and helicopter windshield were 

carried out at the Institute of Aviation in Warsaw. 

The dedicated test stand consisted of the following 

elements: 

– air pressure gun; 

– multi-channel recorder (LMS SCADAS Mobile 

SCR09); 

– force sensors (M204C PCB) - 4 pcs; 

– strain gauges; 

– acceleration gauge; 

– portable computer equipped with LMS Test. 

XPress software – measurement control, data 

recording and archiving; 

– a desktop computer to control a gas gun 

equipped with Gun Control software; 

– high speed camera (Phantom VEO 412L + 

TAMRON 28-75 mm); 
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– left high speed camera (Phantom V1612 + 

NIKON 70-300 mm); 

– right high speed camera (Phantom V1612 + 

NIKON 105 mm); 

– computer with PCC 3.1 camera software. 

 

The scope of the measurements included: 

– measurement of projectile speed;  

– measurement of impact force with four sensors; 

– measurement of strains;  

– displacement of samples; 

– accelerations.
 

 
Fig. 2. Research methodology flowchart 
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Fig. 3. Experimental setup elements 

 

An illustration of the experimental setup elements 

that were used during polycarbonate samples tests is 

shown in Figure 3. For the purpose of determining 

the projectile velocity, camera number one was 

used. The target displacement was recorded by 

camera number 2. The impact process was observed 

using camera number 3. 

The rear montage plate is made of a 0.01 m thick 

square rigid plate (0.5×0.5m) mounted with four 

bolts supported by 4 load sensors (Figure 4a). Four 

distance elements are fixed to the rear montage 

plate. Material samples for testing are fixed to dis-

tance elements with 40 screws (10 for each side of 

the sample). Figure 4b presents the tested polycar-

bonate plate mounted on the frame of the test stand. 

The force sensors and strain gauges were connected 

to the data recorder. To initiate a shot from the DPZ-

250 gas gun, the technician used a trigger connected 

to cameras and data recorders. Additionally, the trig-

ger ensured time synchronization across all devices. 

As shown in Figure 4c, four markers were used to 

record the sample deflection. 

 

3.2. Numerical methods 

In order to conduct a numerical analysis of a bird 

impact into a rigid and deformable target, the LS-

DYNA software package was used (LSTC, LS-

DYNA, 2007). This is a computational code 

designed to analyze fast-changing phenomena by 

means of the finite-element method. A quick explicit 

formulation has been chosen for the research. 

Additionally, in order to elaborate bird and target 

models LSPre-Post software was exploited. 

 

   
(a) (b) (c) 

Fig. 4. Parts of experimental setup: (a) load sensors; (b) polycarbonate plate; (c) four markers used for 

recording of the sample deflection 
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Within this article a bird, 1.0 kg in mass and in a 

cylindrical shape with hemispherical ends (D = 

0.094 m; L = 2D = 0.188 m was modelled with the 

SPH method (Figure 5) (McCarthy et al., 2010; Lyu 

et al., 2022; Ropero-Giralda et al., 2021; Lacome, 

2004; Kalam et al., 2017; Zhang et al., 2018; Zhu et 

al., 2021). The dimensions of the bird models have 

been determined on the basis of the adopted bird 

mass and material density (Hedayati and Ziaei-Rad, 

2012). The bird model consists of 35.820 elements 

with distance between SPH elements of 3 mm (pitch 

value 3 mm) (Guida et al., 2011; Soni et al., 2013; 

Fragrassa et al., 2019). This model was chosen for 

the simulation presented in this paper since it re-

flected the behavior of a gelatin projectile more ac-

curately during experimental tests than others 

(Ćwiklak et al., 2022). 

 

(a) 

 
(b) 

 
(c) 

 
Fig. 5. Shape and dimensions of SPH bird model and 

the gelatin projectile 

 

As a material for the bird model, a plastic-elastic 

hydrodynamic material was taken from the LS-

DYNA material base. Under impact at speeds less 

than 100 m/s, this material better represents bird 

behavior than the null material. Thus, for numerical 

analyses of bird strikes, applying the right EOS 

during model design is essential. In the research, 

Grüneisen’s EOS has been applied (Chuan, 2006; 

Heimbs, 2011). The form of the equation of state are 

given below. 
 

𝑝 = 𝜌0𝐶2𝜇 {
[1+(1−

𝛾0
2

)𝜇−
𝑎

2
𝜇2]

[1−(𝑆1−1)𝜇−𝑆2
𝜇2

𝜇+1
−𝑆3

𝜇3

(𝜇+1)2]
2} +  

        (𝛾0 + 𝑎𝜇)𝐸,  

(1) 

 

where: E is the internal energy per initial volume, 

C is the intercept of the us -up curve, S1 , S2 and 

S3 are the coefficients of the slope of the us -up  

curve, γ 0 is the Gruneisen gamma, a is the first order 

volume correction to γ 0. Constans C, S1 , S2 , S3 ,γ 0 

and a are user defined input parameters. The com-

pression is defined in terms of the relative volume V, 

as: 

𝜇 =  
1

𝑉
− 1 (2) 

 

For expanded materials as the pressure is defined by: 
 

𝑝 = 𝜌0𝐶2𝜇 + (𝛾0 + 𝑎𝜇)𝐸 (3) 

 

In order to digitally model the samples and the wind-

shield a material model from the LS Dyna software 

database was used. The material model used is: elas-

tic plastic with kinematic hardening. In the imple-

mentation of this material model of polycarbonate 

samples and the windshield, the deviatoric stresses 

are updated elastically: 

𝜎𝑖𝑗
∗ = 𝜎𝑖𝑗

𝑛 + 𝐶𝑖𝑗𝑘𝑙 + ∆𝜀𝑘𝑙 (4) 

 

where:  

𝜎𝑖𝑗
∗  - is the trial stress tensor, 

𝜎𝑖𝑗
𝑛 - is the stress tensor from the previous time step, 

𝐶𝑖𝑗𝑘𝑙 - is the elastic tangent modulus matrix, 

∆𝜀𝑘𝑙 - is the incremental strain tensor. 

If the yield function is satisfied, nothing else is done. 

If, however, the yield function is violated, an incre-

ment in plastic strain is computed, the stresses are 

scaled back to the yield surface, and the yield surface 

center is updated (Livermore Software Technology 

Corporation, 2007) 

Table 1 presents material and EOS parameters 

adopted in the bird model. A preliminary test was 

carried out with a plexiglass plate with dimensions 

of 0.5×0.5×0.01 m (flexible target) in order to check 

the behavior of both the gelatin bird model and the 

deformation of the flexible plate. Material data for 

the targets mentioned are listed in Table 2. 
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Table 1. Material and EOS data used in bird models (Ćwiklak, 2020) 

 

Table 2. Material data used in targets 

 

Fig. 6. FE model of the stand test (a); the position of the bird model in the initial moment of analysis (b); 

numerical model of the stand to fix the windshield (c) 

 

Model of the test stand presented in Figure 6 was 

developed in CAD environment and then imported 

into LS-PrePost software, where it was discretized 

for numerical analysis. Similar to the stand, four 

bolts, supported by 4 load sensors, connect the target 

with other elements of the stand. The bolts were 

grouped in the single point constraints (SPC) set and 

all the translational degrees of freedom in x, y, z 

directions were constrained. In this case an SPC 

boundary condition card was chosen. This setup 

provided the same  boundary conditions for the 

experimental tests and numerical simulations. 

Furthermore, it allowed the researchers to measure 

the SPC force, as in the experimental tests. The 

contact automatic nodes to surface was adapted. The 

function of the master segment was taken by the 

target, whereas the slave segment was a bird model. 

The contact automatic single surface was used as the 

contact between the target and others parts of the 

stand.  

In the comparisons a steel, rigid  plate  was used as 

the target. The tests were conducted at speed of 116 

m/s  (Ćwiklak et al., 2022. One of the parameters 

recorded during the experimental tests was the 

impact force (Figure 7). The impact force diagram 

obtained in the experiment was compared with the 

Material parameters of bird model 

Density Cut-off pressure Shear moduls Yield stress Failure strain 

[kg/m3] [Pa] [Pa] [Pa] [-] 

950 –106 3.500x109 106 0 

Grüneisen's EOS parameters 

Bulk speed of sound Linear coefficient Quadratic coefficient Cubic coefficient Grüneisen's gamma 

[m/s] [–] [–] [–] [–] 

1.438 1.92 0 0 0.1 

Data of polycarbonate plate  and the windshield material (0.5×0.5×0.004 m) 

Density 
Young’s 

modulus 
Poisson’s ratio Yield stress Failure strain 

Tangent 

modulus 

Hardening 

parameter 

[kg/m3] [Pa] [–] [Pa] [–] [Pa] [–] 

1.190 3200·106 0.35 6000·107 0.025 - 0.5 

 
 

 

(a)          (b) (c) 
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force obtained from the simulation. When analyzing 

the course of the curves, it can be concluded that 

their shapes are comparable and their maximum 

values correlate well with each other. It means that 

SPH bird model reflects the behavior of the gelatin 

model accurately and can be exploited for numerical 

analyses regarding the bird impact with 

polycarbonate samples or the helicopter windshield. 

During the experimental tests, two shots involved a 

gelatine projectile hitting a plexiglass plate, which 

was a flexible target. The main aim was to assess 

both the behavior of the gelatin bird model and the 

flexible target during the impact process (Figure 8). 

It was a preliminary investigation before further 

experimental and numerical studies regarding 

aircraft windshields. 

 

Table 3. Initial simulation parameters 

Initial simulation parameters Description 

Element type of bird models SPH elements 

Element type of the rigid plate (target) Belytschko-Tsay shell elements  

Contact type 
Automatic nodes to surface 
Automatic single surface 

Hourglass control 
Flanagan-Belytschko viscous form (IHQ=2) 

Coefficient (QM=0.4) 

Bulk viscosity control 
Quadratic viscosity coefficient (Q1=2.0) 
Linear viscosity coefficient (Q2=0.25) 

Time step 6×10-6 s 

 Initial velocity 50-80 m/s 

The analysis time 5-15 s 

 

 

 
Fig. 7. Comparison of the resultant forces obtained from experimental and numerical analyses 
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(a) 

 
(b) 

Fig. 8. Comparison of the projectile and the plexiglass plate deformations for experimental (a) and numerical 

(b) studies 
 

In regards to the behavior of the plexiglass plate, 

numerical simulations show that the plexiglass plate 

is more elastic in comparison to experiment, which 

shows that it is more brittle (Zochowski et al., 2022). 
 

4. Results and discussion 

In this section, the results of both experimental tests 

and numerical analyses are presented. The experi-

mental tests concerned the impact of the gelatin pro-

jectile on the polycarbonate panels 4 mm thick at a 

speed of about 50 m/s. The shot into the helicopter 

windshield was the next stage of the tests. 

Figure 9 shows the impact of the gelatine projectile 

on the polycarbonate sample. Characteristic mo-

ments have been chosen to illustrate the deformation 

process between the impactor and the target. After 

about 3 ms, the impactor punctured the sample. To 

confirm the moment of plate breaking, the resultant 

forces obtained from experimental and numerical 

studies were compared. Figure 10 shows plots of 

forces. According to the curves, the maximum val-

ues of the forces are approximately 45 kN and the 

courses of the curves are similar. Figure 11 shows 

the comparison of the polycarbonate plate deflection 

from the experiment and the simulations. The dis-

placement was recorded at four different points used 

for tests and simulations. 

Analyzing the displacement values of the polycar-

bonate samples it can be seen that those values are 

similar for the test and the simulation. The deflection 

values equal about 50 mm at a time 3 ms after im-

pact. As mentioned above, at this time the sample 

was punctured (Figure 9c). The analyzed points 

were located in the center of the samples. The next 

point was 100 mm above the center of each sample. 

As a result, the deflections were smaller and equal 

to 28 mm and 30 mm, respectively. It is pertinent to 

underline that the sample displacement was recorded 

at 4 points with markers (Fig 4c). After the shot, due 

to the sample damage, two markers were damaged 

too, so the displacement could not be recorded. 

In Figure 12, an interesting comparison is shown be-

tween accelerations observed in tests and simula-

tions. For the test and the simulation, the maximum 

values of acceleration at a time of  about 0.25-0.3 ms 

after impact are almost the same (40000 m/s2). 

However, curves have different courses. In the ex-

perimental test acceleration rapidly decreases to 

zero, while in the simulation it comes down and os-

cillates around 10000 m/s2. It could be caused by the 

lower sensitivity of the acceleration sensor. The next 

difference is the rapid rise at the moment of  rupture 

of the sample. In the test, the acceleration equals 

80000 m/s2, while in the simulation it  is about 

55000 m/s2. 

Next, experimental tests were conducted regarding 

the impact of gelatin projectiles on  helicopter wind-

shield. To conduct the mentioned tests, a dedicated 

stand was constructed. A  frame for fixing the wind-

shield was made from plywood and mounted on the 

main part of  the stand. To record the resultant 

forces, four load sensors were attached to this de-

vice.  

In order to record the displacement of the windshield 

in chosen points 10 markers were fixed (Fig. 13a). 

Figure 13 b presents  the windshield on test stand 

with mounted markers, and tensiometers. 
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(a) (b) 

  
(c) (d) 

Fig. 9. Visualization of the gelatin projectile and the polycarbonate plate deformations for the impact at 

50  m/s: (a) 0 ms; (b) 2. ms; (c) 3 ms (d) 4 ms 
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Fig. 10. Resultant force: experiment (left side), simulation (right side) 
 

 
Fig. 11. Displacement of the polycarbonate sample: experiment (left side), simulation (right side) 
 

 
Fig. 12. Acceleration: experiment (left side), simulation (right side) 

 

Figure 14 visualizes the gelatin projectile's impact 

on the windshield. Characteristic moments have 

been chosen to show the deformation process be-

tween the impactor and the target. It can be seen that 

the windshield was punctured by the impactor after 

about 4 ms. During a real bird strike, damaged bird 

bodies and pieces of the windshield can get into a 

cockpit and injure the crew. 

Figure 15 depicts the moment the windshield got 

punctured, captured by a high-speed camera, and the 

corresponding numerical simulation result. In Fig-

ure 16 it can be observed that the simulation reflects 

satisfactorily the deformation of the gelatin bird 

model and the effect of windshield damage during 

the bird impact process.  

The plots of the resultant forces are presented in Fig-

ure 17. In summary, the courses of curves are similar 

and the maximum values of the forces are nearly the 

same at about 1.1 kN. The maximum force value re-

fers to the windshield puncturing moment. After 

that, the forces decrease in time by about 2.5 ms and 

0

10

20

30

40

50

0 1 2 3 4

R
es

u
lt

an
a 

Fo
rc

e 
(k

N
)

Time (ms)

0

10

20

30

40

50

0 1 2 3 4

R
es

u
lt

an
a 

Fo
rc

e 
(k

N
)

Time (ms)

-60

-50

-40

-30

-20

-10

0

10

0 0,5 1 1,5 2 2,5 3 3,5

D
is

p
la

ce
m

en
t 

X
(m

m
)

Time (ms)

Point No 1

Point No 2

Point No 4

-60

-50

-40

-30

-20

-10

0

0 0,5 1 1,5 2 2,5 3 3,5

D
is

p
la

ce
m

en
t 

X
 (

m
m

)

Time (ms)

-0,9

-0,4

0,1

0,6

1,1

0 1 2 3 4 5

A
cc

el
er

at
io

n
 (

m
/s

2
*1

0
6 )

Time (ms)

0

0,2

0,4

0,6

0,8

1

0 1 2 3 4 5

A
cc

el
er

at
io

n
 (

m
/s

2
*1

0
6 )

Time (ms)



90 

 

Ćwiklak, J., Gołda, P., Goś, A., Kobiałka, E., Krasuski, K., 

Archives of Transport, 70(2), 79-96, 2024 

 

 

they rise again to a value about half the maximum. 

It is caused by the developing damage of the wind-

shield. As a result, the impactor loses a part of its 

kinetic energy. Figure 18 shows the comparison of 

windshield displacement between experiments and 

simulations. 

The curve courses and the displacement values are 

similar. The deflection values equal about 10 mm, 

15 mm, and 40 mm respectively at a time 4 ms after 

impact. After the shot (in a time of about 5.5 ms), as 

a result of this destruction, the windshield markers 

were damaged too, so the displacements could not 

be recorded. 

Figure 19 presents the comparison of accelerations 

recorded during the experiment and simulation. It 

can be seen that the courses of both curves are simi-

lar and their maximum values are similar too. This 

is true for the first peak which equals about 10000 g. 

Slight differences can be caused by the acceleration 

sensor's sensitivity. The peaks reference the begin-

ning of the windshield penetration by the impactor.

 

     

(a) (b) 

Fig. 13. Placement of markers in the windshield  (a); the windshield on the test stand (b) 
 

   
a b c 

   
d e f 

Fig. 14. Visualization of the gelatin projectile and the windshield deformations for the impact at 50 m/s: (a) 0 

ms; (b) 2 ms; (c) 3 ms (d) 4ms (e) 5ms (f) 6 ms. 
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(a) (b) 

Fig. 15. Moment of the windshield puncturing: experiment (left side), simulation (right side) 

 

  
(a) (b) 

Fig. 16. Effects of the bird model impact with the windshield: experiment (left side), simulation (right side). 
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Fig. 17. Resultant force: experiment (up), simulation (down) 

 

 

 
Fig. 18. Displacement of windshield: experiment (up) , simulation (down) 
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Fig. 19. Comparison accelerations recorded during experiment and  simulation 

 

5. Conclusions and Further Work 

In this paper, the results of both experimental tests 

and numerical simulations are presented. Tests were 

conducted using a dedicated gas gun and a stand for 

fixing samples. The numerical simulations were 

conducted using the LS-DYNA software package. 

In the experiment, the gelatin projectile was the im-

pactor, while during numerical studies the SPH bird 

model was used. The main aim of the investigation 

was the examination of polycarbonate samples and 

the helicopter windshield. This was to assess their 

strength under the impact of bird models. The men-

tioned research yielded some parameters of the im-

pact process, such as force, displacement, and accel-

eration. Apart from that the high-speed cameras al-

lowed visualization of the impact process. The next 

stage of the study was a comparison of experimental 

results with numerical analyses. It turned out that 

both the polycarbonate plate and the helicopter 

windshield were punctured at a speed of 50 m/s. The 

elaborated SPH bird model with plastic-elastic hy-

drodynamic material behaves well as an impactor 

compared to null material, especially at lower speeds 

such as those studied. The deformation effect of the 

numerical bird model reflects satisfactorily the gela-

tin projectile deformation. To summarize the pre-

sented results, it is important to emphasize that the 

simulations conducted with L-Dyna software vali-

date the experimental results. The presented re-

search was the first part of the studies aimed at elab-

orating a bird strike-resistant windshield and other 

vulnerable parts of aircraft. The results of these stud-

ies may have a positive impact on air transportation 

safety. 

Next, in experimental tests, a method of fixing sen-

sors will be examined to determine whether the used 

synthetic glue weakens the windshield's structure 

and was a cause of puncturing. In addition, a test 

stand will be equipped with an additional tool that 

allows DIC (Digital Imagine Correlation) method to 

record displacements. Besides, one-layer and multi-

layer polycarbonate samples with different thick-

nesses will be examined to develop windshields that 

are more resistant to bird strikes than those used cur-

rently. 
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