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Introduction

Bird cadavers are used for development and certification testing of aircraft engines and structures to
ensure that they can survive a bird strike during operation. The use of real birds has several
disadvantages, including unsanitary test conditions, the need to euthanize animals, difficulty in procuring
birds of the correct mass and species at arbitrary times of the year, and variability in test results due to
bird-to-bird differences and the difficulty in launching an irregularly shaped projectile in a repeatable
manner (Refs. 1 and 2). Artificial bird projectiles could overcome many of the disadvantages of real birds
and may be acceptable to designers and certification authorities if they can be shown to produce a similar
response to that of real birds. This has led to the investigation of artificial bird materials that can be used
in lieu of real birds that would produce the same damage and response in aircraft structures as real birds.

A number of artificial bird designs have been proposed, some of a homogeneous design based on
ballistic gelatin or other soft materials (Refs. 2 and 5). An artificial bird developed by the German
Aerospace Center, DLR, incorporates a plastic shell and ribs, filled with a ballistic gel mixture (Ref. 6).
Like others, it can be manufactured in various shapes, such as a regular cylinder with a spherical front
discussed in this report, or an ellipsoidal shape as was used in a research study on stabilizer leading edges
(Ref. 7). The German company Crashtest-Service (CTS) has developed a realistic-looking artificial bird
projectile that has many of the physical features of a real bird, including artificial bones and flesh (Ref. 8).

“Retired.
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A small study compared the DLR artificial bird with the CTS artificial bird in terms of load pulses using
piezoelectric load cells (Ref. 9).

Demonstrating the similarity in damage production and response between artificial bird projectiles
and real birds has been a challenge, in part due to the lack of real bird data needed for a comparison.
Numerous researchers have proposed a number of different methods to measure and compare the impact
response of soft materials, such as real birds and artificial bird projectiles, including the use of a
Hopkinson bar or tube (Refs. 10 to 13), shock measurements in flyer plate tests (Ref. 14), and compliant
targets (Ref. 10).

For this study, impact tests were conducted with real chicken and duck cadavers and two types of
artificial bird projectiles utilizing a large-diameter Hopkinson bar. The objectives were to compare the
impact forces generated by the different projectiles, to provide real bird data for comparison with other
proposed artificial bird projectiles, and to provide data for the development of computational impact
models of real bird and artificial bird projectiles. The testing was conducted in conformance with the SAE
AS6940 test standard (Ref. 15). This report describes the methods used in testing, the force measurements
obtained directly from strain measurements on the Hopkinson bar, and still images from high-speed
videos of the test, which are useful for understanding and interpreting the measured force results. A future
publication will present results of additional force measurements computed from particle velocities at the
end of the bar, an analysis of the effects of the filtering on the results, and the calculations of energy
spectral densities to understand the frequency content of the results.

Methods

Impact tests were conducted by launching projectiles axially into a large-diameter Hopkinson bar
using a compressed air gas gun. The intent was to shoot the projectile so that it impacted in an axial
orientation with no pitch or yaw. Twenty-nine tests were conducted using real birds and two types of
artificial bird projectiles at three nominal velocities of 50, 110, and 310 m/s. The tests were conducted at
the University of Dayton Research Institute (UDRI) Impact Physics Laboratory. A report summarizing
the test procedures is available in Reference 16.

Projectiles

The three types of projectiles were chicken and duck cadavers, an artificial bird projectile
manufactured by UDRI prior to each test, and a proprietary artificial bird projectile provided by the
German Aerospace Center, DLR.

The bird cadavers were received in a frozen state and thawed prior to testing. They were 1.8-kg (4-1b)
Golden Comet chickens and 1-kg (2.2-1b) Mallard ducks that were prepared per ASTM F330-21
(Ref. 17). The original bird weight was within 10% of the final weight required by ASTM F330. The bird
weight was adjusted by injecting a small amount of water into the bird if it was under the desired mass or
trimming off pieces of the wings and legs if it was over. The density of the bird cadavers was not
measured. The bird was placed inside a sewn muslin cloth bag weighing approximately 16 g (0.036 1b)
for the 1.8-kg bird and 13 g (0.029 1Ib) for the 1-kg bird. After recording the final weight (bird plus bag)
the projectile was inserted into a sabot which was loaded into the gun barrel. During the launch process,
the sabot was stripped off near the muzzle of the gun and contained in the gun’s sabot stripper section
allowing only the projectile to travel to the target.

The UDRI soft body artificial bird projectiles were cylindrical in shape with a hemispherical nose and
weighed nominally 1 kg (2.2-1b) or 1.8 kg (4-1b). These projectiles were fabricated from a mixture of
water and gelatin with the density controlled by the addition of phenolic microballoons. The density of
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these artificial bird projectiles was nominally 0.95 g/cc (0.034 Ib/in®), which is approximately the same as
that of a chicken (Ref. 10). The 1.8-kg projectile had a nominal diameter of 107 mm (4.2 in.) and overall
length of 234 mm (9.2 in.). The 1-kg (2.2-1b) projectiles had a nominal diameter of 96.5 mm (3.80 in.)
and overall length of 161 mm (6.34 in.). These artificial bird projectile weights were adjusted to be close
to the target weight by trimming off material at the flat rear end of the projectile. Weight measurements
were obtained using an Ohaus balance with a resolution of 0.45 g (0.001 Ib). The UDRI gelatin artificial
bird projectiles were near room temperature when launched (~19 °C, ~67 °F).

The DLR artificial bird projectiles were a proprietary gelatin mixture encased in a thin 3D-printed
plastic shell with internal ribbing (Ref. 6). The 1.8-kg DLR projectiles had a nominal diameter of 107 mm
(4.2 in.) and a length of 232 mm (9.12 in.). The shape was patterned after the UDRI gelatin projectiles,
with a hemispherical nose and a flat back. The 1-kg DLR projectiles had a nominal diameter of 96.5 mm
(3.80 in.) and an overall length of 193 mm (7.6 in.) with both ends being hemispherical. The nominally
1-kg DLR projectiles had an actual mass of approximately 1.18 kg (2.6 Ibm). The DLR projectiles were
stored in a refrigerator at 4.4 °C (40 °F) and were tested cold at nominally 10 °C (50 °F).

Test Conduction

Three impact tests were conducted for each projectile at each velocity, with the exception of the
50 m/s tests with the UDRI artificial bird projectile, where five tests were conducted, the first of which
provided no force data due to a triggering issue. The projectiles were launched using a compressed air gas
gun with a smooth bore of 178 mm (7 in.) and a length of 9 m (30 ft) with a tapered-diameter sabot
stripper attached to the muzzle of the barrel (Figure 1). The projectile was installed in a standard one-
piece cast polyurethane sabot with a cavity sized to fit the projectile being launched. Additional details
regarding the gun and the sabot are given in Reference 16.

Figure 1.—Gas gun used for launching projectiles.
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Force Measurement Using Strain Gages

The projectiles were impacted onto a large-diameter A16061 cylindrical Hopkinson bar with a
diameter of 305 mm (12 in.). The impact direction was normal to the flat front face of the bar. Figure 2
shows the location of the Hopkinson bar relative to the tapered section of the gun barrel. The bar
consisted of two sections, each 3.65 m (12 ft) long with machined faces and supported on rubber rollers
so that they were in direct contact with each other. Ultrasound gel was placed between the two sections in
an attempt to ensure full wave transmission at the interface. The overall length of the bar (7.3 m) was
selected so that impacts at low velocities (50 m/s) would be complete before reflections from the end of
the bar affected the force measurements. Unfortunately, full wave transmission did not occur between the
two Hopkinson bar sections, as will be discussed. Therefore, only the first ~1.2 ms of force response was
unaffected by wave reflections from the interface of the two Hopkinson bar sections. The test method is
described in Reference 15, and a detailed analysis of the test method is given in Reference 12.

The bar was instrumented with strain gages at two locations, 457.2 and 609.6 mm (1.5 and 2 diameters)
from the impacted face, referred to here as bridge locations 1 and 2, respectively. Schematics of the
Hopkinson bar and instrumentation layout are shown in Figures 3 and 4.

Figure 2.—Location of Hopkinson bar (center) relative to tapered section of gun barrel (left).

Figure 3.—Schematic of two-section Hopkinson bar showing projectile on left.
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Figure 4.—Schematic of first section of Hopkinson bar showing strain gage locations.

Strain time histories were recorded near the impact end of the Hopkinson bar at the locations shown
in Figure 4 at a sampling rate of 1.25x10° samples/s. Because of the very large diameter of the Hopkinson
bar, overall strain levels were quite low, on the order of 200 pe or less at the highest impact velocities.
Semiconductor strain gages were utilized to allow the measurement of the very low strain levels. The
strain gages were in a full bridge configuration with two axial gages, 180° apart, and two circumferential
gages equally spaced in between for bridge completion. The strain was calculated using Equation (1).

24V,
" VeSg(1+4v) (1

where AV, is the change in measured voltage, which was offset to zero prior to each test, V, is the
excitation voltage (7 V), S, is the gage factor (162), and v is Poisson’s ratio of Al6061 (0.33).

The average stress, o, in the bar was computed from the product of the average strain, €, and the
modulus of elasticity, £, as shown in Equation (2).

o =FEe 2)

The force in the bar was calculated from the product of the average stress and the cross-sectional area of
the bar.

As previously mentioned, full wave transmission across the interface of the two bars did not occur
and resulted in reflected waves returning to the measurement locations at approximately 1.2 ms after
impact. Therefore, only the first 1.2 ms of strain time histories were processed and the corresponding
force time histories presented here. The full impact force signals were complete in this time period for the
highest velocity impact tests (nominally 300 m/s). For the lower velocity tests, the impact force duration
was longer than 1.2 ms. and, therefore, only the initial portion of the force history is presented. However,
the data in this time duration are useful for all tests.

As discussed in Reference 12, the data at frequencies above 8 to 10 kHz are not representative of the
average force in the bar due to nonplanar response and dispersion effects at higher frequencies. Therefore,
the strain data were low-pass filtered using a four-pole digital Butterworth low-pass filter with a cutoff
frequency of 10 kHz. To increase the steepness of the rolloff of this lowpass filter and to eliminate phase
distortion, the strain signals were passed forwards and backwards through this filter.

High-Speed Video

Three Phantom® (Vision Research Inc.) V2012 digital high-speed cameras were used to record the
impact events. The cameras recorded the 50 and 110 m/s tests with a framing rate of 10,000 frames per
second (fps). The framing rate for the 310 m/s tests was 20,000 fps. These framing rates were sufficient to
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examine the impact and projectile fragmentation pattern during the test. One camera was positioned to
view the impact from the side. A 304.8-mm (12-in.) square reference grid was placed behind the test
article for reference. The side camera’s sensor plane was 255.3 cm (100.5 in.) from the gun center line
and 358.1 cm (141.0 in.) from the reference grid. The second camera was positioned to view the impact
from the above. A 304.8-mm (12-in.) square reference grid was placed behind the test article for
reference. The top camera’s sensor plane was 213.4 cm (84 in.) from the gun center line and 328.9 cm
(129.5 in) from the reference grid. The third camera was positioned alongside the gun barrel and viewed
the front face of the Hopkinson bar.

Test Details

Twenty-nine impact tests were conducted. All tests were performed at room temperature (19 = 1 °C).
Table 1 gives a summary of the impact conditions, including projectile mass, dimensions, density (where
measured) and impact velocity. In the first test conducted, 5-3324, the data acquisition system did not
trigger and no strain results were obtained.

TABLE 1.—SUMMARY OF TESTS

Shot | Projectile | Projectile | Projectile | Projectile | Projectile | Impact Comments
no. mass, diameter, | length, density, | velocity,
kg mm mm g/cc m/s
5-3324 | UDRI 1.008 96.5 161.3 0.949 52.7 | Projectile flattened on impact and rebounded in one
piece.
5-3325| UDRI 1.008 96.5 161.3 0.949 49.1 |Projectile flattened on impact and rebounded in one
piece.
5-3326 | UDRI 1.009 96.5 161.3 0.949 49.4 | Projectile flattened on impact and rebounded in one
piece.
5-3327 | UDRI 1.009 96.5 161.3 0.949 49.7 | Projectile flattened on impact and rebounded in one
piece.
5-3328 | UDRI 1.006 96.5 161.3 0.947 49.1 | Projectile flattened on impact and rebounded in one
piece.
5-3329 | UDRI 1.823 106.7 233.7 0.944 110.9 | Projectile flattened on impact and tore into longitudinal

segments spreading out radially across the bar face.
Most of the segments remained attached at the back of
the projectile. Projectile found lying on floor in front of
bar largely in one piece.

5-3330 | UDRI 1.821 106.7 232.4 0.949 110 Projectile flattened on impact and tore into longitudinal
segments spreading out radially across the bar face.
Most of the segments remained attached at the back of
the projectile. Projectile found lying on floor in front of
bar largely in one piece.

5-3331 | UDRI 1.818 106.7 238.0 0.923 110.6 | Projectile flattened on impact and tore into longitudinal
segments spreading out radially across the bar face.
Most of the segments remained attached at the back of
the projectile. Projectile found lying on floor in front of
bar largely in one piece.

5-3332 | UDRI 1.819 106.7 237.5 0.926 310.9 | Projectile flattened on impact into a thin layer spreading
out radially across the bar face. Projectile found
fragmented into many small pieces.
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TABLE 1.—.SUMMARY OF TESTS

Shot | Projectile | Projectile | Projectile | Projectile | Projectile | Impact Comments
no. mass, diameter, | length, density, | velocity,
kg mm mm g/cc m/s

5-3333 | UDRI 1.820 106.7 231.1 0.954 310.3 | Projectile flattened on impact into a thin layer spreading
out radially across the bar face. Projectile found
fragmented into many small pieces.

5-3334 | UDRI 1.818 106.7 231.1 0.953 311.9 | Projectile flattened on impact into a thin layer spreading
out radially across the bar face. Projectile found
fragmented into many small pieces.

5-3368 | Duck 0.998 95-100 191 | - 49.3 |Bird flattened on impact and rebounded in one piece.
Blood/fluid squirted out.

5-3369 | Duck 1.003 95-100 191 | - 50.2 | Bird flattened on impact and rebounded in several large
pieces. Blood/fluid squirted out.

5-3370 | Duck 1.004 95-100 191 | - 49.3 | Bird flattened on impact and rebounded in 2 large
pieces. Blood/fluid squirted out.

5-3371 | Chicken 1.817 115-130 216 | - 109.8 | Bird flattened on impact and fragmented radially into
many pieces.

5-3372 | Chicken 1.819 115-130 216 | - 107.5 |Bird flattened on impact and fragmented radially into
many pieces.

5-3373 | Chicken 1.816 115-130 216 | - 110.3 | Bird flattened on impact and fragmented radially into
many pieces.

5-3374 | Chicken 1.817 115-130 216 | - 308.9 |Bird flattened on impact and fragmented radially into
many small pieces.

5-3375 | Chicken 1.820 115-130 216 | - 309 Bird flattened on impact and fragmented radially into
many small pieces.

5-3376 | Chicken 1.816 115-130 216 | - 309.6 |Bird flattened on impact and fragmented radially into
many small pieces.

5-3377| DLR 1.840 106.4 231.6 0.967 103.3 | Projectile flattened on impact and fragmented radially
into many pieces.

5-3378 DLR 1.828 106.4 231.6 0.96 117.3 | Projectile flattened on impact and fragmented radially
into many pieces.

5-3379| DLR 1.845 106.4 231.6 0.969 111.2 | Projectile flattened on impact and fragmented radially
into many pieces.

5-3380 | DLR 1.179 96.6 193.0 0.999 50.6 | Projectile flattened on impact and fragmented radially
into pieces, some large.

5-3381 DLR 1.181 96.5 193.0 1.004 48.9 | Projectile flattened on impact and fragmented radially
into pieces.

5-3382 | DLR 1.177 96.5 193.0 1.004 48.5 | Projectile flattened on impact and fragmented radially
into pieces.

5-3383 DLR 1.828 106.4 231.6 0.96 299.8 | Projectile flattened on impact and spread radially into
paste-like consistency.

5-3384 DLR 1.817 106.4 231.6 0.955 310.9 | Projectile flattened on impact and spread radially into
paste-like consistency.

5-3385 DLR 1.846 106.4 231.6 0.97 312.3 | Projectile flattened on impact and spread radially into

paste-like consistency.
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Results

Still images from the upper and side high-speed video cameras, showing a frame directly before
impact, are presented in Appendix A. Review of the images shows that for all three types of bird
projectiles, there was significant yaw and pitch misalignment at the lowest impact velocity. In general, for
the intermediate impact velocity of nominally 110 m/s, the yaw and pitch orientations were acceptable,
but there was some elongation of the UDRI artificial bird projectiles and some cracking of the outer
plastic skin in the DLR artificial projectiles due to the higher accelerations. For the highest impact
velocities of nominally 310 m/s impact, while the yaw and pitch orientations were generally acceptable,
there was significant elongation in the UDRI artificial bird projectiles and significant fracturing and
elongation in the DLR artificial bird projectiles.

The impact force time histories on the end of the Hopkinson bar, calculated from the measured strain
time histories in strain bridge 1, are presented in Figures 5 to 7 for the nominally 50, 110, and 310 m/s
tests, respectively. The impact force time histories calculated from the measured strain time histories in
strain bridge 2 were similar to those of strain bridge 1 for all tests, but slightly offset in time due to the
wave transmission speed. The impact force time histories only have frequency content up to 10 kHz due
to the lowpass filtering of the strain time histories. As mentioned, due to reflections returning from the
interface between the two bars, most tests were conducted using only the first section of the bar. The
reflections occurred at a time slightly greater than 1.2 ms. This was long enough to capture the full impact
force time histories for the 310 m/s velocity impact tests (i.e., forces start and end at zero) but was not
long enough to for the impact forces to return to zero for the lower velocity impact tests. In the figures,
the abscissa has a range of 0 to 1.2 ms.

——— UDRI 5-3325
45 - - — —UDRI 5-3326
----- UDRI 5-3327
......... UDRI 5-3328
40 ¢ P ——— DUCK 5-3368
/N - — = DUCK 5-3369
35 | / ~n eeee DUCK 5-3370
! Yo —— DLR 5-3380
30 | . Te~a -~ - — - DLR 5-3381
7N .7 S--c So me——-- DLR 5-3382
~
Z 25
@
= -
LE 20 - ..----_-T.T.T-T-T.?,T.T,T.—..‘_.—"—._—..—.-"---.—..—..--_--‘-_-"-“""‘“““
15
10
5
0 ==’ 1 1 1 1 1 )
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

Time, s

Figure 5.—Impact forces from 1-kg projectiles at nominally 50 m/s.
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Figure 6.—Impact forces from 1.8-kg projectiles at nominally 110 m/s.

—— UDRI 5-3332
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Figure 7.—Impact forces from 1.8-kg projectiles at nominally 310 m/s.
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Discussion and Conclusions

Average impact forces ranged from on the order of 20 to 800 kN over the velocity range. In general,
the forces showed transient behavior at the beginning of the time duration and then settled into a steady-
state response at the end of the recorded period. The impact force measurements for the two types of
artificial bird projectiles were more repeatable than those for the real bird projectiles, with the exception
of test 5-3377 involving a DLR artificial projectile at an impact velocity of 103.3 m/s. Much of the
nonrepeatability in the test results can be explained by observing the orientations, shape, and makeup of
the projectiles at impact, shown in Appendix A. A number of variables can affect the initial transient
behavior and quasi-steady-state response. The real bird projectiles and DLR artificial bird projectiles
generally showed higher frequency components in their impact forces. This may be attributed to local
inhomogeneities due, for example, to bones and plastic reinforcement (Ref. 18).

The impact force initial short duration transient behavior and subsequent quasi-steady-state response
have been observed in other studies and have been attributed to shock pressures developing during the
initial impact followed by release waves propagating from the free surfaces (Ref. 19). This behavior is
less evident in oblique impacts or impacts where the front surface of the projectile is not flat. The initial
short-duration transient behavior is more prominent in tests where a flatter front face of the projectile is
presented, such as in tests 5-3371, 5-3372, 5-3373, 5-3377 (Figure 6) and 5-3374 and 5-3375 (Figure 7).
The impact orientations of the projectiles for these tests can be seen in Appendix A .

The impact force is highly dependent on the impact velocity, density, and orientation of the projectile
at impact. The effects of orientation on the impact force is particularly apparent when comparing tests
5-3369 and 5-3370 (Figure 5). As can be seen in Appendix A, the projectile in test 5-3369 impacted in an
almost flatwise orientation, resulting in a significantly higher force than that in test 5-3370. Much of the
nonrepeatability in the tests can be attributed to the effects of projectile orientation at impact. These
effects will be discussed in more detail in a future publication.

Apart from the impact force initial short-duration transient response and the nonrepeatability,
particularly in real bird tests, due to factors that can be partially explained by impact orientations, there
was quite good subjective agreement in the overall forces from the three types of projectiles. It should be
noted that in an actual bird impact on a transparency, leading edge, or fan blade, the impact is unlikely to
involve a flat-faced bird impacting a rigid flat object in a normal direction. Therefore, in real world
applications, the transients caused by initial shock pressure and release may be less of a factor in the
transmitted force.
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Appendix A.—Still Images From High-Speed Video Cameras

Figures A.1 to A.56 show impact orientations of the projectiles for these tests.

Figure A.1.—Image 5-3325 top view.

Figure A.2.—Image 5-3325 side view.
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Figure A.3.—Image 5-3326 top view.

Figure A.4.—Image 5-3326 side view.
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Figure A.5.—Image 5-3327 top view.

Figure A.6.—Image 5-3327 side view.
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Figure A.7.—Image 5-3328 top view.

Figure A.8.—Image 5-3328 side view.
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Figure A.9.—Image 5-3329 top view.

Figure A.10.—Image 5-3329 side view.
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Figure A.11.—Image 5-3330 top view.

Figure A.12.—Image 5-3330 side view.
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Figure A.13.—Image 5-3331 top view.

Figure A.14.—Image 5-3331 side view.
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Figure A.15.—Image 5-3332 top view.
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Figure A.16.—Image 5-3332 side view.
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Figure A.17.—Image 5-3333 top view.

Figure A.18.—Image 5-3333 side view.
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Figure A.19.—Image 5-3334 top view.

Figure A.20.—Image 5-3334 side view.
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Figure A.21.—Image 5-3368 top view.

Figure A.22.—Image 5-3368 side view.
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Figure A.23.—Image 5-3369 top view.

Figure A.24.—Image 5-3369 side view.
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Figure A.25.—Image 5-3370 top view.

Figure A.26.—Image 5-3370 side view.
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Figure A.27.—Image 5-3371 top view.

Figure A.28.—Image 5-3371 side view.
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Figure A.29.—Image 5-3372 top view.

Figure A.30.—Image 5-3372 side view.
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Figure A.31.—Image 5-3373 top view.

Figure A.32.—Image 5-3373 side view.
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Figure A.33.—Image 5-3374 top view.

Figure A.34.—Image 5-3374 side view.
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Figure A.35.—Image 5-3375 top view.

Figure A.36.—Image 5-3375 side view.
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Figure A.37.—Image 5-3376 top view.

Figure A.38.—Image 5-3376 side view.
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Figure A.39.—Image 5-3377 top view.

Figure A.40.—Image 5-3377 side view.
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Figure A.41.—Image 5-3378 top view.

Figure A.42.—Image 5-3378 side view.
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Figure A.43.—Image 5-3379 top view.

Figure A.44.—Image 5-3379 side view.
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Figure A.45.—Image 5-3380 top view.

Figure A.46.—Image 5-3380 side view.
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Figure A.47.—Image 5-3381 top view.

Figure A.48.—Image 5-3381 side view.
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Figure A.49.—Image 5-3382 top view.

Figure A.50.—Image 5-3382 side view.
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Figure A.51.—Image 5-3383 top view.

Figure A.52.—Image 5-3383 side view.
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Figure A.53.—Image 5-3384 top view.

Figure A.54.—Image 5-3384 side view.
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Figure A.55.—Image 5-3385 top view.

Figure A.56.—Image 5-3385 side view.
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