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Abstract: The “Electro-mechanical Landing gear system Integration for Small Aircraft” (E-LISA)
research project has the objective of developing an innovative “iron bird”, a testing facility dedicated
to executing tests on an innovative landing gear of a small aircraft. This document presents the
structural analyses of this complex testing machine performed with the Finite Element Method (FEM).
Key purposes of these numerical simulations were the quantifications of the stress and displacement
fields under the loading conditions foreseen for the machine. A modal analysis was performed with
the aim of calculating eigenvalues and eigenvectors useful to provide an assessment of the structural
dynamic response. The most critical mode shapes and the related frequencies were calculated, and
the potentially critical rotational speeds were quantified. Finally, the Peak Stress Method (PSM)
was adopted to quantify the fatigue resistance of the most critical weldments and an infinite fatigue
life was assessed for the most critical one. The design of the machine, which is currently under
manufacturing, was validated by the structural analyses presented here.

Keywords: landing gear; testing machine; FEM; peak stress method; modal analysis

1. Introduction

Within the Clean Sky 2 framework, the “Electro-mechanical Landing gear system
Integration for Small Aircraft” (E-LISA) research project has the objective of developing
an innovative “iron bird”, i.e., a testing facility dedicated to executing tests on the landing
gear of a small aircraft equipped with an electro-mechanical landing gear and an electrical
brake. The iron bird will consist of a multi-functional intelligent testing facility integrating
hardware and software, allowing all tests and analyses to be performed to demonstrate the
maturity of electro-mechanical landing gear, hence paving the way for its implementation
in small aircraft. After approval of the preliminary design, the activities prosecuted the
development of the iron bird, which is qualified for the execution of qualification and
performance tests as per applicable specifications. The final phase will focus on executing
tests on test articles with respect to reliability and endurance tests, under normal and
relevant aircraft environments (wet, dry, obstacle conditions, landing, take-off, taxiing,
failure and disturbance conditions). The design of the testing machine, preliminarily
achieved by hand calculations, was analysed numerically using the Finite Element Method
(FEM) for validation purposes, see Figure 1. The purpose of this paper is to present the
numerical simulations performed with this aim. Similar investigations based on topology
optimization can be found in [1].

The numerical simulation via FEM was preferred over other design procedures, e.g.,
analytical methods and/or experimental tests, or Boundary Element Method (BEM) [2],
thanks to its widespread usage in this regard [3–5]. In particular, FEM simulations were set
up in order to quantify the stress and displacement fields under the actual loading condi-
tions foreseen for the machine. These simulations were set up according to a global–local
FEM approach [6], thus trying to keep the computational burden as low as possible, while
at the same time keeping a high accuracy specifically for the most relevant locations. This is
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a common practice for structural assessments that require high accuracy of the stress–strain
field in localised regions, e.g., for fatigue [7,8] and fracture [9–11] problems.

Metals 2021, 11, x FOR PEER REVIEW 2 of 12 
 

 

 
Figure 1. 3D CAD of the landing gear testing machine; units in mm. 

The numerical simulation via FEM was preferred over other design procedures, e.g., 
analytical methods and/or experimental tests, or Boundary Element Method (BEM) [2], 
thanks to its widespread usage in this regard [3–5]. In particular, FEM simulations were 
set up in order to quantify the stress and displacement fields under the actual loading 
conditions foreseen for the machine. These simulations were set up according to a global–
local FEM approach [6], thus trying to keep the computational burden as low as possible, 
while at the same time keeping a high accuracy specifically for the most relevant locations. 
This is a common practice for structural assessments that require high accuracy of the 
stress–strain field in localised regions, e.g., for fatigue [7,8] and fracture [9–11] problems. 

Along the same line of working with lightweight simulations, the Peak Stress Method 
(PSM) [12–14] was adopted to quickly quantify the fatigue resistance of the most critical 
weldments of the supporting structure. PSM is a powerful methodology that makes it 
possible to analyse the fatigue resistance of weldments in a fast and simplified way, 
without the need to resort to complex thermal-stress simulations [15,16] and/or FEM 
methodologies dedicated to the explicit simulation of the welding process [17,18]. 

Finally, no complex dynamic simulations were performed to account for the variable 
loading conditions occurring during the service life of the machine. However, a simpler 
modal analysis was performed with the aim of calculating eigenvalues and eigenvectors 
in such a way as to perform some evaluations on the expected structural dynamic 

Figure 1. 3D CAD of the landing gear testing machine; units in mm.

Along the same line of working with lightweight simulations, the Peak Stress Method
(PSM) [12–14] was adopted to quickly quantify the fatigue resistance of the most critical
weldments of the supporting structure. PSM is a powerful methodology that makes it
possible to analyse the fatigue resistance of weldments in a fast and simplified way, without
the need to resort to complex thermal-stress simulations [15,16] and/or FEM methodologies
dedicated to the explicit simulation of the welding process [17,18].

Finally, no complex dynamic simulations were performed to account for the variable
loading conditions occurring during the service life of the machine. However, a simpler
modal analysis was performed with the aim of calculating eigenvalues and eigenvectors in
such a way as to perform some evaluations on the expected structural dynamic response.
Again, these are rather typical evaluations, especially for engineering structures that involve
numerous components, non-linearities, etc. [19,20].

The analyses presented in this document made it possible to validate the preliminarily
obtained design of the machine. Thanks to the structural analyses presented here, the life
of the weldments was also assessed so as to guarantee the fatigue performances of the
structure during its service conditions. The analyses were set up by knowing that a certain
amount of approximation was needed so to deliver the fast validation procedure required
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by the project schedule. No dedicated validation of these numerical results was performed
at this stage, even though a dedicated validation phase is scheduled when the machine
will be manufactured, certified and before being considered as ready for tests. The testing
machine is currently under manufacturing.

2. Materials and Methods

The landing gear testing machine was designed by the company CERTIA (Noisy-
le-Grand, France), see Figure 1 for the final design configuration. This testing machine
consists of a supporting framework mainly composed of welded steel profiles of different
sections and lengths. The adopted steel was the S275J0 construction steel, whose main
mechanical properties are listed in Table 1, and which provided excellent workability and
weldability. The structure of the machine can be seen as an aggregate made of three distinct
macro-parts. The bottom sub-structure is formed by a network of welded beams on which
the various parts, dedicated to the production and transmission of motion, are installed.
This comprises an electric motor for the power generation, a gearbox with mechanical joints
for the power transmission and, finally, by a large wheel (also termed “runway simulator”)
that is intended to deliver the motion to the test article.

Table 1. Main mechanical properties of S275J0.

Young’s Modulus
E (GPa)

Poisson’s Ratio
ν (–)

Yield Strength
σYS (MPa)

Ultimate Tensile Strength
σYS (MPa)

Mass Density
ρ (kg/m3)

210 0.33 >275 >410 7900

From the bottom structure, a second sub-structure (termed the “main tower”) made
of welded beams rises vertically. This comprises a hydraulically operating piston that is
used to transmit the service load from the main tower to a third sub-structure, this latter in
the shape of a shelf. The main tower and “shelf” are interconnected through four slides
so to guarantee a purely vertical translation of the shelf, preventing any relative rotation
with respect to the main tower. The shelf represents the supporting structure where the
landing gear to test is connected through a fixture. During a test, the shelf makes it possible
to translate vertically so as to vary the pressure produced between the tyre and the wheel.
Accordingly, the load mission profiles to be used during the different testing phases can be
set up by varying the force applied to the shelf by the hydraulic piston.

The overall simulation plan is shown in Figure 2. A 1D model of the structure was
built according to the 3D CAD model shown in Figure 1. 1D beam and truss elements
were selected from the FEM code library to model the framework of beams of the testing
machine. This inherently introduced geometric approximations into the numerical model,
especially close to joints and weldments. Additionally, the components that could not
be modelled at all through 1D elements, such as electric motor, flywheel, gearbox, etc.,
were introduced into the model as lumped masses. Loading conditions considered into
the 1D model consisted of the gravity and the tyre-wheel contact force, see Figure 3. The
interaction between the tyre of the landing gear to test and the runway simulator of the
testing machine was simulated through two vertical separating forces equal to 77 kN each
(one acting on the shelf, the other acting on the lower sub-structure). Only the highest
possible position of the shelf was considered, as this is the most critical configuration (i.e.,
no motion of the shelf was explicitly simulated). Interactions between the shelf and the
main tower consisted of four multi-point constraints (MPCs) to simulate the four slides
of the actual structure, in addition to one further MPC to interconnect the shelf with the
actuator. This latter MPC made it possible to transmit the vertical displacements and forces
so as to simulate the hydraulic actuator.
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The 1D model comprised nearly 1600 1D linear elements and 3300 nodes. This model
was used to perform two distinct analyses. The first analysis consisted of a static structural
analysis, so as to calculate the stresses, strains and displacements in order to pinpoint the
most critical locations of the machine. No dedicated analyses were performed to calculate
the dynamic response of the structure, thus assuming that the variation of the actual loads
induced by the actuator while simulating the landing profiles was “sufficiently slow”.
Secondly, a modal analysis was performed on the 1D model to calculate eigenvectors and
eigenvalues, namely resonant mode shapes and the corresponding frequencies, respectively.
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This analysis was intended as a simplified choice to acquire information on the dynamic
structural response without the need for resorting to more complex analyses [21–23].

The 1D model made it possible to calculate the bending and twisting moments along
all beams of the supporting structure, thus highlighting the position of the most stressed
part. Once this information had been obtained, a 3D model was built to evaluate the most
critical positions with higher accuracy, see Figure 2. Namely, the outputs obtained with the
global 1D model were used as boundary conditions for a 3D local model that was used to
assess the stress–strain field in more detail and accuracy. In particular, a much finer mesh,
built with 3D elements in such a way as to replicate all the three-dimensional geometric
details (weld beads, holes, fillets, etc.), was adopted for this local model. In particular,
the weld beads were explicitly modelled in the 3D local submodel, as required by the
application of the PSM, in turn allowing the prediction of the fatigue life of the most critical
weldment of the structure [13,24]. To this end, a weld bead size of 10 mm was assumed
for the weld bead modelling. The 3D model comprised nearly 130k quadratic tetrahedral
elements and 220 k nodes.

Thanks to the 3D local modelling, the PSM was implemented and the weldments in
the most critical positions were studied in order to predict their fatigue life. In particular,
the most stressed beam was shown to be mostly loaded by simple bending, and along one
principal axis of the local section only, by using the PSM-based relationship according to
this loading condition:

K∗
FEM =

KI

σϑϑ,ϑ=0,peak ∗ d1−λ1
(1)

The closed-form expression of the averaged strain energy density can be rewritten
as a function of the singular, linear elastic FE peak stress σϑϑ,ϑ=0,peak, with the latter being
directly provided by the FEM code. In Equation (1), d is the “global element size”, i.e.,
the overall element size provided as input in the pre-processing phase for the automatic
mesh generation, (8 mm for the 3D model), λ1 is the mode I stress singularity exponent
(λ1 = 0.752 [13]), KI is the N-SIF (Notch- Stress Intensity Factor) related to mode I, K∗

FEM
is a constant K value equals to 1.21 ± 8% for the chosen FEM code, meshing options and
weld bead sizes [12]. Afterwards, the following equivalent peak stress range ∆σeq,peak can
be derived as:

∆σeq,peak =

√
2cw1e1

(1 − υ2)

[
K∗

FEM ∗ ∆σϑϑ,ϑ=0,peak

(
d

R0

)1−λ1
]

(2)

In Equation (2), cw1 is a coefficient depending on the stress ratio R (cw1 = 1 when
R = 0, [13]), e1 is a parameter depending on the weld bead geometry and the Poisson’s
ratio υ (e1 = 0.104 [13]), R0 is the so-called “control radius”, which is equal to 0.28 mm
for arc-welded joints [25]. Finally, the ∆σeq,peak is the equivalent peak stress range that can
be directly inserted in an S-N curve (figure number 6 in [24]) to derive the corresponding
fatigue life. The reader is referred to [12–15,24] for detail about PSM and its implementation.

3. Results and Discussion

The landing gear testing machine designed under the E-LISA project (Figure 1) re-
quired a validation phase so as to guarantee the structural safety during the operations
foreseen for the machine. This was carried out according to the numerical simulation
plan shown in Figure 2, namely via a 1D global model, for a fast and simplified structural
assessment of the global structure, and via a 3D local model, for a detailed and accurate
evaluation of the most critical position.

Once the overall global response of the structure had been obtained, the information
about bending and twisting moments calculated by the FEM code was analysed, see
Figure 4, for those occurring under both static and service loading conditions. In particular,
the most stressed section (see also Figure 5) turned out to be loaded by two bending
moments of −18.5 kNm (Figure 4a) and 0.02 kNm (Figure 4b), in addition to a twisting
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moment of −0.9 kNm (Figure 4c). A simple bending was therefore calculated in the most
critical section.

The results of the 1D static analysis, also exhibiting a deformed shape, are shown in
the following in terms of von Mises stresses, see Figure 5. These are shown for two different
loading configurations, i.e., with and without the tyre–wheel load of 77 kN. The purpose of
this subdivision was to quantify the structural stresses before and during the operation of
the machine. It can be noticed that very small stresses were calculated when considering the
gravity only (Figure 3a), whereas much higher stresses were calculating during the actual
operating conditions of the structure (i.e., by adding the 77 kN operating tyre-wheel loads
of Figure 3b). The peak value of von Mises stress was determined to be 34.3 MPa, occurring
on the upper shelf and induced by a bending moment on the central beam of the shelf. This
location presents a stress value of nearly 3.0 MPa when the service load is removed, thus
suggesting that a stress ratio R = σmin/σMAX of 0 can be assumed. Stress–strain data could
be used to further stiffen the structure by enlarging the beam sections locally, even though
the static safety factor σYS/σVM = 8 was shown to be rather conservative. Regarding
the displacements, a maximum displacement of 2.0 mm was calculated for the shelf: this
value was judged to be acceptable because it did not affect the proper functioning of the
testing machine.
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Simple bending was calculated in the most critical section, as the stresses resulting
from the two contributors of bending along the other direction and twisting were negligible,
see Figure 4b,c. Consequently, only the −18.5 kNm moment was imported as a boundary
condition of a local FEM submodel so as to analyse the most critical position with higher
accuracy, see Figure 2. This importing of the 1D local moment as a 3D load made it possible
to replicate the 1D nodal stress values as 3D stress fields, see Figure 6. By doing this, all the
details available in the initial CAD model and neglected in the 1D model were added to the
3D local region. In particular, the weld beads were also inserted during the 3D modelling,
as required by the application of the PSM, in turn allowing the prediction of the fatigue
life of such most critical weldments, see Figure 6 [13,24]. Through Equations (1) and (2), a
∆σeq,peak equals to 128 MPa was calculated for the most critical weld bead and compared
with the S-N experimental data obtained through fatigue tests on arc-welded joints (avail-
able in [24]). In particular, it was found that the lowest value of the designed scatter band
calculated by all experimental data available in [24] was equal to 156 MPa (i.e., >128 MPa),
thus guaranteeing an infinite life for the most critical weldment of the machine.

The loading conditions that the testing machine undergoes during operation are
variable, as the load induced by the actuator to simulate the landing mission profile is
variable. However, this variability was considered to be “sufficiently low”, according to [26],
as the load frequency is much smaller than the resonant frequencies calculated for the
supporting structure of the machine. Additionally, the electric motor is designed to provide
a rotational speed n up to 1000 rpm to the runway simulator through a gearbox, with
the latter producing a speed reduction of 4 (i.e., the electric motor runs up to 4000 rpm).
This rotational speed does not induce any variability in the contact pressure between
the tyre and the runway simulator during tests, in turn producing a quasi-static loading
condition in the supporting structure. From a practical standpoint, a small variation in
loading conditions induced by the tyre–wheel interaction is nonetheless expected due to
potential imprecisions of manufacturing, deformation of components during the operations,
misalignments, tolerances, etc. No dynamic simulations were carried out to acquire a sense
of the potential resonant issues caused by the rotation of the driveline; however, a modal
analysis was performed with the aim of making some evaluations on the expected structural



Metals 2022, 12, 937 9 of 11

dynamic response. The modal analysis was carried out up to a maximum frequency of
interest of nearly 100 Hz, so as to cover the entire range of interest.
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The potentially critical mode shapes were regarded as those presenting an upward/
downward flexural deformation of the shelf (i.e., with Z as the bending axis, see Figure 3),
being favourable to a coupling with the tyre–wheel load acting along the Y-axis (Figure 3).
Figure 7 presents such potentially critical mode shapes, resonant frequencies and the
corresponding rotational speeds that should be either used with care or simply avoided
during tests. In particular, the mode shapes at the frequencies of 35.9 Hz and 63.4 could
represent uncertain machine operating conditions, even though more detailed calculations
are needed in this regard to double check these safety issues.

Metals 2021, 11, x FOR PEER REVIEW 10 of 12 
 

 

 
Figure 7. First mode shapes and corresponding resonant frequencies. 

4. Conclusions 
The E-LISA research project has the objective of developing an innovative “iron 

bird”, a testing facility dedicated to executing tests on innovative landing gear for small 
aircraft. Within this project, this work presented the structural assessment that was 
developed for this complex testing machine. The assessment comprised different types of 
FEM models and analyses, the main results of which can be summed up through the 
following points: 
1. A 1D model of the whole testing machine made it possible to simulate the global 

structural response in a fast and simplified way. This model made it possible to 
calculate the stress, strain, and displacement fields for the whole structure, making it 
possible to pinpoint the most critical locations to subsequently analyse them in more 
detail. 

2. A modal analysis was performed on the 1D model so to evaluate the performances 
of the structure against the heavy dynamic loads acting during the tests. Some 
rotational speeds of the wheel representing potentially critical conditions were 
calculated. Although the wheel rotation does not induce rotary bending on the 
structure during the operation of the machine, these operating conditions should be 
avoided so as to limit resonance issues. 

3. Based on the 1D model results, a full 3D FEM model was built up to investigate the 
most stressed position in more detail. Details of fillets and weldments were added to 
this model, and the accurate 3D local stress–strain field was recreated from the 1D 
global data. The Peak Stress Method was developed with this model so as to quantify 
that the most critical weldments were safe from fatigue. 
The design of the machine was validated numerically thanks to the structural 

assessment presented here. The testing machine is currently under manufacturing. 

Author Contributions: Conceptualization, R.G., V.G. and R.C.; methodology, V.G. and R.S.; 
software, V.G. and G.B.; validation, V.G., R.S. and R.C.; formal analysis, G.B. and V.G.; investigation, 
V.G. and G.B.; resources, R.G., R.S. and R.C.; data curation, V.G. and G.B.; writing—original draft 
preparation, V.G.; writing—review and editing, R.S. and R.C.; visualization, V.G.; supervision, R.G., 
R.C. and R.S. All authors have read and agreed to the published version of the manuscript. 

Funding: The research work presented in this paper was performed within the E-LISA project, 
which has received funding from the Clean Sky 2 Joint Undertaking under the European Union’s 
Horizon 2020 Research and Innovation Program under grant agreement number 887222. 

Data Availability Statement: Data supporting the reported results can be obtained from the author 
upon request. 

Figure 7. First mode shapes and corresponding resonant frequencies.

4. Conclusions

The E-LISA research project has the objective of developing an innovative “iron bird”,
a testing facility dedicated to executing tests on innovative landing gear for small aircraft.
Within this project, this work presented the structural assessment that was developed for
this complex testing machine. The assessment comprised different types of FEM models
and analyses, the main results of which can be summed up through the following points:
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1. A 1D model of the whole testing machine made it possible to simulate the global
structural response in a fast and simplified way. This model made it possible to
calculate the stress, strain, and displacement fields for the whole structure, making
it possible to pinpoint the most critical locations to subsequently analyse them in
more detail.

2. A modal analysis was performed on the 1D model so to evaluate the performances
of the structure against the heavy dynamic loads acting during the tests. Some rota-
tional speeds of the wheel representing potentially critical conditions were calculated.
Although the wheel rotation does not induce rotary bending on the structure during
the operation of the machine, these operating conditions should be avoided so as to
limit resonance issues.

3. Based on the 1D model results, a full 3D FEM model was built up to investigate the
most stressed position in more detail. Details of fillets and weldments were added to
this model, and the accurate 3D local stress–strain field was recreated from the 1D
global data. The Peak Stress Method was developed with this model so as to quantify
that the most critical weldments were safe from fatigue.

The design of the machine was validated numerically thanks to the structural assess-
ment presented here. The testing machine is currently under manufacturing.
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