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Simulation of Aircraft Landing Gears with a Nonlinear
Dynamic Finite Element Code
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Recent advances in computational speed have made aircraft and spacecraft crash simulations using an explicit,
nonlinear, transient-dynamic, finite element analysis code more feasible. This paper describes the development of a
simple landing-gear model, which accurately simulates the energy absorbed by the gear without adding substantial
complexity to the model. For a crash model the landing gear response is approximated with a spring where the
force applied to the fuselage is computed in a user-written subroutine. Helicopter crash simulations using this
approach are compared with previously acquired experimental data from a full-scale crash test of a composite

helicopter.

Introduction

N important aspect of crashworthinessresearch is the demon-

strationand validationof analyticalcomputationaltools for ac-
curate simulation of airframe structural response to impacts. Crash
simulation codes can be used during the airframe design phase to
certify seats and aircraft, to predict seat and occupant response
to impact with the probability of injury, and to evaluate numer-
ous crash scenarios not economically feasible with full-scale crash
testing.

Previously, rotorcraft and aircraft crash simulations were per-
formed using semi-empirical kinematic codes such as KRASH.!
The aircraft model typically contained less than 100 elements and
was comprised of lumped masses, beams, and springs with user-
defined crush properties based on experimental data. These models
required significant engineering effort to reduce a complex aircraft
structure to a simple mass-beam-spring model. Such models can
provide significant information regarding overall aircraft dynam-
ics. However, these models are not sufficient for detailed structural
analysis. In addition, significant component testing is required to
generate experimental data to describe the structural crush charac-
teristics of the springs.

Technology advances have enabled the simulation of aircraft and
spacecraft crashes in a reasonable time using detailed finite ele-
ment models. These models can be executed in a nonlinear transient
dynamic finite element code, such as LS-DYNA,? MSC.Dytran,?
and PAM-CRASH.* These codes are commercial products based
on the well-validated, public domain code DYNA3D developed at
Lawrence Livermore National Laboratories. Although the duration
of an actual crash may be several seconds, the significant impact
duration is typically less than 200 ms. The CPU time of the simu-
lation is dependent on the time step, the model size, and the total
simulation time. CPU times from one day to one week on a high-end
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workstation are common to simulate the 200-ms impact response of
an aircraft.

Many aircraft now feature energy absorbinglanding gears as part
of the crash energy mitigation system. The accuracy of the predic-
tion of the fuselage crash accelerationsis directly dependenton the
accuracy of the fuselageimpact velocity and attitude. Therefore, any
velocity reductions or changes in impact attitude resulting from the
landing gear stroking must be modeled. However, the accelerations
during landing gear stroking, but prior to fuselage impact, usually
do not cause human injury or significant structural damage. For this
reason a method to model the landing gear effect without adding
substantial complexity to the finite element model is needed. This
paper highlights such a methodology.

The development of an innovative landing gear model for imple-
mentation in a nonlinear, transient dynamic, finite element code is
described. The landing gear model was combined with a rigid rotor-
craft fuselage model for the simulations presentedin this paper. The
results from the simulations are correlated with previously acquired
experimental data.

Description of Test

The Sikorsky helicopter flight test article, developed under the
U.S. Army’s Advanced Composite Airframe Program (ACAP), see
Fig. 1, was recently crash tested at the NASA Langley Research
Center Impact Dynamics Research Facility (IDRF), see Fig. 2. This
full-scale helicopter was designed and constructed in the 1980s to
evaluate the use of composite technology. The resulting ACAP air-
frame consisted of 82% composite materials, and the total weight
and cost savings achieved based on the final design were 23 and
24%,respectively.A systemsapproachwas used in designingthe he-
licopter for maximum crash protection,including energy absorbing
landing gear, crushable subfloor structure, and load-limiting seats.
However, the primary energy absorbing elements were the landing
gear. The landing gear were designed to remove 80% of the energy
for a vertical drop performed at the impact conditions of 38 ft/s
(11.6 m/s), 10-deg pitch, and 10-deg roll as specified in Ref. 5. The
main landing gear contained an aluminum honeycomb tube that
would dissipate kinetic energy during a crash event through stable
crushing, with a maximum crush stroke of 18 in.

The full-scale crash test of the helicopter was conducted on
22 June, 1999 at the IDRF. Details regarding the helicopter, test
conditions, instrumentation, etc., can be found in Ref. 6. The heli-
copter was suspended from the IDRF and dropped such that the
impact attitude was 6.25 deg pitch (nose up) and 3.5 deg roll
(left), and the impact velocity was —462 in./s (—11.7 m/s) verti-
cal and —384 in./s (—9.75 m/s) horizontal. The pendulum nature
of the drop test induced a rotational pitch velocity of 9.6 deg/s
(nose up).
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Fig. 2 Photographof NASA Langley Research Center Impact Dynam-
ics Research Test Facility.
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Fig. 3 Schematic of selected accelerometer locations.

Onboard hardware included four energy-absorbingseats with an-
thropomorphic dummies. Approximately 90 channels of data, in-
cluding 62 accelerometers, were collected at a 10-kHz sampling
rate using a digital data acquisition system. A schematic drawing
of the helicopterindicating the locations of selected accelerometers
used in the analyticallexperimental correlation is shown in Fig. 3.
In general, high-quality experimental data were obtained from the
crash test. All acceleration data from the crash test were analyzed
and checked for polarity errors, zero offsets,and noise. Acceleration
data in the vertical direction were integrated to obtain the vertical
velocity change. The integration also provided a quality check of
the data. Those channels in which the integrated velocity change
varied greatly from the nominal vertical impact velocity were not
used for the correlation with the analysis.

Development of Crash Finite Element Model

A two-stage modeling approach was used to conduct the crash
simulations using the nonlinear, transient dynamic, finite element
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Fig. 4 Schematic of ACAP landing gear looking aft.

code, MSC.Dytran. For impacts on hard surfaces, accurate simula-
tion of the energy absorption behavior of the landing gear is imper-
ative to accurately predict the impact response of the fuselage. The
landing gear stroking not only reduces the fuselageimpact speed but
canalso changetheimpactattitude. The stroking of the landing gear,
which can typically last 100 ms, generally provideslow acceleration
levels and thus insignificant elastic deformations to the fuselage, as
compared to the fuselage impact event. These facts enabled utiliza-
tion of a rigid fuselage model during the landing gear stroking. Prior
to fuselage contact, the nodal velocities and positions from the rigid
simulation are then input into a flexible model. Correlations of the
flexible fuselage model simulations with the experimental data are
presented in Ref. 7. The time step for rigid models is typically an
order of magnitude larger than that for the flexible model; therefore,
the required clock time to perform a simulation is reduced by an
order of magnitude. For the model presented here the CPU time
was reduced by a factor of eight. In addition, the rigid model made
the introduction of the pitch angular velocity much easier.

Landing Gear

A schematic of the ACAP main landing gear as viewed aft of
the aircraftis shown in Fig. 4. The main gear were designed with
a two-stage, energy absorption approach. For landings within the
normal operational range, an oleo-pneumatic energy absorber has
been incorporated. For severe or crash landings additional energy
may be absorbed with the stable crushing of an aluminum honey-
comb column within the gear. The transfer from the oleo-pneumatic
to the honeycomb stage is accomplished by shear pin failures based
on a predetermined force. The orientation of the gear with respect
to the fuselage remains nearly constant while the oleo-pneumatic
stage is stroking. The angle with respect to the vertical, as shown
in the figure, is 11.8 deg. As the honeycomb crushes, the gear ro-
tates outward an additional 20 deg. The drag beam controls the gear
rotation.

To simplify the main landing gear mechanism as much as pos-
sible in the finite element model, the angle of the landing gear
was fixed with respect to the aircraft vertical for the simulations.
Therefore, the translational and rotational motions of the gear have
been replaced with purely translational motion. The angle was
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Fig. 5 Schematic of landing gear in finite element model.

a) Aft view (not to scale)

determinedby bisectingthe angle through which the gear strokes, or
11.8deg+ 0.5 x 20 deg=21.8 deg, as shown in Fig. 5. For a crash
model the landing gear force response can be approximated with a
spring where the force is computedin a user-written subroutine. The
“spring” force is dependenton the relative displacementand on the
relative velocity of the connected nodes. Initially, it is assumed that
the gearis fully deployed, as would be expectedin a crash scenario.

The original crashworthy nose gear had been removed and re-
placed with a noncrashworthy standard nose gear. Modifications
were required to make the existing nose gear more crashworthy. The
modified nose gear was modeled as a springhaving a constantspring
force of 8000 1b (355000 N) to represent the crush strength of the
honeycomb-filled aluminum tube that was inserted inside the gear.

Alignment of the gear spring relative to the aircraftcan be a chal-
lenging modeling problem. A number of rigid joints, such as sliding,
rotational, ball, and universal joints, are currently available as stan-
dard capabilitiesin commercial codes. However, these joints, which
have only a small number of internal nodes (e.g., three), become un-
stable when large forces are applied, such as those experienced by
the landing gear during a severe impact.

For this reason, these built-in joints were replaced in the model
with a component containing several nodes and beam elements
over which the forces are distributed, (see Fig. 5a). Nodal align-
ment was accomplished by creating four contact surfaces on the
two perpendicular plates. Each perpendicular plate was modeled
with a rigid quadrilateral shell element. Rigid beams were used to
connect the top rigid shell nodes to the fuselage at the attachment
point. The spring force was defined in a user-written FORTRAN
subroutine. The lower section of the gear was modeled with flexible
beams attached to concentrated masses representing the tire. Each
main gear model consisted of 40 nodes and 39 beam elements. The
nose gear model consisted of seven nodes and six beam elements.
The gear nodes were then constrainedto remain within the intersect-
ing region of the perpendicularshells (see Fig. 5b). The thicknessof
the alignment shells was set to provide sufficient stability without
creating extremely large contact forces. For the results presented in
this paper, the shell thickness was 0.010 in.

For simplicity of model development, the initial landing gear
models were attached to a simple triangular rigid plate element,
which approximatedthe fuselage. The aircraft mass, center of grav-
ity, and moments of inertia were explicitly specified for the tri-
angular element. Workstation simulations using this simple model
are completed in a few minutes. The predicted nodal accelerations,
velocities, and displacements at the gear attachmentnodes are com-
pared with the correspondingexperimental data. These comparisons
allow modifications to be quickly evaluated. Once adequate experi-
mental/analytical correlationwas achieved, the simple fuselagerep-
resentationwas replacedby a rigid fuselage model with the accurate
geometry. The accurate geometry was needed to determine fuselage
impact and to estimate the time to change from rigid to flexible
simulation.

Crash Finite Element Model

The crash finite element model (see Fig. 6) was developed from
an existing modal vibration finite element model. Numerous modifi-
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Fig. 6 Crash finite element model.

cations to the modal vibration model were required. These included
1) reduction of the number of concentrated masses via mass dis-
tribution through material densities; 2) reduction of the number of
different laminated composite shell and beam properties, where ap-
propriate; 3) removal of very small elements, particularly in the tail,
which are not relevant to the crash analysis; and 4) rediscretization
to a finer mesh along the keel beams where significant crushing
occurred. Additional details regarding the model conversioncan be
found in Ref. 7.

The impact surface was modeled with 250 hexahedral solid ele-
ments with fixed bottom nodes. The impact surface elements were
assigned material properties typical of steel.

The initial impact velocities were determined from photographic
motion picture analysis to be —462 in./s (—11.7 m/s) vertical ve-
locity, —384 in./s (—9.75 m/s) horizontal velocity, and no lateral
velocity. Because of the pendulum motion of the test, an initial an-
gular velocity of 9.6 deg/s pitch was induced just before left gear
contact. These fuselage velocities were implemented in the finite
element code using the rigid model with MATRMRG1 and MA-
TRIG options in MSC.Dytran. The impact attitude angles of 6.25
deg pitch up and 3.5 deg roll left were incorporated by rotating the
impact plane with respect to the fuselage.

The resulting flexible fuselage model was composed of 4128
nodes and 7346 elements (3118 beam and rod elements, 3283
quadrilateral shell elements, and 695 triangular shell elements).
These elements were defined using 34 propertiesin the flexible fuse-
lage model. The 98 concentratedmasses represented actual lumped
masses on the test article. For the rigid model simulations presented
in this paper, all of the materials were combined into a MATRIG
except for the landing gear beams and tire masses. The fuselage
mass, center of gravity,and moments of inertia were explicitly spec-
ified in the rigid fuselage model. These values were derived using
MSC.Nastran,? where the element and mass information from the
crash model was converted to MSC.Dytran format. The final fuse-
lage model weighed 7998 1b with a center of gravity at x =203.7 in.
(5.17 m), y=0.0 in. (0 m), and z=287.0 in. (2.21 m). The experi-
mental test article weighed 7832 1b with a center-of-gravitylocation
at x =198 in. (5.03 m) and z = 100 in. (2.54 m). The experimental
determinationof the z coordinate of the c.g. locationis approximate
because of the accuracy of the measurement setup.

Correlation of Simulation Results
with Experimental Data

The rigid fuselage crash finite element model was executed in
MSC.Dytran. The simulation results required nearly one hour CPU
time ona Sun Ultra450 workstationto complete the 0.100-sproblem
time. The accuracy of the simulation results was evaluated through
correlation with the experimental sequence of events and the veloc-
ities at specific locations.

Figure 7 shows the predicted spring forces representing the land-
ing gears, which were applied to the fuselage model. Large forces
are initially experienced as a result of the high velocity differen-
tial. The force of the main landing gear is removed at the time of
the fuselage impact, 0.095 s. The large initial forces for the main
gear are not physical. These large forces did not significantly affect
the rigid fuselage response, presumably because of the very short
duration.

The simulation sequence of events (see Table 1) was determined
from the landing gear force curves. The test times were based on
analysis of the high-speed film. Overall the correlationis very good
with no more than 4 ms error. The longer time between the left and
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Table1 Timing of sequence of events for
aircraft contact

Event Pred., s Test, s Diff., s
Left gear 0.0 0.0 0.
Right gear 0.016 0.012 —0.004
Nose gear 0.068 0.069 +0.001
Fuselage 0.095 0.0975 +0.0025
x 10"

Force, Ib.

Left gear
—————— Right gear
————————— Nose gear

0.04 0.06 0.08 0.1
Time, sec

Fig. 7 Predicted forces of the landing-gear springs as a function of
time.
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Fig. 8 Representative experimental acceleration time histories for pi-
lot seat floor and right engine locations.

right gear contact for the simulation could be expected based on the
simplified landing gear approach.

Although this paper focuses on the simulations prior to fuselage
contact, the primary emphasis of the project was to predict accu-
rately the input accelerations to the simulated occupants as well as
retention of the overhead masses. Therefore, accuracy of the floor
and large overhead mass accelerations were of utmost importance.
Representative vertical accelerationsat the pilot seat floor and right
engine locationsare shownin Fig. 8. The measured accelerationdata
were filtered with a third-order Butterworth filter at 60 Hz. The data
were filtered forward and backward to eliminate phase shifts result-
ing from the filtering process. The maximum acceleration values for
the curves occur well after the fuselage impacts.

For this paper the initial velocity values at left gear contact were
estimated based on the experimentally determined c.g. translational
and rotational velocities. The experimental velocity curves were
computed by integrating the unfiltered experimental acceleration
values as a function of time. Only the experimental and analytical
“vertical” velocities would be compared in this paper. The vertical
velocity orientation for the simulations remained fixed with respect
to the ground and was aligned with the aircraft at left gear con-
tact. The experimental accelerometers were attached to the fuselage

— Test

Fusel i t
~100} ---- Analysis uselage |mpac

|
N
[=]
[=]

Velocity, in/sec
1 |

& )

S S

=) =)

-500f

_6000 0.02 0.04 0.06 0.08 0.1
Time, sec
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Fig. 10 Comparison of experimental and analytical vertical velocities
at the copilot seat floor.

and thus rotated with the aircraft as the landing gear stroked. For
this reason, the experimental and analytical vertical accelerations
are aligned at O ms, but the accelerationdirections would differ ap-
proximately 6.25 deg at fuselage impact. This discrepancy is not
considered significant for the results presented here because the co-
sine of 6.25 deg is 0.994, or the induced error is less than 1%.

Comparisons of the two crew-seat floor attachment velocities are
shownin Figs. 9 and 10. Both the predicted and the measured veloci-
ties at the pilot and copilotlocations show a nearly constant velocity
prior to fuselage impact. This trend results from the balancing of
the rotational pitch velocity component with the downward linear
motion of the c.g.

The measured and predicted velocities near the troop-seat at-
tachment locations are shown in Figs. 11-13. For these positions
the velocity decreases approximately 100 in./s (2.54 m/s) while the
landing gear strokes. The measured and predicted vertical velocities
above the troop seat area and at the rotor head are shown in Figs.
14 and 15. The change in velocities is nearly 150 in./s (3.81 m/s).
The close comparison of the predicted and measured values, shown
in Figs. 9-15, indicates that the simplified landing gear modeling
implementation and the rigid fuselage assumption are adequate up
to the time of fuselage impact.

In Figs. 16-19 comparisons of the experimental and predicted
velocity responses at locations aft of the c.g. are shown. The right
landing gear attachment point is shown in Fig. 16. The simula-
tion/experimental correlation at this location is fair. The irregular
trend in the experimental data results from complexities of the land-
ing gear stroking mechanism, such as shear pin failures and the fact
that the test article is attached to a flexible fuselage rather than the
rigid fuselage used in the simulations. These large oscillationsin the
velocities are local and not transmitted to the rest of the fuselage as
indicated by the absence of the oscillationsin the remaining velocity
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Fig. 11 Comparison of experimental and analytical vertical velocities
at the left troop seat floor locations.
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Fig. 12 Comparison of experimental and analytical vertical velocities
at the right troop seat floor location.
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Fig. 13 Comparison of experimental and analytical vertical velocities
at BS182.

curves. The right and left engine velocities are shown in Figs. 17
and 18, respectively. The correlationis excellentup to nearly 0.070
s. A similar trend is seen for the location at the top of the bulkhead
at BS255 (see Fig. 19). A number of factors may contribute to the
deviation of the simulation results from the experimental data, in-
cluding violation of the rigid fuselage assumption in that the roof is
beginning to collapse. In addition, the tail was determined to fail at
0.075 s. This failure could have significantly affected the response
at this portion of the fuselage.

The accuracy of the accelerationresponseis directly related to the
accuracyof the inputenergy at fuselage contact. One method to eval-
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Fig. 14 Comparison of experimental and analytical vertical velocities
at BS188.
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Fig. 16 Comparison of experimental and vertical velocities at the top
of the right gear.

uate the accuracy of the impact energy is to correlate analytical and
experimental squared velocities (see Fig. 20). The squared velocity
values are proportionalto the kinetic energy. Prior to the correlation
with the test data, the rigid fuselage approach would have been as-
sumed valid up to the time of fuselage contact at 0.095 s. However
preliminary correlations of the experimental data and simulation
results indicated that the flexible model should begin at 0.065 s or
when the predicted velocities of the large masses aft of the c.g.
deviated from the experimental values. For these reasons the accu-
racy of the rigid simulation results for utilization in a flexible finite
element model has been evaluated based on a comparison of the
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experimental and analytical squared-velocity values at both 0.065
and 0.095 s. The experimental value is used for the normalization.

At 0.065 s the predicted results at seven of the eleven locations
are within 5% of the experimental values. The accuracies of the
predicted results are within 15% at an additional three locations.
The largest deviation is 23% at the Roof BS255 location. These
correlation values are considered excellent.

At 0.095 s the predicted squared velocities at five of the eleven
locations are within 15% of the measured values. The predictions at
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Fig. 20 Error of the predicted squared velocity at the indicated loca-
tions when compared to the experimental values { % error = [(Vfest -

Vgred) /V2,] x 100}.

an additional three locations are within 30%. The predicted values at
three of the locations vary substantially from the measured values.
All of the floor locations, which would significantly affect occupant
response, are within 30%. The correlationbetween the experimental
and analytical squared velocities forward of the c.g. is fair.

Conclusions

An innovative and simplified landing gear modeling approach
was implemented in a detailed crash simulation of a full-scale crash
test of a composite helicopter. The crash simulation methodology
was further simplified by utilizing the simple landing gear model
with a rigid and geometrically accurate fuselage model. Helicopter
crash simulations using this approach were compared with previ-
ously acquired experimental data from a full-scale crash test of a
composite helicopter. The following conclusions were reached:

1) The simplified landing gear modeling approachaccurately sim-
ulated the magnitude and orientation of the landing gear force on
the fuselage.

2) The use of a rigid fuselage model for a portion of the crash
simulation was appropriate and resulted in significant reduction of
CPU time for the total crash simulation.

In summary, the crash model was successful at approximating
the effect of the landing gear stroking without adding substantially
to the model complexity. This simplification in conjunction with

the rigid fuselage assumption can result in significant reduction in

CPU time.
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