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Abstract 
Bird strike studies on typical aluminium leading edges of the Horizontal Tail 
(HT) with and without Glass Fibre Shape Memory Polymer (GF-SMP) layers 
are carried out. A one-fifth scaled model of HT is designed and fabricated. 
The parameters like bird dimension and energy requirements are accordingly 
scaled to conduct the bird strike tests. Two leading-edge components have 
been prepared, namely one with AL 2024-T3 aluminium alloy and the other 
specimen of the same dimension and material, additionally having GF-SMP 
composite layers inside the metallic leading edge, in order to enhance its im-
pact resistance. Bird strike experiments are performed on both the specimens, 
impacting at the centre of the leading edge in the nose tip region with an im-
pact velocity of 115 m/s. The test component is instrumented with linear post- 
yield strain gauges on the top side and the PZT sensors on the bottom. Fur-
thermore, the impact scenario is monitored using a high-speed camera at 7000 
fps. The bird strike event is simulated by an equation of state model, in which 
the mass of the bird is idealized using smooth particle hydrodynamics ele-
ment in PAMCRASH® explicit solver. The strain magnitude and its pattern 
including time duration are found to be in a good correlation between test and 
simulation. Key metrics are evaluated to devise an SHM scheme for the load 
and impact event monitoring using strain gauges and PZT sensors. GF-SMP 
layers have improved the impact resistance of the aluminium leading edge 
which is certainly encouraging towards finding a novel solution for the high- 
velocity impact. 
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1. Introduction 

The aircraft flight may face the risk of colliding with foreign objects during its 
life cycle. Birds are one of such foreign objects; when birds collide with the air-
craft structure, the damage may turn out to be catastrophic and this collision is 
defined as “Bird Strike”. Importantly, the onset of such collision may cause se-
rious structural damage at the impact location of the aircraft. Therefore, design 
needs to cater to the provision for such an event. As a result, extensive tests and 
simulations have to be conducted to make the structure more resilient towards 
the bird strike. The airworthiness certification authorities, namely FAA and EASA 
have defined the bird Strike regulations for large civil aircrafts. The certification 
clauses demand that the aircraft be able to successfully land after the collision with 
a bird at an impact velocity, which is decided based on the cruise velocity of the 
aircraft.  

Barber et al. [1] were the first to conduct the bird-strike test, impacting on a 
rigid plate. The purpose of this study was to determine the pressure-time varia-
tions generated by birds, while impacting the rigid plate. X-radiography and 
photography were used to verify bird orientation and integrity prior to impact. 
The loading behaviour of birds at impact was characterized, to develop design 
methods and criteria. Luo et al. [2] investigated the impact-induced damages on 
carbon/epoxy composite plates. A three-dimensional finite element model was 
used to analyse the impact incidents, considering the delamination between the 
layers and polymer matrix failure. Subsequently, the experimental and numerical 
results were compared. 

In an effort to develop energy absorbing composite leading edges for the hori-
zontal tail of a transport aircraft, Ubels et al. [3] employed the tensor-skin ap-
proach to realize the futuristic damage-tolerant structures to resist the impact 
loadings. A finite element analysis tool was effectively utilized which helped the 
researchers to conduct the 4-pound bird impact experiments, in a meaningful way 
to get test parameters beforehand. Alastair and Martin [4] developed the mate-
rial’s model for soft body impactors, namely gelatine that represents the bird or 
ice. They further implemented this procedure in an explicit Finite Element Method 
(FEM) using a particle approach, to study lamina and interlaminar-related dam-
ages. The cylindrical shells made of glass-epoxy fabric composites were used in 
the experiments.  

A study of Eulerian and Lagrangian representations of the bird have been ca- 
rried out [5] [6]. In a bird strike simulation found that a realistic representation 
of the bird was possible with an Eulerian model. However, the integrity of the com-
ponent was not vulnerable as the impact in both cases was such that the impact 
forces/energy would have largely dissipated before they reached the constraint loca-
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tions. Impact/crash codes use reduced integration elements and explicit integra-
tion schemes. 

Souli et al. [7] explored a hybrid concept, combining Eulerian-Lagrangian 
coupling scheme to overcome the limitations in element distortions, handling 
large deformations and non-linear effects in fluid-structure interaction problems 
by Lagrangian method. McCarthy et al. [8] made an attempt to design and de-
velop fibre metal laminates based on leading edges, to find solutions for runway 
debris as well as bird impacts. The Smooth Particle Hydrodynamics approach 
was incorporated in numerical simulation, which correctly captured the break-
ing of bird mass into particles. Importantly, the test-simulation correlation pre-
dicted the event accurately, showing the significance of skin to ribs connection 
through rivets in the transient dynamic phenomenon. Kermanidis et al. [9] pro-
posed a damage-tolerant composite leading edge design for a horizontal stabilizer 
based on tensor skin panels. The process of unfolding layers to absorb the im-
pact energy was demonstrated through testing and simulation under high-velo- 
city impact experiments. 

Airoldi and Cacchione [10] proposed an improvement for the Lagrangian ap-
proach by correctly modelling the spatial and temporal pressure variations, gen-
erated due to impact of a bird. In order to remove the over distorted elements in 
the finite element analysis, a trial and error-based automatic scheme was adopted. 
The parameters such as material hydrodynamics, and its calibration were con-
sidered in the sensitivity analysis of polycarbonate plate. In an interesting study, 
Hanssen et al. [11] developed a mixed numerical scheme, involving an Arbitrary 
Lagrangian Eulerian (ALE) modelling procedure for the bird’s motion and La-
grangian approach to idealize a sandwich panel structure that consists of alu-
minium cover with aluminium foam core. A material constitutive model, which 
describes the continuum mechanics-based damage was adopted to simulate the 
failure of the aluminium face sheet. In the similar line, Johnson and Holzapfel 
[12] investigated the influence of damages namely, between plies and delamina-
tion in laminated composite structures. Continuum damage mechanics was used 
to capture the effect of damages, considered in the composite shells, which were 
subjected to high-velocity impact events, and with a focus laid on failure energy 
criterion for the delamination.  

Steve et al. [13] developed a certification procedure for bird impact on moving 
CFRP trailing edge of Boeing 787 aircraft by adopting an explicit solver in PAM- 
CRASH, along with available test data. Michele et al. [14] proposed a FML-based 
design scheme for leading edge of a wing, which would provide the needed im-
pact resistance, using a simulation method and subsequently validated with test-
ing. Lagrangian finite element procedure was adopted to predict the large defor-
mations, including the perforations in the FML structures. It was generally no-
ticed that a good correlation could be found between the tests and numerical 
predictions. Some interesting studies were conducted by Salehi et al. [15] on bub-
ble windows of the airplane, using three different methods namely, Lagrangian, 
Smooth Particle Hydrodynamics (SPH) and Arbitrary Lagrangian Eulerian, to cap-
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ture the dynamic motion of birds and their mechanics. 
Adams et al. [16] devised a scale modelling technique for fuselage airframe 

using a non-linear numerical scheme and applied it on various geometrically scaled 
models like 1:5, 1:10, 1:15 and 1:20 model was drop tested on a hard floor, which 
was prepared to generate a specified “g” level, corresponding to the velocity of 
impact. Few notable impact studies were reported in the literature; Reglero et al. 
[17] on the use of aluminium foams in the leading edges as filler structures; Dia-
mantakos et al. [18] on the development of certification procedure, related to the 
impact resistance of composite structures as leading edges; Jun Liu et al. [19] pro-
posed a design method based on experimental and simulation (SPH, FEM) appro- 
aches for the bird-strike resistant leading-edge aircraft structure. 

Orlando et al. [20] addressed the certification requirements of the full-scale 
CFRP flap structure to show the compliance for a 4-pound bird, at a velocity of 
100 m/s. Both simulation and test results were compared for validation purposes. 
Using the scaled models, Yiou Shen et al. [21] investigated the impact behav-
iours of full-scale structures, in terms of impact force, displacement, time dura-
tion of contact, area of damage and amount of energy absorbed during drop ex-
periments. Importantly, a correlation was found for elastic deformation and in-
ternal damage like delamination through geometric scaling law. Yadong et al. 
[22] studied the non-linear dynamic characteristics of composite layers in the 
design of laminated structures under impact loadings. Numerical case studies 
were conducted with different ply angles to evaluate the best ply design to dem-
onstrate the crash worthiness using SPH and FEM schemes. They further ex-
tended this investigation [23] to various composite materials and found that the 
impact-induced damage patterns were distinctly identifiable in those materials.  

Basavanna et al. [24] reported the prediction of impact damage and its propa-
gation with the impact scenarios. The major emphasis is given to interface the 
smart material towards monitoring the structural behavior and also predicting 
the residual structural strength after the impact event with the advanced simula-
tion technique mathematical model to address the transient dynamic impact pro- 
blem. 

Recently Basavanna et al. [25] reported the low-velocity impact response on 
the glass fibre composite laminates using two different resin systems, namely 
aircraft grade epoxy and shape memory polymer under various impact loadings 
(4J, 6J, 12J). A new signal analysis scheme was adopted to handle the very high 
frequency sample data (MHz). The high frequency structural waves were moni-
tored during the impact event to diagnose the Barely Visible Damage (BVID) in 
the laminates using the distributed PZT patches. The SPH model available in 
ANSYS Autodyn solver was used by Talha and Hampson [26] to study the im-
pact response of the leading edge of the aircraft wing at a velocity of 155 m/s. Alu-
minium panels with varying thicknesses were employed in the simulations and 
the results were subsequently compared with the test data of Cessna Aircraft. 
Other noteworthy studies [27] [28] [29] [30] are reported in this vital field of im-
pact, which certainly bring out the criticalities, involved in the design of leading 
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edges for lifting surfaces.  
The relevant literature review indeed has revealed that mostly epoxy-based 

composites and sandwich constructions were considered to develop impact-re- 
sistant leading edges for the horizontal tail and win structures. Nevertheless, now 
worldwide, many multifunctional polymer materials are emerging through recent 
research works [31], which can be potentially used along with existing glass or car-
bon fabric to develop the impact-resistant composite leading edge structures. The 
Shape Memory Polymer (SMP) is more viscous, compare to epoxy and also has the 
shape recovery nature. A proper tailoring is however required to use this resin 
system for making the composite layers to augment the energy absorbing capabil-
ity to have higher impact resistance. In this direction, the present study has focus-
sed to demonstrate the use of glass fabric-SMP layers as energy absorption struc-
ture inside the aluminium leading edge, where the use of a scaled modelling ap-
proach for high-velocity impact studies is explored. Since, the bird strike is one 
of the design drivers for the wing and horizontal tail, a load monitoring approach 
is further devised using the standard strain gauges and electromechanically cou-
pled PZT (Lead Zirconate Titanate) patches.  

The main emphasis is laid on the prediction of the high velocity impact event and 
its propagation to capture the transient dynamic behaviors.  

2. Methodology 

A scaled modelling approach is adopted to investigate the high velocity impact 
events and the respective scaling parameters considered are impact velocity, mass, 
and geometry of the projectile and target component, following the reference 
[16]. The Horizontal Tail (HT) of a 14-seater aircraft (SARAS-PT1N, CSIR- 
NAL, India, 2016) was scaled to one-fifth times and two scaled aluminium Lead-
ing Edges (LE) were fabricated as test specimens. Subsequently, the bird strike 
studies had been conducted with an eight-pound bird against the metal leading 
edges with and without glass fiber-SMP layers. The LE was instrumented with 
strain gauges and PZT sensors (See Figure 1(a)), to capture the dynamic event 
using high speed DAS (NI system®) at high sampling frequency 1 MHz and the 
event was also captured by high speed cameras of 3D DIC system (Figure 1(b)). 
To accommodate the LE component, a test fixture was designed and fabricated 
(Figure 1(c)).  

After performing the characterisation and validation of the LE impact re-
sponse behaviour through tests and simulations, a parametric simulation study 
is carried out by impacting at various locations from the root to the tip of the LE, 
with and without composite smart layers. The primary focus here is to develop a 
load and health monitoring framework, by using the electro-mechanically cou-
pled piezoelectric sensors, to predict impact event and the damage verses time 
signatures. It is to be noted that piezoelectric material (PZT) is able to generate 
electric potential in response to external stimuli like mechanical loading and 
thermal energy. Therefore, the distributed PZT patches are surface bonded inside  
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Figure 1. Test specimen. (a) Strain gauges & PZT sensors; (b) Speckling for 3D-DIC mea- 
surements; (c) 1/5th scaled aluminium LE specimen mounted on the fixture. 
 
the LE skin to monitor the overall impact response behaviour. Further, the im-
pact event monitoring is required to assess not only the damage intensity level 
but also to decide the periodic or scheduled maintenance requirement. Impor-
tantly, the history of recorded impact events would certainly provide the neces-
sary structural response data for the structural reliability analysis, besides moni-
toring the structural health itself. The instrumentation scheme is graphically ex-
plained in Figure 2. The computational models are built using commercial ex-
plicit solver like PAMCRASH, where the bird is idealised by smooth particle hy-
drodynamics approach.  

3. Test Setup: Bird Strike Test Facility 

The 8/4-lb airgun impact test facility at CSIR-NAL has been built (Figure 3) to 
meet the FAR certification requirements for civil/military aircrafts for Foreign 
Object Damage (FOD) due to High Velocity Impact (HVI). This type of 8/4-lb 
airgun facilities is the first of few in the world. The expertise developed at CSIR- 
NAL on bird strike testing and simulation capability has assisted to meet the HVI 
requirements of military and civil aviation programs in India. The following are 
the key features of this facility: 
● HVI Spectrum: starting from Bird strike and ice impact to tyre fragment and 

FOD on aerospace structures; 
 204 mm diameter, 6.5 m long; 
 Projectiles of 5 kg mass up to 250 m/s velocity; 
● Evaluation of structural damage using High Speed Data Acquisition Systems 

(DAS), High Speed Camera, dynamic load and strain measurements. 
For the present bird strike experiments on the LE components, this airgun test  

(a) (b)

(c)
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Figure 2. Instrumentation scheme. 
 

 
Figure 3. 8/4-lb Bird strike test facility at CSIR-NAL, Bangalore, India. 

 
facility is used. Sufficient care is taken to capture the impact events and its time 
histories with appropriate sensors (Strain gages, PZT patches, high speed cam-
eras, DIC measurements).  

4. High Velocity Impact Experiments and Simulations 
4.1. Experimental Study 

The leading edge is fixed against a specially designed high velocity impact test 
fixtures as shown in Figure 1(c). The component is aligned to the gun centre 
such that the bird strikes the target at the middle of the LE nose tip. Here, an 
in-house calibrated synthetic bird (gelatine bird) is used as a substitute for the 
real bird. This artificial bird has got a length to diameter ratio of 2:1. The gela-
tine bird is accurately characterised such that it replicates the dynamic behaviour 
of actual bird for the velocity under consideration [32] [33] [34]. The experi-
mental setup, measurement and visualisation of high speed projectile impact 
[35]. 
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The target LE component is geometrically scaled and fabricated with the same 
aircraft grade aluminium material to represent the actual LE of a civil aircraft hori-
zontal stabilizer Table 1. One-fifth scaling is adopted, both for the LE and the bird. 
It is to be noted that, an 8-lb bird is considered as per the FAR-25 requirements to 
qualify an empennage structure of the aircraft. 

4.2. Simulation Study 

Conducting the feature level impact tests on various LE components is really ex-
pensive; therefore, the well-established simulation approach in PAM-CRASH is 
used to develop the LE structure (FEM) and the bird (SPH) to obtain additional 
parametric results. Figure 4 and Figure 5 show the FE models of the LE com-
ponents, without and with the smart composite layers, respectively.  

To perform the transient dynamic response analysis, the essential requirements 
are to use the right material data for the structure and the impactor bird. So, the 
material to represent the bird is taken as hydrodynamic type and the LE alumin-
ium structure is assumed to be elasto-plastically deformable one. Accordingly, 
Johnson-Cook’s elasto-plastic material law that defines isotropic aluminium in 
terms of elastic-plastic stress-strain curve is adopted. Indeed, the Johnson-Cook’ 
 
Table 1. Details of scaled LE test components and bird projectile. 

Test No. Test component 
Velocity 

(m/s) 

8-lb bird dimension and mass after scaling 

Dia. (mm) Length (mm) Mass (gm) 

1 Aluminium LE 115 32 61 46 

2 
Aluminium LE with 

GF-SMP layers 
115 32 60 47 

 

 
Figure 4. Aluminium LE structure simulation model. 

 

 
Figure 5. Aluminium LE structure simulation model with GF-SMP layers. 

AL LE

AL LE with 
GF-SMP 
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material model expresses the stress flow in a material as the function of strain, 
strain rate and temperature. The material properties used in the simulation for 
the bird, LE structure and GF-SMP lamina are given in Table 2.  

5. Results and Discussion 

The aluminium LE feature level specimens with and without GF-SMP layers 
were impacted at a velocity 115 m/s using a scaled gelatine mass, which is equiva-
lent to an 8-lb bird. As discussed in Section 2.0, the LE structure was instrumented 
with strain gauges and PZT sensors and the impact response data was accord-
ingly acquired using the high-speed data acquisition systems (refer to Figure 2).  

High speed cameras and 3D DIC system were employed to capture the event, 
displacement and strain distributions on the top surface of the LE. The com-
parison of the test and simulation results is shown in Figures 6-8. For the sake  
 
Table 2. Material data for bird, LE structure and GF-SMP layers. 

Material Property Bird (SPH) 
LE Structure 

(Al 2024) 
GF-SMP 

Layer 

Young’s Modulus GPa) - 72.4 15.0 

Shear Modulus (GPa) - 28.0 5.0 

Bulk Modulus (MPa) 2200.0 - - 

Density (kg/m3) 930 - 950 2785.0 2000.0 

Poisson’s Ratio - 0.33 0.35 

Yield Stress (MPa) - 277.0 245.0 

Tensile Failure Strain - 15% 2.22% 

 

 
Figure 6. Test at different state during impact event against AL-LE. 

 

 
Figure 7. Test at different state during impact event against AL-LE with GF-SMP. 

a (0.5ms) c (1.5ms)b (0.8ms)

a (0.5ms) c (1.5ms)b (0.8ms)
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of brevity, simulation plots are presented only at time 1.5 ms. Further, the test- 
simulation strain time histories are presented in Figures 9-16. The simulation 
strain time history shows a comparative correlation with the measured strains 
in terms of maximum strain during the initial shock phase of the impact e- 
vents.  

Further, the duration of the test and simulation strains have compared rea-
sonably well, within the event is completed (1.5 ms), as can be seen in Figures 
10-12 and Figures 14-16, respectively for both LEs with and without GF-SMP 
layers. However, it is observed that there is a marginal reduction seen in the 
maximum strain value (strain gauge in the mid region) due to GF-SMP layers, 
where the impact occurred. In contrast, considerable amount of reduction in 
maximum strain value is noticed in the other strain gauges, located away from 
the region of bird impact, namely on the RH and LH of the LE because of 
 

 
Figure 8. Simulation at 1.5 ms during the impact event. 

 

 
Figure 9. Strain time history of gauges at middle, RH and LH of AL LE during the test. 
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Figure 10. Test-analysis comparison of strain time history at middle gauge of AL LE. 

 

 
Figure 11. Test-analysis comparison of strain time history at RH of AL LE. 

 

 
Figure 12. Test-analysis comparison of strain time history at LH of AL LE. 
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Figure 13. Strain time history at middle, RH and LH of AL LE with GF-SMP composite 
layers during the test. 
 

 
Figure 14. Test-analysis comparison of strain time history at middle of the AL LE with 
GF-SMP composite layers. 
 

 
Figure 15. Test-analysis comparison of strain time history at RH of the AL LE with 
GF-SMP composite layers. 
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GF-SMP layers. It is therefore clear that SMP resin based composite layers have 
improved the impact resistance of the LE structure. Also, it is noticed that the 
oscillations after the impact event are properly damped out.  

6. Parametric Simulation to Identify Impact Event  
Monitoring Key Metrics 

After the validation of test-analysis methodologies, a parametric simulation 
study is carried out to investigate the influencing parameters for the identifi-
cation of impact event, such that a SHM framework can be worked using PZT pa- 
tches and strain gauges Figure 17. Accordingly, the bird strike simulations were 
 

 
Figure 16. Test-analysis comparison of strain time history at LH of the AL LE with 
GF-SMP composite layers. 
 

 
Figure 17. Parametric study details. 
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carried out at every 100 mm spacing along the span of the LE, from the root to 
the tip of the LE component with and without GF-SMP layers. This exercise was 
done to evaluate the variation of the maximum strain value with respect to the 
location of the impact event and further to understand the damping behaviour 
of SMP material system to assist in localising and trimming down the impact 
damage area. It is to be noted that the fluid behaviour of the bird may be exam-
ined through the contact surface area of the bird during the event, which can 
provide useful information like optimal positions for the PZT sensors or gauges, 
along the span of the LE for SHM application, besides impact event magnitude 
and its time signature. 

The Figures 18(a)-(c) and Figures 19(a)-(c) provide the results of the paramet-
ric study on both the specimens. It can be seen that there is a significant change  
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(c) 

Figure 18. (a) Parametric strain time history on AI-LE; (b) Parametric strain time history 
on AI-LE; (c) Parametric strain time history on AI-LE. 
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(c) 

Figure 19. (a) Parametric strain time history of AI LE with GF-SMP layers; (b) Paramet-
ric strain time history of AI LE with GF-SMP layers; (c) Parametric strain time history of 
AI LE with GF-SMP layers. 
 

 
Figure 20. Percentage contact area due to bird strike at various locations. 
 
in the magnitude and duration of the impact event based on the location of the 
impact event. Likewise, the contact area is found maximum, when the event oc-
curs at the centre of the LE and eventually decreases, when the event occurs ei-
ther towards the root or tip of the LE (Figure 20). This is very important parame-
ter that can be observed to predict the signature of the projectile or FOD, which 
will impact the aircraft LE during its flight. Hence, a data driven approach can be 
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devised using advanced tools such machine learning algorithms to arrive a SHM 
based load and event monitoring mechanism in near future. 

7. Conclusion 

In the present study, the high-velocity impact experiments are conducted on 1:5 
scaled LE components, where the projectile is also scaled to represent an 8-lb 
bird. The LE is impacted at an impact velocity of 115 m/s and a numerical model 
is accordingly developed to simulate the bird strike process. The SPH bird model 
is employed to simulate the behaviour of the bird at a high-speed impact. The simu-
lated behaviour of the bird strike event against the LE target is found in good agree-
ment with the high-speed video-based image analysis. Test and simulation cor-
relation in terms of strain time history at various locations of the LE has shown 
very good agreement. The temporal and spatial variation of the test and simulation 
results has been observed to be close. In fact, the duration of event energy dissi-
pation also has confirmed a good relationship. The addition of 1 mm thick GF- 
SMP layers has demonstrated its capability to enhance considerably the impact re-
sistance of aluminum LE structure. PZT sensors and strain gauges have provided 
vital response information, using which the influencing parameters of the impact 
event are first identified. Afterwards, the parametric numerical studies have estab-
lished the key metrics for the load and event monitoring schemes to be devel-
oped in the future.  
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