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Abstract. This paper presents the numerical modelling and ballistic validation of a honeycomb-mesh
barrier designed to reduce aircraft-engine damage caused by bird strikes. The study focuses on a helicopter-
engine inlet configuration with a 40 x 40 mm honeycomb cell, selected for larger- scale applications and
not as a replacement for the 30 x 30 mm cells used in smaller ducted-engine aerodynamic optimization. The
impact event was simulated in Ansys LS-DYNA using the MAT NULL material modelling and
EOS_GRUNEISEN equation of state for a 100 g soft-body projectile at 70 m/s (250 km/h). Model calib-
ration was supported by static compression testing of a Nylon-CF printed honeycomb fragment, where the
maximum force was Fmax = 2657 N. Ballistic tests were conducted on a dedicated launcher and data-
acquisition system. After preliminary screening with potato, chicken fillet, bone-in meat, and ballistic
gelatin, final validation used commercially obtained, non-living, feathered quail specimens (98-99 g). The
combined honeycomb and Dyneema mesh configuration showed approximately 25% higher integral
impact-load attenuation than the honeycomb alone, while simulated and experimental peak-force values
differed by 5-8%. The results support the calibrated model as a practical tool for further engineering
optimization. © 2026 Bull. Georg. Natl. Acad. Sci.
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Introduction

Bird strikes remain one of the least predictable hazards for search-and-rescue UAVs and helicopters opera-
ting in coastal zones. Low-altitude flight, high bird activity, and an open engine inlet increase the probability
of foreign-body ingestion and engine damage (Hedayati & Sadighi, 2015; Khachidze & Maisuradze, 2023).

The present study is focused on ballistic validation rather than aerodynamic optimization. Its purpose is
to evaluate whether an LS-DYNA-based model can reproduce the real response of a honeycomb-mesh
barrier subjected to a 250 km/h soft-body impact and to assess whether the combined barrier reduces the
risk of large fragments entering the engine flow path.

A specific distinction must be made between the 30x 30 mm and 40 x 40 mm cell sizes. In earlier
aerodynamic tests on a smaller contra-rotating ducted engine, a 30 x 30 mm cell was selected because of

the limited diameter of the outer duct. In the present work, the 40 x 40 mm cell corresponds to the enlarged
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honeycomb diameter required for a helicopter-engine inlet and therefore represents a different platform

scale rather than a contradictory design result.

Materials and Methods

Physical impact model. During high-speed impact, a bird body can be treated as a low-strength, highly
deformable soft body (Wilbeck, 1978). Its response differs substantially from that of a rigid projectile: a
pressure wave develops at impact, energy is rapidly redistributed through the tissue, and fragmentation may
occur in a very short time.

The engineering concept is that the honeycomb structure receives the primary impact and initiates
fragmentation, while the high-strength mesh positioned behind it intercepts the remaining lightweight

fragments, in line with protective-grid design concepts (Maisuradze et al., 2020).
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Fig. 1. Basic physical model of the impact process: bird model, propeller, motor, and protective honeycomb structure.

Numerical model in Ansys LS-DYNA. The simulation used the MAT NULL material formulation and
the EOS_GRUNEISEN equation of state, which are commonly applied to high-speed soft-body impact
analysis (ANSYS, Inc., 2023; Hedayati & Sadighi, 2015). Initial parameters were selected as follows:
density rho0 = 1000 kg/m?, sound speed C = 1480 m/s, and Gruneisen coefficient gamma 0=0.5. A 100 g
cylindrical soft-body projectile impacted a Nylon-CF honeycomb barrier at 70 m/s, equivalent to 250 km/h.

The numerical model was discretized using a three-dimensional finite element mesh composed of
tetrahedral elements. The mesh consists of a total element count of 8 x 107 to ensure spatial convergence.
To maintain computational stability and control the time-step within the LS-DYNA environment, the
minimum element edge length was maintained at 0.3 mm. Additionally, a mesh growth ratio of 1.2 was
applied to achieve a smooth transition from highly refined regions to the coarser zones of the computational

domain.
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Fig. 2. LS-DYNA input data and soft-body impact setup: (A) MAT NULL/EOS parameters; (B) Nylon-CF/PA6-CF
material properties; (C) geometry of the impact model.
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Static testing and model calibration. To improve the reliability of the numerical model, a static
compression test was performed on a Nylon-CF honeycomb fragment produced by additive manufacturing.
The fragment was tested using a UTM-1M universal testing machine. The compression curve and the
maximum recorded force of Fmax = 2657 N were used to refine the material parameters applied in LS-
DYNA. This static-to-dynamic calibration links the computational model to the measured behavior of the
printed material (Mazanishvili et al., 2024).
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Fig. 3. Honeycomb structure with 40x40mm cells Fig. 4. Compression response of the Nylon-CF/PA6-CF
for a helicopter engine, manufactured using a honeycomb fragment; recorded maximum force
TRONXY VEHO 1000 3D printer (A); test Fmax=2657N.

fragment (B); and static testing on a UTM-1M

machine (C).

Ballistic test rig and projectile selection. Ballistic experiments were carried on a test rig designed at the
Scientific Center of the Georgian Aviation University. The rig accelerates the projectile to approximately
250 km/h. Impact force was recorded using a DAQ system with Z-type force sensors, optical-pair velocity
measurement, and high-speed video. Negative regions in the force-time response are interpreted as

structural resonance and inertial rebound of the test system.
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Fig. 5. General layout of the ballistic test rig used to accelerate the projectile up to 250 km/h and impact the honeycomb
fragment.
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Fig. 6. Schematic diagram of the DAQ system used to record

ballistic-test parameters.

Projectile selection was a key methodological issue. Potato, chicken fillet, bone-in meat, and ballistic
gelatin were useful for preliminary screening, launcher calibration, and comparative assessment, but none
fully represented the impact behavior of a feathered bird. Final validation therefore used commercially
obtained, food-grade, non-living feathered wild quail specimens with masses of 98-99 g. No live animals
were used in the experiments. This mass closely matched the 100 g soft-body projectile used in the

numerical model.

Table 1. Projectile screening and final biological validation object

Role in final

Projectile Purpose Limitation validation

Initial launcher calibration Does not reproduce feathered

Potato and velocity repeatability biological structure Screening only
Chicken fillet Assessment of soft-tissue- No feathers., bones, or natural Screening only
like response heterogeneity

Screening of heterogeneous | Geometry and mass are

Bone-in meat Screening only

biological material difficult to repeat
Ballistic eclatin Standardized soft-body No feathers or Comparative stage
& comparison skeletal/internal cavity effects p &
Feathered wild quail, Final validation close to . . L . S .
98-99 g real bird impact Natural biological variability | Main validation object

It is worth noting that during the trials utilizing the test stand, potatoes were launched three times with
a 5% experimental error. Subsequently, chicken fillets and bone-in meat were launched twice each,
exhibiting error margins of 8% and 15%, respectively. Finally, four launches were conducted using ballistic

gelatin, resulting in an error of 6%.

Results

Two configurations were evaluated: a Nylon-CF honeycomb barrier alone and a combined system
consisting of the honeycomb fragment with a Dyneema high-strength mesh placed behind it (DSM
Dyneema, 2023; Thomas et al., 2021). Impact of a 99 g quail specimen at 250 km/h showed that the
honeycomb structure promoted rapid fragmentation. After impact, approximately 15 g of residue remained

on the honeycomb fragment, while only about 2 g remained on the mesh surface.
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The integral indicators of the force-time response showed that the honeycomb + Dyneema mesh
configuration improved impact-load attenuation and damping by approximately 25% compared with the
honeycomb barrier alone. Based on peak-force values, the deviation between LS-DYNA simulation and
experiment remained within 5-8%, which can be considered satisfactory agreement for the tested velocity,
mass, and geometry.
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Fig. 7. Result of a 99 g feathered quail impact at 250 km/h on the combined barrier system: A — force-time graph; B —
residue on the honeycomb fragment; C — mass of residue remaining on the honeycomb; D — small residue remaining
on the Dyneema mesh.

Table 2. Summary of ballistic-validation parameters and observations

Parameter Value / observation
Numerical projectile mass 100 g
Final biological specimen masses 98g for honeycomb only; .

99g for honeycomb + dyneema mesh combination
Impact velocity 70 m/s, equivalent to 250 km/h
Honeycomb cell 40 x 40 mm, helicopter-scale ballistic configuration
Static compression test Fmax = 2657 N
Combined protection Nylon-CF honeycomb + Dyneema high-strength mesh
Residual mass on honeycomb / mesh Approximately 15g/2 g
Simulation-experiment peak-force deviation | 5-8%
Advantage of honeycomb + mesh Approximately 25% higher integral impact damping indicator
Discussion

The results indicate that the 40 x 40 mm honeycomb fragment is an adequate ballistic-validation confi-
guration for a helicopter-scale protective system. It does not repeat the 30 x 30 mm aerodynamic configu-
ration selected for a smaller ducted engine; instead, it complements that configuration by addressing the
larger-diameter impact-validation problem.
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The expression “internal explosion effect” is used here only as a descriptive term for rapid pressure-
wave-induced internal fragmentation. Physically, the process is not a chemical explosion; it is fast
deformation of a soft biological body, pressure-wave propagation, and tissue breakup into small fragments.
The close match between the final biological specimens (98-99 g) and the 100 g numerical model reduces

mass mismatch and makes comparison between simulation and experiment more direct.

A
Fig. 8. Integration example of the combined barrier protection concept on a Mi-24 helicopter-engine inlet: (A) Dyneema

mesh system; (B) installation of the honeycomb + mesh solution.

Limitations and future work. The work represents a ballistic-validation stage and should not be
interpreted as a complete aviation certification test. The results apply to the tested configuration: a Nylon-
CF honeycomb fragment with 40 x 40 mm cells, a Dyneema mesh combination, an approximately 100 g
biological projectile, and an impact velocity of 250 km/h. Future work should increase the number of
repeated shots, test different bird masses and velocities, evaluate temperature and humidity effects, and

perform flight and durability tests on actual aircraft platforms.

Conclusions

The 40 x 40 mm honeycomb fragment selected for the helicopter-engine scale was confirmed as an adequate
ballistic-validation configuration and does not contradict the 30 x 30 mm aerodynamic configuration used
for a smaller ducted engine. The LS-DYNA model calibrated by static testing reproduced the 250 km/h
impact of a 100 g soft body with satisfactory agreement; the peak-force deviation relative to the experiment
remained within 5-8%. The combined honeycomb and Dyneema mesh system improved impact-load
attenuation and damping by approximately 25% compared with the honeycomb barrier alone. Employing
98-99 g feathered quail specimens significantly increased validation realism because their mass closely
matched the 100 g numerical model. The prototypes can be considered ready for further laboratory, flight,
and technological evaluation; additional repeatability, durability, and certification-oriented tests are

required before any serial-production claim.

Acknowledgements

This research was carried out with the support of the Shota Rustaveli National Science Foundation of
Georgia under Project PHDF-24-3549, “Increasing the Flight Safety of Coastal Rescue Drones and
Helicopters with Protective Devices from Bird Strikes.”

Bull. Georg. Natl. Acad. Sci., vol. 20(194), no. 3, 2026



Ballistic Validation of Honeycomb-Mesh Barriers for Aircraft ... 85

bssgosgoc2 AGsbb3cBHo

Ls8M9b0 535M53HJOOl IM53900L B0Fs-8500LYIMO d3MOYMHEO
5330l 35¢OLEB03MMO FSOEIGOS

30303m 3556033007, BEd 335¢090830007, 60gs GodsEsdg”
* bogs®039ememb bssgosgom 9603960390, bsdgsbogme 596360, 08ogrolo, bsdsGoggerm

(Hommy9bowos 535¢09300U {360l gergwyxs 89ddsMosdzools doge)

659330 FsmImEagbomos Lsgmgbo s35M5¢gdol dMs3g00l BMHOB3xMYdmb dgxsbgdoLYD ss-
30Lsm30L 33630036000 530 Fs-d5olgdMmo datrogmryeo LobGgdol 3md3owBgheyeo dmeguo-
6905 ©5 35¢0LE03MMO FSLPOEHGF0I. 33¢7I35 BMIMBOMIBM0s 39MEIBMIBOL dMsgol dgdligery-
@0 3590L5EMOLM30L 29563003606 40 x 40 3 MRO06 BoFMO 3MBLEMYYI305DY. Ansys LS-DYNA
25099m80o dmgEoMgdeos 100 ¢ dsbiols Gdogro bgmeols 70 /53 (250 30/bo) oBJsGoo Bgxs-
bgds MAT_NULL s> EOS_GRUNEISEN 8m©gergdol 258mggbgdom. 8m@geol 3s@od®msgoo-
bsmgol Bs@oms Nylon-CF godmeo 53639630l BESEH03 M0 353m3s, UsEsg ©sgodloMs
Fmax = 2657 6. bsdmemm 835¢o0lGH032IM0 35¢000530s dqLHryem@s 98-99 g Asbiol, 3MIgHEOMErs©
89d9boo, 1339 3MEMEbIEo 3ddvmosbo ggmnMo BfgHol bodmdgdom. dgwgagdds sh39bs,
6m0 30FMHo 3MBLEGMNJs00Ls s Dyneema-U dsesgmo LodE3oEol dsol 3MmddobsEos s9EgoMgdl
QM EYI0mo 0339eliol 306396EHMoE0L s EIsbEMgd0 25%-00) 57N MBJLIBL IMEHYIoMO
533000300 ©)I3530H985L IbMEmE BoFMH dsMogHmb FgEsmgdom. LoIMEsEoWOmO ©
9gb3960996& Mo 303960 dsegdol Lbgsmds 5-8%-0l g3s@amgddo sMBRY.

Bull. Georg. Natl. Acad. Sci., vol. 20(194), no. 3, 2026



86 Bichiko Mazanishvili, Zurab Kopaleishvili, Nika Tabatadze

REFERENCES

ANSYS, Inc. (2023). LS-DYNA keyword user’s manual: Volume II, Material models.

DSM Dyneema. (2023). Dyneema high-strength, high-modulus polyethylene fiber [Technical data sheet].

Hedayati, R., & Sadighi, M. (2015). Bird strike: An experimental, theoretical, and numerical investigation.
Woodhead Publishing.

Khachidze, R., Maisuradze, A. (2023). Statistical analysis of damage caused by bird ingestion into aircraft engines
during bird-aircraft collisions. Air Transport, 1(17).

Maisuradze, A., Mebonia, S., & Chelidze, M. (2020). Method for calculating the protective grid of the turbojet engine
module. Problems of Mechanics, 3(80), 23-28.

Mazanishvili, B., Khachidze, R., Bliadze, N., & Gventsadze, D. (2024). Research on materials of a protective mesh
and honeycomb cone against bird strikes on drone engines. Air Transport. Georgian Aviation University.

Thomas, F. D. (2021). Experimental investigation of the influence of dynamic multiaxial transverse loading on
ultrahigh molecular weight polyethylene single fiber failure. Composites Part A: Applied Science and
Manufacturing, 142.

Wilbeck, J. S. (1978). Impact behavior of low strength projectiles. Air Force Materials Laboratory, Wright-Patterson
Air Force Base.

Received May, 2026

Bull. Georg. Natl. Acad. Sci., vol. 20(194), no. 3, 2026



	Aviation Transport
	Ballistic Validation of Honeycomb-Mesh Barriers for Aircraft Engine Bird-Strike Protection
	Bichiko Mazanishvili*, Zurab Kopaleishvili*, Nika Tabatadze*
	* Georgian Aviation University, Scientific Center, Tbilisi, Georgia
	(Presented by Academy Member Elguja Medzmariashvili)
	Abstract. This paper presents the numerical modelling and ballistic validation of a honeycomb-mesh barrier designed to reduce aircraft-engine damage caused by bird strikes. The study focuses on a helicopter-engine inlet configuration with a 40x40mm honeycomb cell, selected for larger- scale applications and not as a replacement for the 30x30mm cells used in smaller ducted-engine aerodynamic optimization. The impact event was simulated in Ansys LS-DYNA using the MAT_NULL material modelling and EOS_GRUNEISEN equation of state for a 100g soft-body projectile at 70m/s (250km/h). Model calib-ration was supported by static compression testing of a Nylon-CF printed honeycomb fragment, where the maximum force was Fmax = 2657 N. Ballistic tests were conducted on a dedicated launcher and data-acquisition system. After preliminary screening with potato, chicken fillet, bone-in meat, and ballistic gelatin, final validation used commercially obtained, non-living, feathered quail specimens (98-99g). The combined honeycomb and Dyneema mesh configuration showed approximately 25% higher integral impact-load attenuation than the honeycomb alone, while simulated and experimental peak-force values differed by 5-8%. The results support the calibrated model as a practical tool for further engineering optimization. © 2026 Bull. Georg. Natl. Acad. Sci.
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	Introduction
	Bird strikes remain one of the least predictable hazards for search-and-rescue UAVs and helicopters opera-ting in coastal zones. Low-altitude flight, high bird activity, and an open engine inlet increase the probability of foreign-body ingestion and engine damage (Hedayati & Sadighi, 2015; Khachidze & Maisuradze, 2023).
	The present study is focused on ballistic validation rather than aerodynamic optimization. Its purpose is to evaluate whether an LS-DYNA-based model can reproduce the real response of a honeycomb-mesh barrier subjected to a 250km/h soft-body impact and to assess whether the combined barrier reduces the risk of large fragments entering the engine flow path.
	A specific distinction must be made between the 30x30mm and 40x40mm cell sizes. In earlier aerodynamic tests on a smaller contra-rotating ducted engine, a 30x30mm cell was selected because of the limited diameter of the outer duct. In the present work, the 40x40mm cell corresponds to the enlarged honeycomb diameter required for a helicopter-engine inlet and therefore represents a different platform scale rather than a contradictory design result.
	Materials and Methods
	Physical impact model. During high-speed impact, a bird body can be treated as a low-strength, highly deformable soft body (Wilbeck, 1978). Its response differs substantially from that of a rigid projectile: a pressure wave develops at impact, energy is rapidly redistributed through the tissue, and fragmentation may occur in a very short time.
	The engineering concept is that the honeycomb structure receives the primary impact and initiates fragmentation, while the high-strength mesh positioned behind it intercepts the remaining lightweight fragments, in line with protective-grid design concepts (Maisuradze et al., 2020).
	/
	Fig. 1. Basic physical model of the impact process: bird model, propeller, motor, and protective honeycomb structure.
	Numerical model in Ansys LS-DYNA. The simulation used the MAT_NULL material formulation and the EOS_GRUNEISEN equation of state, which are commonly applied to high-speed soft-body impact analysis (ANSYS, Inc., 2023; Hedayati & Sadighi, 2015). Initial parameters were selected as follows: density rho0=1000kg/m3, sound speed C=1480m/s, and Gruneisen coefficient gamma 0=0.5. A 100g cylindrical soft-body projectile impacted a Nylon-CF honeycomb barrier at 70 m/s, equivalent to 250 km/h.
	The numerical model was discretized using a three-dimensional finite element mesh composed of tetrahedral elements. The mesh consists of a total element count of 8×10⁷ to ensure spatial convergence. To maintain computational stability and control the time-step within the LS-DYNA environment, the minimum element edge length was maintained at 0.3mm. Additionally, a mesh growth ratio of 1.2 was applied to achieve a smooth transition from highly refined regions to the coarser zones of the computational domain.
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	Fig. 2. LS-DYNA input data and soft-body impact setup: (A) MAT_NULL/EOS parameters; (B) Nylon-CF/PA6-CF material properties; (C) geometry of the impact model.
	Static testing and model calibration. To improve the reliability of the numerical model, a static compression test was performed on a Nylon-CF honeycomb fragment produced by additive manufacturing. The fragment was tested using a UTM-1M universal testing machine. The compression curve and the maximum recorded force of Fmax = 2657 N were used to refine the material parameters applied in LS-DYNA. This static-to-dynamic calibration links the computational model to the measured behavior of the printed material (Mazanishvili et al., 2024).
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	for a helicopter engine, manufactured using a          honeycomb fragment; recorded maximum force 
	TRONXY VEHO 1000 3D printer (A); test          Fmax=2657N.
	fragment (B); and static testing on a UTM-1M 
	machine (C).
	Ballistic test rig and projectile selection. Ballistic experiments were carried on a test rig designed at the Scientific Center of the Georgian Aviation University. The rig accelerates the projectile to approximately 250km/h. Impact force was recorded using a DAQ system with Z-type force sensors, optical-pair velocity measurement, and high-speed video. Negative regions in the force-time response are interpreted as structural resonance and inertial rebound of the test system.
	/
	Fig. 5. General layout of the ballistic test rig used to accelerate the projectile up to 250 km/h and impact the honeycomb fragment.
	Fig. 6. Schematic diagram of the DAQ system used to record ballistic-test parameters.
	Projectile selection was a key methodological issue. Potato, chicken fillet, bone-in meat, and ballistic gelatin were useful for preliminary screening, launcher calibration, and comparative assessment, but none fully represented the impact behavior of a feathered bird. Final validation therefore used commercially obtained, food-grade, non-living feathered wild quail specimens with masses of 98-99 g. No live animals were used in the experiments. This mass closely matched the 100 g soft-body projectile used in the numerical model.
	Table 1. Projectile screening and final biological validation object
	Projectile
	Purpose
	Limitation
	Role in final validation
	Potato
	Initial launcher calibration and velocity repeatability
	Does not reproduce feathered biological structure
	Screening only
	Chicken fillet
	Assessment of soft-tissue-like response
	No feathers, bones, or natural heterogeneity
	Screening only
	Bone-in meat
	Screening of heterogeneous biological material
	Geometry and mass are difficult to repeat
	Screening only
	Ballistic gelatin
	Standardized soft-body comparison
	No feathers or skeletal/internal cavity effects
	Comparative stage
	Feathered wild quail, 98-99 g
	Final validation close to real bird impact
	Natural biological variability
	Main validation object
	It is worth noting that during the trials utilizing the test stand, potatoes were launched three times with a 5% experimental error. Subsequently, chicken fillets and bone-in meat were launched twice each, exhibiting error margins of 8% and 15%, respectively. Finally, four launches were conducted using ballistic gelatin, resulting in an error of 6%.
	Results
	Two configurations were evaluated: a Nylon-CF honeycomb barrier alone and a combined system consisting of the honeycomb fragment with a Dyneema high-strength mesh placed behind it (DSM Dyneema, 2023; Thomas et al., 2021). Impact of a 99g quail specimen at 250km/h showed that the honeycomb structure promoted rapid fragmentation. After impact, approximately 15g of residue remained on the honeycomb fragment, while only about 2g remained on the mesh surface.
	The integral indicators of the force-time response showed that the honeycomb + Dyneema mesh configuration improved impact-load attenuation and damping by approximately 25% compared with the honeycomb barrier alone. Based on peak-force values, the deviation between LS-DYNA simulation and experiment remained within 5-8%, which can be considered satisfactory agreement for the tested velocity, mass, and geometry.
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	Fig. 7. Result of a 99 g feathered quail impact at 250 km/h on the combined barrier system: A ‒ force-time graph; B ‒ residue on the honeycomb fragment; C ‒ mass of residue remaining on the honeycomb; D ‒ small residue remaining on the Dyneema mesh.
	Table 2. Summary of ballistic-validation parameters and observations
	Parameter
	Value / observation
	Numerical projectile mass
	100 g
	Final biological specimen masses
	98g for honeycomb only; 99g for honeycomb + dyneema mesh combination
	Impact velocity
	70 m/s, equivalent to 250 km/h
	Honeycomb cell
	40 x 40 mm, helicopter-scale ballistic configuration
	Static compression test
	Fmax = 2657 N
	Combined protection
	Nylon-CF honeycomb + Dyneema high-strength mesh
	Residual mass on honeycomb / mesh
	Approximately 15 g / 2 g
	Simulation-experiment peak-force deviation
	5-8%
	Advantage of honeycomb + mesh
	Approximately 25% higher integral impact damping indicator
	Discussion
	The results indicate that the 40x40mm honeycomb fragment is an adequate ballistic-validation confi-guration for a helicopter-scale protective system. It does not repeat the 30x30mm aerodynamic configu-ration selected for a smaller ducted engine; instead, it complements that configuration by addressing the larger-diameter impact-validation problem.
	The expression “internal explosion effect” is used here only as a descriptive term for rapid pressure-wave-induced internal fragmentation. Physically, the process is not a chemical explosion; it is fast deformation of a soft biological body, pressure-wave propagation, and tissue breakup into small fragments. The close match between the final biological specimens (98-99g) and the 100g numerical model reduces mass mismatch and makes comparison between simulation and experiment more direct.
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	Fig. 8. Integration example of the combined barrier protection concept on a Mi-24 helicopter-engine inlet: (A) Dyneema mesh system; (B) installation of the honeycomb + mesh solution.
	Limitations and future work. The work represents a ballistic-validation stage and should not be interpreted as a complete aviation certification test. The results apply to the tested configuration: a Nylon-CF honeycomb fragment with 40x40mm cells, a Dyneema mesh combination, an approximately 100g biological projectile, and an impact velocity of 250km/h. Future work should increase the number of repeated shots, test different bird masses and velocities, evaluate temperature and humidity effects, and perform flight and durability tests on actual aircraft platforms.
	Conclusions
	The 40x40mm honeycomb fragment selected for the helicopter-engine scale was confirmed as an adequate ballistic-validation configuration and does not contradict the 30x30mm aerodynamic configuration used for a smaller ducted engine. The LS-DYNA model calibrated by static testing reproduced the 250km/h impact of a 100g soft body with satisfactory agreement; the peak-force deviation relative to the experiment remained within 5-8%. The combined honeycomb and Dyneema mesh system improved impact-load attenuation and damping by approximately 25% compared with the honeycomb barrier alone. Employing 98-99g feathered quail specimens significantly increased validation realism because their mass closely matched the 100g numerical model. The prototypes can be considered ready for further laboratory, flight, and technological evaluation; additional repeatability, durability, and certification-oriented tests are required before any serial-production claim.
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Introduction

Bird strikes remain one of the least predictable hazards for search-and-rescue UAVs and helicopters opera-
ting in coastal zones. Low-altitude flight, high bird activity, and an open engine inlet increase the probability of foreign-body ingestion and engine damage (Hedayati & Sadighi, 2015; Khachidze & Maisuradze, 2023).

The present study is focused on ballistic validation rather than aerodynamic optimization. Its purpose is to evaluate whether an LS-DYNA-based model can reproduce the real response of a honeycomb-mesh barrier subjected to a 250km/h soft-body impact and to assess whether the combined barrier reduces the risk of large fragments entering the engine flow path.

A specific distinction must be made between the 30x30mm and 40x40mm cell sizes. In earlier aerodynamic tests on a smaller contra-rotating ducted engine, a 30x30mm cell was selected because of the limited diameter of the outer duct. In the present work, the 40x40mm cell corresponds to the enlarged honeycomb diameter required for a helicopter-engine inlet and therefore represents a different platform scale rather than a contradictory design result.



Materials and Methods

Physical impact model. During high-speed impact, a bird body can be treated as a low-strength, highly deformable soft body (Wilbeck, 1978). Its response differs substantially from that of a rigid projectile: a pressure wave develops at impact, energy is rapidly redistributed through the tissue, and fragmentation may occur in a very short time.

The engineering concept is that the honeycomb structure receives the primary impact and initiates fragmentation, while the high-strength mesh positioned behind it intercepts the remaining lightweight fragments, in line with protective-grid design concepts (Maisuradze et al., 2020).



[image: ]

Fig. 1. Basic physical model of the impact process: bird model, propeller, motor, and protective honeycomb structure.



Numerical model in Ansys LS-DYNA. The simulation used the MAT_NULL material formulation and the EOS_GRUNEISEN equation of state, which are commonly applied to high-speed soft-body impact analysis (ANSYS, Inc., 2023; Hedayati & Sadighi, 2015). Initial parameters were selected as follows: density rho0=1000kg/m3, sound speed C=1480m/s, and Gruneisen coefficient gamma 0=0.5. A 100g cylindrical soft-body projectile impacted a Nylon-CF honeycomb barrier at 70 m/s, equivalent to 250 km/h.

The numerical model was discretized using a three-dimensional finite element mesh composed of tetrahedral elements. The mesh consists of a total element count of 8×10⁷ to ensure spatial convergence. To maintain computational stability and control the time-step within the LS-DYNA environment, the minimum element edge length was maintained at 0.3mm. Additionally, a mesh growth ratio of 1.2 was applied to achieve a smooth transition from highly refined regions to the coarser zones of the computational domain.
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[bookmark: _Hlk238035812]Fig. 2. LS-DYNA input data and soft-body impact setup: (A) MAT_NULL/EOS parameters; (B) Nylon-CF/PA6-CF material properties; (C) geometry of the impact model.

Static testing and model calibration. To improve the reliability of the numerical model, a static compression test was performed on a Nylon-CF honeycomb fragment produced by additive manufacturing. The fragment was tested using a UTM-1M universal testing machine. The compression curve and the maximum recorded force of Fmax = 2657 N were used to refine the material parameters applied in LS-DYNA. This static-to-dynamic calibration links the computational model to the measured behavior of the printed material (Mazanishvili et al., 2024).
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Fig. 3. Honeycomb structure with 40x40mm cells	        Fig. 4. Compression response of the Nylon-CF/PA6-CF 

for a helicopter engine, manufactured using a 	        honeycomb fragment; recorded maximum force 

TRONXY VEHO 1000 3D printer (A); test 	        Fmax=2657N.

fragment (B); and static testing on a UTM-1M 

machine (C).

Ballistic test rig and projectile selection. Ballistic experiments were carried on a test rig designed at the Scientific Center of the Georgian Aviation University. The rig accelerates the projectile to approximately 250km/h. Impact force was recorded using a DAQ system with Z-type force sensors, optical-pair velocity measurement, and high-speed video. Negative regions in the force-time response are interpreted as structural resonance and inertial rebound of the test system.
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Fig. 5. General layout of the ballistic test rig used to accelerate the projectile up to 250 km/h and impact the honeycomb fragment.



[image: ]

























Fig. 6. Schematic diagram of the DAQ system used to record ballistic-test parameters.



Projectile selection was a key methodological issue. Potato, chicken fillet, bone-in meat, and ballistic gelatin were useful for preliminary screening, launcher calibration, and comparative assessment, but none fully represented the impact behavior of a feathered bird. Final validation therefore used commercially obtained, food-grade, non-living feathered wild quail specimens with masses of 98-99 g. No live animals were used in the experiments. This mass closely matched the 100 g soft-body projectile used in the numerical model.



Table 1. Projectile screening and final biological validation object

		Projectile

		Purpose

		Limitation

		Role in final validation



		Potato

		Initial launcher calibration and velocity repeatability

		Does not reproduce feathered biological structure

		Screening only



		Chicken fillet

		Assessment of soft-tissue-like response

		No feathers, bones, or natural heterogeneity

		Screening only



		Bone-in meat

		Screening of heterogeneous biological material

		Geometry and mass are difficult to repeat

		Screening only



		Ballistic gelatin

		Standardized soft-body comparison

		No feathers or skeletal/internal cavity effects

		Comparative stage



		Feathered wild quail, 98-99 g

		Final validation close to real bird impact

		Natural biological variability

		Main validation object







It is worth noting that during the trials utilizing the test stand, potatoes were launched three times with a 5% experimental error. Subsequently, chicken fillets and bone-in meat were launched twice each, exhibiting error margins of 8% and 15%, respectively. Finally, four launches were conducted using ballistic gelatin, resulting in an error of 6%.



Results

Two configurations were evaluated: a Nylon-CF honeycomb barrier alone and a combined system consisting of the honeycomb fragment with a Dyneema high-strength mesh placed behind it (DSM Dyneema, 2023; Thomas et al., 2021). Impact of a 99g quail specimen at 250km/h showed that the honeycomb structure promoted rapid fragmentation. After impact, approximately 15g of residue remained on the honeycomb fragment, while only about 2g remained on the mesh surface.

The integral indicators of the force-time response showed that the honeycomb + Dyneema mesh configuration improved impact-load attenuation and damping by approximately 25% compared with the honeycomb barrier alone. Based on peak-force values, the deviation between LS-DYNA simulation and experiment remained within 5-8%, which can be considered satisfactory agreement for the tested velocity, mass, and geometry.
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[bookmark: OLE_LINK4][bookmark: _Hlk229347140][bookmark: OLE_LINK5]Fig. 7. Result of a 99 g feathered quail impact at 250 km/h on the combined barrier system: A ‒ force-time graph; B ‒ residue on the honeycomb fragment; C ‒ mass of residue remaining on the honeycomb; D ‒ small residue remaining on the Dyneema mesh.



Table 2. Summary of ballistic-validation parameters and observations

		Parameter

		Value / observation



		Numerical projectile mass

		100 g



		Final biological specimen masses

		98g for honeycomb only; 
99g for honeycomb + dyneema mesh combination



		Impact velocity

		70 m/s, equivalent to 250 km/h



		Honeycomb cell

		40 x 40 mm, helicopter-scale ballistic configuration



		Static compression test

		Fmax = 2657 N



		Combined protection

		Nylon-CF honeycomb + Dyneema high-strength mesh



		Residual mass on honeycomb / mesh

		Approximately 15 g / 2 g



		Simulation-experiment peak-force deviation

		5-8%



		Advantage of honeycomb + mesh

		Approximately 25% higher integral impact damping indicator







Discussion

The results indicate that the 40x40mm honeycomb fragment is an adequate ballistic-validation confi-
guration for a helicopter-scale protective system. It does not repeat the 30x30mm aerodynamic configu-
ration selected for a smaller ducted engine; instead, it complements that configuration by addressing the larger-diameter impact-validation problem.

The expression “internal explosion effect” is used here only as a descriptive term for rapid pressure-wave-induced internal fragmentation. Physically, the process is not a chemical explosion; it is fast deformation of a soft biological body, pressure-wave propagation, and tissue breakup into small fragments. The close match between the final biological specimens (98-99g) and the 100g numerical model reduces mass mismatch and makes comparison between simulation and experiment more direct.
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A 					          B 

Fig. 8. Integration example of the combined barrier protection concept on a Mi-24 helicopter-engine inlet: (A) Dyneema mesh system; (B) installation of the honeycomb + mesh solution.



Limitations and future work. The work represents a ballistic-validation stage and should not be interpreted as a complete aviation certification test. The results apply to the tested configuration: a Nylon-CF honeycomb fragment with 40x40mm cells, a Dyneema mesh combination, an approximately 100g biological projectile, and an impact velocity of 250km/h. Future work should increase the number of repeated shots, test different bird masses and velocities, evaluate temperature and humidity effects, and perform flight and durability tests on actual aircraft platforms.



Conclusions

The 40x40mm honeycomb fragment selected for the helicopter-engine scale was confirmed as an adequate ballistic-validation configuration and does not contradict the 30x30mm aerodynamic configuration used for a smaller ducted engine. The LS-DYNA model calibrated by static testing reproduced the 250km/h impact of a 100g soft body with satisfactory agreement; the peak-force deviation relative to the experiment remained within 5-8%. The combined honeycomb and Dyneema mesh system improved impact-load attenuation and damping by approximately 25% compared with the honeycomb barrier alone. Employing 98-99g feathered quail specimens significantly increased validation realism because their mass closely matched the 100g numerical model. The prototypes can be considered ready for further laboratory, flight, and technological evaluation; additional repeatability, durability, and certification-oriented tests are required before any serial-production claim.
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