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Abstract 

Polycarbonate windshields have superior impact properties but deform significantly during impact. In this pa-
per, the deformation during impact with a soft impactor was measured and compared to simulation results. A 
cylindrical windshield with a length of 1400 mm and a radius of 460 mm, derived from a real geometry, was 
impacted with an artificial bird at 65 m/s. To measure the full-field deformation in the impact area, a film with a 
printed speckle pattern was applied on the windshield and 3D Digital Image Correlation (DIC) was used. The 
finite element simulations were performed in LS-DYNA. To enable a comparison of the deformations, the sub-
set midpoints of the DIC results were used as history nodes in the simulation. This method facilitated the 
identification of regions that exhibited varying degrees of deformation and enabled both qualitative and quan-
titative comparisons to be made. 
 

1. NOTATION1 

Acro-
nyms: 

 

DIC Digital Image Correlation 
ERF European Rotorcraft Forum 
PC Polycarbonate 
VTOL Vertical Take-Off and Landing 

 

2. INTRODUCTION 

Bird strikes pose a significant threat to aviation safety 
(Ref. ⁠1). The likelihood of a bird strike decreases con-
sistently with increasing altitude, making rotorcraft 
particularly susceptible due to their specific flight alti-
tudes (Ref. ⁠2, 3). The majority of bird strikes on ro-
torcraft occur on components forward of the main ro-
tor mast, with the windshield being the most fre-
quently affected (Ref ⁠2, 3). As a result, bird strike pro-
tection is mandatory for windshields of newly certified 
rotorcrafts with six or more passengers (Ref. ⁠4, 5), as 
well as for vertical take-off and landing (VTOL)-capa-
ble aircraft (Ref. ⁠6, 7).  
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In recent years, polycarbonate windshields have 
been increasingly used to improve impact resistance 
while minimizing weight (Refs. ⁠8–12). Although poly-
carbonate offers superior impact resistance com-
pared to acrylic glass, it can deform significantly un-
der impact loading, potentially leading to increased 
stress in the adjacent structures (Ref. 13). Several 
studies have used different techniques to measure 
these deformations. For instance, Plassard (Ref. 14)  
used Photonic Doppler Velocimetry (PDV) to meas-
ure the displacement of the impact point during bird 
strikes on flat, angled polycarbonate plates. Ćwiklak 
(Ref. 15) recorded the displacement during bird im-
pacts on both flat and curved polycarbonate surfaces 
at specific points using a camera. The DIC method 
has already been used by Ritt (Ref. 16)  to measure 
the deformation over a large area during hard and soft 
body impacts on an adhesively bonded, flat polycar-
bonate windshield. Additionally, Dadouche (Ref. 17) 
employed 3D DIC to measure deformation during the 
impact of a drone on a flat aluminium plate. Beyond 
displacement measurement, Mohagheghian (Ref. 18, 
19) also quantified the strains during the impact of an 
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artificial bird on a flat, laminated windshield and com-
pared the results with simulation data.  

In this study, the method of measuring deformations 
with 3D DIC during impact is transferred to curved 
windshields in the shape of a cylinder segment.  An 
adhesively bonded windshield demonstrator was de-
veloped based on a representative geometry and ex-
perimentally tested to analyze the bird strike re-
sistance. For the evaluation, the novel approach de-
picted in Figure 1 was used. The deformation results 
from DIC were exported and transformed into a refer-
ence coordinate. The subset center points were used 
as history nodes in the simulation, which allowed for 
tracking and comparing the displacement at each 
specific node between experiment and simulation.  

 
Figure 1: Evaluation of Test and Experiment 

3. METHODS 

3.1. Experimental setup 

The demonstrator (see Figure 2) was developed to 
evaluate the impact properties of different design con-
cepts. To facilitate the manufacturing of the wind-
shield and the test rig, the complex target geometry 
was simplified to a single curved shape with straight 
edges. The dimensions of the demonstrator – length, 
radius, width, and thickness – were derived based on 
a central impact scenario. 

 
Figure 2: Demonstrator 

Compared to the real case scenario, the structure is 
rotated by 90 degrees around the impact axis of the 
test (see Figure 3). This allowed for easy modification 
of the impact position and angle, providing flexibility 
in testing various conditions. Nevertheless, an impact 
angle of 33° was used throughout this paper, derived 
from the reference load case. The aluminum frame of 
the demonstrator is connected to a supporting struc-
ture made of steel, which itself is attached to two steel 
beams. The setup enabled capturing the impact area 
with two cameras and thus the evaluation via 3D DIC. 
Additional cameras were used to measure the veloc-
ity of the impactor and for a nearly frontal and top view 
of the impact (see Figure 4). The figure also shows 
the coordinate systems used: in all of them, the origin 
is at the theoretical impact point. The xy-plane is par-
allel to the ground, and the z-axis points upward. In 
the test and simulation coordinate system (x, y, z), the 
x-axis represents the impact direction. The analysis 
coordinate system (x', y', z') is rotated by the impact 
angle so that the x'-axis runs parallel to the demon-
strator. 

 
Figure 3: Experimental setup without speckle film 

 
Figure 4: Camera positions and used coordinate sys-
tems 



As impact load case, a soft projectile of 1.0 kg mass 
was applied. This artificial bird (named DLRRAB and 
shown in Ref. 20) in an ellipsoidal shape was accel-
erated to a target velocity of 64 m/s using a 200 mm 
gas gun with a 12 m barrel length. 

The details of the DIC setup are listed in Table 1. A 
foil with a printed pattern was used to create the 
speckles. Applying this foil precisely to the inside of 
the curved windshield proved challenging, with minor 
imperfections such as air bubbles and folds occasion-
ally occurring. In contrast to Ref. 16, no shadows from 
the impactor affected the measurement, eliminating 
the need for additional painting of the front as dis-
cussed in Ref. 18. 

The evaluation was performed with the software Istra 
4.11.1 by Dantec Dynamics. A Gaussian filter was ap-
plied to mitigate potential aliasing effects from feature 
sizes smaller than 3 pixels. For a simplified noise floor 
analysis, the time steps before the impact (approx. 
30 ms) were analysed. The maximum displacement 
was in the order of 1 mm, the maximum strain in the 
order of 0.04. 

Table 1: DIC Hardware and Analysis Parameters 

Parameter Value 
Camera  Photron Fastcam SA-Z 
Stereo-Angle ~ 24° 
Image scale ~ 1 px/mm 
Image Acquisition Rate 10,000 fps 
Patterning Technique Adhesive foil 
Pattern Feature Size ~ 3 mm 
Software Istra4D 4.11.1 (Dantec 

Dynamics) 
Subset Size 19 x 19 px 
Step Size 14 px 
Image Filtering Gaussian low pass filter 

(sigma 0.3 px) 
Subset Shape Function Bilinear 
Noise floor  Displacement ~ 1 mm 

True eff. strain ~ 0.04 
 

3.2. Numerical model 

Numerical simulations were performed using the ex-
plicit solver LS-DYNA (version 15.0.2) in double pre-
cision in MPP on a Linux system. The model of the 
demonstrator used in the simulation is shown in Fig-
ure 5. The vertical beams were not modeled. Instead, 
all nodes of the support structure in contact with the 
beams were fixed to represent their constraints. The 

bolt connections between the aluminum frame and 
the steel support structure were modeled using beam 
elements (*SECTION_BEAM) with spot weld material 
properties (*MAT_SPOTWELD). Therefore, the cen-
ter points of the holes were created as *CON-
STRAINED_NODAL_RIGID_BODY. During a dy-
namic relaxation phase, the bolts were preloaded to 
close the gap between the two structures, resulting in 
minor deformations and strains in the windshield. The 
points from DIC were used as history nodes. For this 
purpose, they were tied to the inner windshield sur-
face using an increased contact distance SAST. 

 
Figure 5: Simulation model 

Details of the impactor and windshield models were 
presented in Ref. 21.  The used material models in 
the demonstrator are summarized in Table 2. The ar-
tificial bird was modeled with approx. 25,000 SPH 
particles with a close to identical particle distance as 
proposed in Ref 22. The hull was modeled with shell 
elements that were significantly thinner than in the ex-
perimental bird. 

Table 2: Demonstrator material models 

Parameter Value 
Material model (PC) *MAT_187L (+Gissmo) 
Elastic modulus (PC)  2.35 GPa 
Material model (Adhesive) *MAT_240 
Material model (Alu) *MAT_024 
Elastic modulus (Alu) 68.04 GPa 
Material model (Steel) *MAT_001 
Elastic modulus (Steel) 210.00 GPa 

 

4. RESULTS AND DISCUSSION 

4.1. Experimental results 

Table 3 provides an overview of the performed tests. 
Only test02 and test05 will be discussed in more 



detail, as full-field DIC results are available. In both 
tests, no failure of the windshield or the adhesive was 
observed. 

Table 3: Test data and results  

Test Mass [kg] Velocity 
[m/s] 

Max. displace-
ment [mm] 

01 1.053 65.0 145.6a 
02 1.058 65.0 139.2 
03 1.059 65.6 143.7 b 
04 1.059 66.7 144.1 b 
05 1.061 64.5 144.3 
06 1.059 64.5 137.8 c 

a no Aluminium reinforcement was used 
b Using two DIC foils with a joint in the impact area caused 
failure and detachment 
c use of old DIC foil led to reflections 

The impact time was initially determined based on the 
images from camera5. Subsequent analysis of the re-
sults, however, suggested that the DIC cameras were 
not perfectly synchronized in time with camera5. As a 
result, the DIC measurements lagged behind the sim-
ulation data. For example, the impact became visible 
in the experimental data after approximately 0.5 ms, 
whereas it occurred after approximately 0.2 ms in the 
simulation. Consequently, the timing in the defor-
mation measurements was adjusted based on the on-
set of the first visible deformation. 

When properly used, the speckle foil remained in 
place and enabled a successful evaluation by DIC. In 
two tests, instead of using a single continuous film, 
two separate films were applied with a seam located 
in the impact area. This configuration led to adhesive 
failure and tears at the joint. Additionally, in one case, 
the use of an old foil (as used in Ref. 16) led to reflec-
tions and large areas not analysable. The correlation 
software Istra4D was able to track the subsets in the 
impact area throughout the tests. However, in the 
boundary regions, the subsets were partly not or not 
correctly identified.  

The simplified noise floor analysis indicates a high 
level of uncertainty. The deformation error of 1 mm 
corresponds to less than 1% of the maximum defor-
mation and is therefore acceptable. However, the er-
ror in strain measurement is comparable to the strain 
values themselves, posing a significant concern 
about the validity. Several approaches could contrib-
ute to improving the measurement. Redesigning the 
support structure and optimizing the positioning of the 
beams to expand the field of view and enhance 

lighting conditions may be particularly beneficial for 
measurements in the peripheral regions. Introducing 
a Central Reference Camera Perspective (CRCP) by 
integrating a third camera could also improve the cov-
erage of the peripheral areas while simultaneously 
enhancing measurement accuracy, as suggested in 
Ref. 23. Furthermore, using the recommended fea-
ture size of 3-5 px and reducing the exposure time to 
minimize motion blur may contribute to improved 
measurement accuracy (see Ref. 24).  

Figure 6 shows the impact event in test05. The rein-
forcement of the artificial bird shattered upon impact 
and the soft projectile “flowed” along the windshield. 
The windshield deflected strongly but returned to its 
original shape after impact. After the test, only traces 
of the impactor, but no plastic deformation, can be 
seen on the windshield.  

   

   

   

   

Figure 6: Camera pictures during test05 from camera 
2, 4 and 5 at times 0 ms, 4 ms, 8 ms and 12 ms (t=0 
ms from camera 5) 

The results of the strain measurement using DIC 
were not analysed in detail due to the measurement 
inaccuracy. The data was transformed into the analy-
sis coordinate system and analyzed in Python. The 
deformation in all tests is shown in the appendix (see 



Figure 13). This paper focuses on the results from 
test02 and test05. The deformation in these tests at 
different times is shown in Figure 7. The difference 
between the deformations in both tests is also shown, 
with a positive value indicating greater deformation in 
test05. Since the impact mass and velocity are almost 
identical, other factors (impact point and impactor ori-
entation, different adhesives, etc.) are the main rea-
sons for the differences. 

A more detailed view of the deformation at the center 
line is given in Figure 8. The difference between the 
two tests increases over time until it decreases at the 
end of the rebounding phase. This is related to a 
longer displacing phase and a delayed rebounding 
phase in test05.  

 

Figure 7: y’ displacement of the surface over time for 
test02 and test05 and the resulting difference 

 

 

Figure 8: y’ displacement on the midline over time for 
test02 and test05 (top: displacing, bottom: rebound-
ing) 

4.2. Numerical results and comparison to exper-
iments  

In the simulation, the parameters of test05 (see Table 
3) were used. Due to noise in the experimental data, 
the strains in the simulation are shown here without a 
comparison to the test data. The maximum effective 
strain is approximately 3 %, which is far from the elon-
gation at break of polycarbonate (> 50 %).  In Figure 
9 the effective strain in the windshield at 4 ms and 
16 ms is plotted. An analysis of the prevailing triaxial-
ities within the windshield revealed a complex stress 
distribution. Depending on the time and spatial loca-
tion – not only across the surface but also across the 
thickness – different stress states occur. These range 
from compressive to shear and (uniaxial and biaxial) 
tensile stresses, illustrating the complex mechanical 
behavior. Additionally, the strain rates vary and tem-
porarily reach up to 500 /s. 



 

Figure 9: effective strain in the windshield at 4ms and 
16 ms 

The use of the facet midpoints allowed the correlation 
of the deformations to be assessed not only in terms 
of quality but also in terms of quantity. Figure 10 pre-
sents the displacement at different times and the de-
viation compared to the experimental results. Since 
the mass and velocity of test02 are nearly identical, 
also a comparison to this test was done. In addition, 
Figure 11 shows a comparison of the deformations at 
the center line with the two reference tests.  

The advantages of the comparison method used are 
evident here: While deviations are barely noticeable 
in a purely visual comparison of the deformation fields 
(see Figure 7, Figure 10) and even the centerline 
comparison showes almost no discrepancies, the 
point-by-point comparison allows for clear identifica-
tion of areas with larger deviations and the quantifica-
tion of the deviation (see histogram in Figure 12). On 
the experimental side, inaccuracies in the DIC data 
(e.g., background noise, deviation in coordinate 
transformation) and general fluctuations between 
tests (such as between Test02 and Test05) are pos-
sible causes for deviations. On the simulation side, 
sources of error include slight deviations in the posi-
tion of the history nodes (the DIC nodes were shifted 
in the Tied Contact so that they lay on the surface of 
the simulation geometry), deviations in the modeling 
of the impactor (hull not considered accuratly), the 
bonding (non-consideration of irregular bonding, use 
of a material card from a similar adhesive), and the 
windshield. In future works, the windshield material 
will be further analyzed to improve the understanding 
and simulation of the deformation and failure behavior 
(e.g., stress-state and strain rate dependency). 

 
Figure 10: y’ displacement of the surface over time for 
the simulation and difference to the reference tests 

 
Figure 11: y’ displacement on the midline over time 
for the simulation of test05 and comparison to DIC 
data 



 

Figure 12: histogram of the y’ displacement difference 
between the simulation and the reference tests 

 

5. CONCLUSIONS 

1. The use of 3D DIC with a glued speckle foil al-
lowed the deformation measurement of a curved 
polycarbonate windshield during impact.  

2. Using the facet midpoints enabled an easy quali-
tative and quantitative comparison between the 
deformations of different experiments and be-
tween experiment and simulation. 

3. The deformation in the experiments and the sim-
ulations showed good agreement. 

4. The DIC setup should be optimized in further ex-
periments in order to reduce noise and enable 
precise strain measurement.  

5. Further research is planned to better understand 
and simulate the deformation and failure behavior 
of polycarbonate. 
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6. APPENDIX 

 
Figure 13: y’ displacement of the surface over time for 
all tests 
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