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Abstract: The aircraft is a means of transportation that operates mainly in the air; however, it starts
and ends its journey on the ground. Due to the aircraft’s structural complexity, simulation tools are
used to understand and to predict its behavior in its movements on the ground. Simulation tools allow
adjusting the observation parameters to gather a greater amount of data than real tests and explore
interactions of the aircraft and their individual components with external objects such as pavement
imperfections. This review aims to collect information on how to simulate the aircraft interaction
with traffic-dependent energy harvesting systems. The specifications and framework to be met by a
conceptual design are explored. The different configurations for simulating the aircraft configuration
result in the selection of the two-mass-spring-damper model. For the components, especially the
landing gear, a deployable element for on-ground movements, several existing models capable of
translating the tire are also presented, resulting in a selection of point-contact, Fiala and Unified
semi-empirical models. It is verified which software can address the proposed simulation, such as
GearSim from SDI-Engineering and Matlab/Simulink/Simscape Multibody from MathWorks.

Keywords: aircraft on-ground dynamics; simulation software; airfield pavement; energy harvesting

1. Introduction

Due to the complexity of an aircraft’s systems, its ground contact is not straightfor-
ward [1]. The aircraft behavior on the ground maneuvers develops dynamic loads focusing
on the landing gear [2,3].

Given the aircraft’s entire structure, the landing gear dimensioning appears as a
starting point given the importance of this aircraft component. This complex system must
meet goals that are sometimes contradictory. The landing gear must support the aircraft’s
weight and the dissipation of potential and kinetic energy when it lands and provide safety
and comfort in various types of pavement and airport conditions. The landing gear must
meet the requirements optimized for its weight, impacting this vehicle’s performance and
economic factors [4].

Both the aircraft and the airport pavement follow a set of specifications to ensure safety
in their use. These specifications originated in FAR-25 (for the United States), with adap-
tations to the CS-25 (for the European Union) and CCAR-25 (for China) for large aircraft,
similar to other types of aircraft. The ICAO (International Civil Aviation Organization)
drives the standards for airfield pavement with PCN (Pavement Classification Number)
and ACN (Aircraft Classification Number). PCN expresses the load-carrying capacity of
pavement, and ACN represents the effect of an aircraft on a pavement structure [5].

The FAR-25, CS-25 (based indirectly to FAR-25 thru JAR-25 [6]), and CCAR-25 (identi-
cally to FAR-25 [7]) highlight the limit of aircraft descent up to 10 ft s−1 (feet per second) or
3.05 m s−1 (meters per second) for commercial aircrafts onto the runway. The ICAO ACN-
PCN standardizes airfield pavement’s safe and efficient use by translating its strength [5].
Based on these data provided by the standards, aircraft manufacturers need to adjust
their landing gears to meet the safety and certification requirements [8]. Additionally,
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the ACN-PCN method also allows the design of the airfield pavement for the defined
operational time [9,10].

The standard-based airport aircraft-pavement framework can be interpreted using
simulation. Simulation allows searched data to be obtained; otherwise, proceeding with
the real-world testing would require more financial effort and a high number of sensors
to make data collection possible, which may be very laborious [11]. This review seeks to
address models, formulation, and simulation software and what features they address.
This review continues the work carried by Correia and Ferreira [12].

2. Aircraft On-Ground Dynamics Models
2.1. Introduction

Models are an essential part of the process of characterizing real data. The model’s
choice should be based on its ability to translate the real data into what it is intended to
analyze. In this study, the models analyzed will be those capable of solving the aircraft’s
ground movement in the airport infrastructure (regarding pressure, force, velocity).

The airport pavement can be built with different materials and have various mainte-
nance statuses that the aircraft should support, through its landing gear, without demeriting
the safety and comfort of passengers or cargo according to the FAR-25, CS-25, and CCAR-25
standards. For this, it is necessary to analyze the components that will interact, in the first
instance, with the pavement, and the possible elements in it, i.e., the tires. Although there
is considerable research for the study of car tires [13,14], it is essential to understand the
differences between car and aircraft tires. Wesołowski et al. [15], noting the scarcity of
tests regarding aircraft tires, conducted extensive laboratory tests. After performing those
previously referred tests, the authors concluded that the theoretical formulation analyzed
differs from the laboratory tests results obtained, claiming that future trials will allow them
to develop a better theoretical model [15].

Doyle, Jr. [16] had referred that “central to any dynamic analysis is the extent to which
the motions of the system are included in the model, i.e., which degree of freedom (DOF)
are necessary to accurately predict the phenomena being investigated”. Different models
from twelve nonlinear DOF models to two linear DOF models can be used [17].

Yang et al. [18] selected the six DOFs, the vertical degrees of freedom, referring to the
most usual way of modeling the airframe. In addition to airframe modeling, suspension,
tires, and pavement modeling should be added [16,18]. The suspension typically comprises
a linear spring k and a damper c in parallel (Figure 1a). The suspension is modeled as a
nonlinear spring (Figure 1b) and velocity squared dampers (Figure 1c). The authors also
propose the prediction of soil rutting (Figure 1d,e) by adding a rebound b degree, which is
present in soils [18].

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 16 
 

 
Figure 1. Aircraft on-ground dynamics simulations: (a) Linear strut; (b) Dual-static stiffness; (c) Ve-
locity-square damper; (d) Linear soil models; (e) Soil rutting models (Reprint with permission from 
ref. [18]. Copyright 2018 Elsevier). 

The landing gear and the aircraft tires become prominent during takeoff and landing 
[19]. It is essential to ensure that any new components on the runway or traffic paths are 
within the aircraft’s components’ tolerance range. 

The ICAO [5] states that irregularities may exist due to aircraft operations and the 
laying of pavement foundations. Pavement irregularities impact the various structural 
systems of the aircraft and its occupants differently. Depending on the type of aircraft and 
the speed at which it encounters a pavement irregularity, the maximum allowable values 
of this irregularity are variable. For standardizing purposes, the maximum values for 
these irregularities are dependent on the length at which they occur. The Boeing Bump 
Index is used to calculate the maximum value of the irregularity in the pavement [20], 
expressed in the following equation: 𝐻 = 1.713187 + 0.800872𝐿 – 0.031265𝐿ଶ + 0.000549𝐿ଷ (1)

where 𝐻  = Bump height (cm); 𝐿  = Bump length (m). 
For this, it is also necessary to analyze the part that will interact, in the first instance, 

with the pavement, and possible elements in it, such as the tires. Then, the suspension and 
finally the aircraft motion can be considered. 

2.2. Tire 
Although there is considerable research for the study of car tires [13,14], it is essential 

to understand the differences between car and aircraft tires. Kiébré [21] refers that “air-
craft tyres and most ground vehicle tyres are relatively similar in structure and shape”. 
The author states that although there are similarities mentioned above, the characteristics 
of the material used are different because the operating conditions are also different. Ve-
hicle tires can be for commercial or cargo vehicles where high weight support is required 
but with low speed, or for light cars or sports cars that reach high speed but with a lower 
weight. Aircrafts need the tire to support a high load at high speed [21]. 

Yang et al. [18] summarize several existing methods for the characterization of the 
aircraft tire, starting with the point contact theory, capable of relating the tire strength and 
moment [22]. The point contact theory is composed by a spring k and a dashpot c in par-
allel, as shown in Figure 2a. In Figure 2b, the radial spring model, the tire is simplified in 
elastic strings k connected to a central point [23]. The rigid band model, Figure 2c, does 
not provide for the vertical restriction between the point of contact with the pavement and 

Figure 1. Aircraft on-ground dynamics simulations: (a) Linear strut; (b) Dual-static stiffness;
(c) Velocity-square damper; (d) Linear soil models; (e) Soil rutting models (Reprint with permission
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The landing gear and the aircraft tires become prominent during takeoff and land-
ing [19]. It is essential to ensure that any new components on the runway or traffic paths
are within the aircraft’s components’ tolerance range.

The ICAO [5] states that irregularities may exist due to aircraft operations and the
laying of pavement foundations. Pavement irregularities impact the various structural
systems of the aircraft and its occupants differently. Depending on the type of aircraft and
the speed at which it encounters a pavement irregularity, the maximum allowable values
of this irregularity are variable. For standardizing purposes, the maximum values for these
irregularities are dependent on the length at which they occur. The Boeing Bump Index is
used to calculate the maximum value of the irregularity in the pavement [20], expressed in
the following equation:

H = 1.713187 + 0.800872L − 0.031265L2 + 0.000549L3 (1)

where

H = Bump height (cm);
L = Bump length (m).

For this, it is also necessary to analyze the part that will interact, in the first instance,
with the pavement, and possible elements in it, such as the tires. Then, the suspension and
finally the aircraft motion can be considered.

2.2. Tire

Although there is considerable research for the study of car tires [13,14], it is essential
to understand the differences between car and aircraft tires. Kiébré [21] refers that “aircraft
tyres and most ground vehicle tyres are relatively similar in structure and shape”. The
author states that although there are similarities mentioned above, the characteristics of the
material used are different because the operating conditions are also different. Vehicle tires
can be for commercial or cargo vehicles where high weight support is required but with
low speed, or for light cars or sports cars that reach high speed but with a lower weight.
Aircrafts need the tire to support a high load at high speed [21].

Yang et al. [18] summarize several existing methods for the characterization of the
aircraft tire, starting with the point contact theory, capable of relating the tire strength
and moment [22]. The point contact theory is composed by a spring k and a dashpot c in
parallel, as shown in Figure 2a. In Figure 2b, the radial spring model, the tire is simplified
in elastic strings k connected to a central point [23]. The rigid band model, Figure 2c, does
not provide for the vertical restriction between the point of contact with the pavement and
the center of the wheel [24]. In the rigid band model, the tire is also modeled by a parallel
of spring k and dashpot c [18]. Figure 2d shows the fixed footprint model and results from
the linear distribution of the contact zone between the tire and the pavement.
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Kilner [25] presented the toroidal membrane tire model to predict the vertical load,
and horizontal resistance derived from irregularities in the pavement, such as speed bumps
and potholes. Despite the good results with the spring tire model, the toroidal membrane
tire model requires a large amount of data, and all sections of the tire are assumed to
be independent.

Badalamenti and Doyle [26] present a model capable of joining the previously inde-
pendent elements, and the radial–interradial spring tire model is illustrated in Figure 3.

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 16 
 

the center of the wheel [24]. In the rigid band model, the tire is also modeled by a parallel 
of spring k and dashpot c [18]. Figure 2d shows the fixed footprint model and results from 
the linear distribution of the contact zone between the tire and the pavement. 

Kilner [25] presented the toroidal membrane tire model to predict the vertical load, 
and horizontal resistance derived from irregularities in the pavement, such as speed 
bumps and potholes. Despite the good results with the spring tire model, the toroidal 
membrane tire model requires a large amount of data, and all sections of the tire are as-
sumed to be independent. 

 
Figure 2. Tire models: (a) Point-contact model; (b) Radial spring model; (c) Rigid band model; (d) 
Fixed footprint model (Reprint with permission from ref. [18]. Copyright 2018 Elsevier). 

Badalamenti and Doyle [26] present a model capable of joining the previously inde-
pendent elements, and the radial–interradial spring tire model is illustrated in Figure 3. 

 
Figure 3. Radial–interradial spring tire model (Reprint with permission from ref. [18]. Copyright 
2018 Elsevier). 

The radial–interradial spring model, in linear form, can be expressed as: 

𝐹௩ = ෍ሾ𝐶ଵ𝐸௩௜ + 𝑘ሺ2𝐸௩௜ − 𝐸௩௜ିଵsin𝜃௜ sin𝜃௜ିଵ⁄ − 𝐸௩௜ାଵsin𝜃௜ sin𝜃௜ାଵ⁄ ሻሿேିଵ
௜ୀଶ + 𝐶ଵሺ𝐸௩ଵ + 𝐸௩ேሻ+ 𝑘ሺ𝐸௩ଵ + 𝐸௩ே − 𝐸௩ଶsin𝜃ଵ 𝑠𝑖𝑛𝜃ଶ⁄ − 𝐸௩ேିଵsin𝜃ே sin𝜃ேିଵ⁄ ሻ 

(2)

Equation (2) allows for obtaining the vertical force, Fv, due to N elements’ displace-
ment. Thus, it is necessary to provide the radial displacement, Evi, and the spring C1 con-
stants from the force–deflection curve and k from the simultaneous equations. 

Compared with test measurements, better results are achieved by adding the quad-
ratic radial spring constant, C2, to the Equation (2), resulting in: 
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The radial–interradial spring model, in linear form, can be expressed as:

Fv =
N−1
∑

i=2
[C1Evi + k(2Evi − Evi−1 sin θi/ sin θi−1 − Evi+1 sin θi/ sin θi+1)] + C1(Ev1 + EvN)

+k(Ev1 + EvN − Ev2 sin θ1/ sin θ2 − EvN−1 sin θN/ sin θN−1)
(2)

Equation (2) allows for obtaining the vertical force, Fv, due to N elements’ displace-
ment. Thus, it is necessary to provide the radial displacement, Evi, and the spring C1
constants from the force–deflection curve and k from the simultaneous equations.

Compared with test measurements, better results are achieved by adding the quadratic
radial spring constant, C2, to the Equation (2), resulting in:

Fv =
N−1
∑

i=2

[
C1Evi + C2Evi

2/ sin θi + k(2Evi − Evi−1 sin θi/ sin θi−1 − Evi+1 sin θi/ sin θi+1)
]
+ C1(Ev1 + EvN)

+C2

(
Ev1

2/ sin θ1 + EvN
2/ sin θN

)
+ k(Ev1 + EvN − Ev2 sin θ1/ sin θ2 − EvN−1 sin θN/ sin θN−1)

(3)

The literature review found several models [21,27,28]. The models were catego-
rized into:

• Physical models—Brush model [29]; Fiala model [30]; Elastic beam theory [31]; HSRI-
NBS models [32]; Model of Sakai [33]; Model of Ratti [34]; Tread simulation model [13];
Mathematical–physical 2D tyre model [35];

• Semi-empirical models—Model of Smiley and Horne [36]; Somieski model [37]; Model
of Shim and Margolis [38]; Unified semi-empirical model [39]; Model of Dugoff [40];
Model of Kamm [27]; Nicolas and Comstock model [41]; Model of Rimondi and
Gavardi [42]; Model of Schieschke [43]; Magic Formula [13]; FTire [44];

• Empirical models—Model of Chiesa [45]; Model of Holmes [46]; Model of Burck-
hardt [47]; Model of Szostak [48].

Kiébré [21] refers to the complexity of the tire structure, behavior, and the particularity
of each model. It also mentions that the company Messier-Dowty (acquired by Safran
Landing Systems [49]) uses the Fiala model, adding Magic Formula analysis as a semi-
empirical model for analysis [21].

Cosin Software [50], an FTire [44] development company, which has some models
of tires for vehicles (cars and trucks), informs that it has recently started to survey the
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characteristics of a model of an aircraft tire. This work began in partnership with a tire
manufacturer in the area. There is still no forecast for the finalization of this model.

It is crucial to conclude that the models mentioned above allow the tire to be char-
acterized in several components, verifying the lateral force. This review and future work
consider this force, the lateral force, null because it is considered that the aircraft is already
stabilized on the pavement. The movement is straight forward and so, only longitudinal
forces exist. Despite this consideration, the point-contact, Unified semi-empirical, Fiala, and
Magic Formula models are selected, the last two already in the MathWorks software [51].
The Magic Formula may not be possible due to the lack of information to determine the
required values. The Fiala model is shown to characterize the desired behavior [52]. The
unified semi-empirical model is selected due to the number of values needed to represent
the tire’s forces [39].

Further considerations on this document will be only based on the point–contact
model for document clarity.

2.3. Suspension

Currey [53] refers that “there are two basic types of shock absorbers: those using a
solid spring made of steel or rubber and those using a fluid spring with gas or oil, or a
mixture of those two that is generally referred to as oleo-pneumatic”. The author points
out that the choice of suspension type is based on the contrast between the operations
and economics.

Despite the existence of rigid, rubber, leaf spring, and liquid spring shock absorbers,
commercial airplanes typically use oleo-pneumatic shock absorber suspension systems
due to their efficiency [1,2,53].

The oleo-pneumatic system can be translated into spring-damper with nonlinear
behavior. In general terms, the oleo-pneumatic system uses air (or gas) compression to have
a spring behavior and oil passing in an orifice between chambers for the damper behavior.
Figure 4 presents an oleo-pneumatic shock-absorber cylinder, also known as “oleo”.
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The spring and damper values can be obtained from the manufacturer, however, if it
is impossible to get them, they can be calculated [11,53]. The spring and damping values
for the previously referred oleo-pneumatic cylinder use the following equations [53–56].
For the nonlinear spring is used the gas stiffness [53,54] formulated as:

KS =
p0γAL0

(L0 − z)γ+1 (4)

where

KS = Spring force (N/m);
p0 = Pressure inside the shock strut (Pa);
γ = Adiabatic gas constant of the nitrogen;
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A = Area of the shock strut cylinder (m2);
L0 = length of the shock strut (m);
z = Piston position (m).

For the nonlinear damping, Equation (6), the mass conservation law is used, with the
input of Bernoulli’s equation, Equation (5) [55,56]:

Fl =
1
2

ρ
A3 .

z
∣∣ .
z
∣∣

ξ2 A2
0

(5)

Cs =
Fl∣∣ .
z
∣∣ = 1

2
ρ

A3

ξ2 A2
0

.
z (6)

where

Fl = Force of the liquid (N);
ρ = Density of the hydraulic fluid (kg/m3);
A = Area of the shock strut cylinder (m2);
z = Piston position (m);
ξ = Discharge co-efficient of the orifice;
A0 = Area of the orifice (m2);
Cs = Damper Force (N/(m/s2)).

The friction force in the oleo-pneumatic can also be added [56]:

Fµ = µsz (7)

where

Fµ = Friction force (N);
µs = Friction coefficient;
z = Piston position (m).

3. Aircraft On-Ground Motion Equation
3.1. Introduction

This review aims to understand and simulate the interaction behavior of a rigid
aircraft with energy harvesting devices embedded into the pavement. Because the airport
pavement is ideally built with no longitudinal inclination, the aircraft pitch along the
pavement is taken into account as 0º in this analysis. The aircraft pavement pitch is also
taken to be null given the maximum height of the energy-harvesting equipment versus the
distance between the NLG (nose landing gear) and the MLG (main landing gears).

Due to the considerable distance between the left and right MLG sets, aircraft roll is
not considered. The previously mentioned sets are actuated simultaneously, reinforcing
the possibility of discarding the aircraft roll. Due to sensitivity analysis, the location of the
energy harvesting device will not be in the impact zone of the aircraft or steering, so it will
not be necessary to analyze the lateral force.

The following equations quantify the kinetic and potential energy of the aircraft:

EK =
1
2

mv2 (8)

Er =
1
2

Iω2 (9)

I = mr2 (10)

ω = v/r (11)

EP = mgh (12)
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where

EK = Kinetic energy (J);
m = Mass (kg);
v = Velocity (m/s);
Er = Rotational energy (J);
I = Moment of inertia (kg.m2);
ω = Angular velocity (rad/s);
r = Tire radius (m);
EP = Potential energy (J);
g = Gravitational acceleration (m/s2);
h = Height (m).

They can be summed in mechanical energy, EM, as:

EM = EK + ER + EP (13)

3.2. Tricycle Configuration

Lemay et al. [57] had referred that “a grounded short haul aircraft is a tricycle vehicle
with symmetric MLG (main landing gears) and a unique steerable NLG (nose landing
gear)”. The authors also explain that the main landing gears, or undercarriage, are driven
and braked while the nose landing gear is only free rolling. It can adopt simplified models
when the aircraft is taxiing, suitable for the reduced roll dynamics.

Sadien et al. [58] propose a three DOF model that includes longitudinal and lateral
aerodynamic forces, tire-to-ground interactions, the vertical load, and the runway status.
Actuators are also considered in the researchers’ model. For this model, a simplification,
in addition to others, of tricycle configuration was used. Another consideration was
the linearization of the aerodynamic effects, with a reduced lateral inclination angle, a
maximum crosswind of 5.14 m/s, and a maximum speed of 185 km/h. The simplified
parameters allow calculating the Fza value and the ability to consider the following figure
(Figure 5).
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Most commercial aircrafts feature three landing gears, and all tires have, ideally, the
same values in the load distribution and the same status in the landing gear. The tires
support the vertical force, Fz, and the aircraft has mass m. The Dx values correspond to the
distances referred to Figure 5, and cx has assumed dimensionless coefficients, resulting in
the following equations:

FZNW =
m g DxMG − Fza(DxMG − c(cA − cG))

DxNW − DxMG

(14)

FZMGR = FZMGL =
1
2
× m g DxNW − Fza(DxNW − c(cA − cG))

DxNW − DxMG

(15)

3.3. Bicycle Configuration

The aircraft can be described, in its dynamic component, by a bicycle configuration [57],
which represents a more simplified configuration. The use of this configuration assumes
that all wheels located on the same axle are one. The aircraft, as a bicycle configuration, is
presented in Figure 6.
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Considering Figure 6, the Equations (14) and (15) are then transcribed as follows:

FZN =
m g DxM − Fza(DxM − c(cA − cG))

DxN − DxM

(16)

FZM =
m g DxN − Fza(DxN − c(cA − cG))

DxN − DxM

(17)

It is essential to consider that Equations (14)–(17) only assume the vertical forces
applied to the wheel. Only the vertical force is selected since it is the one used in the
following model.

3.4. Two Mass-Spring-Damper Model

The aircraft mass, based on Equations (14)–(17), is divided into two components: the
sprung mass (ms) and the unsprung mass (mus), both represented in Figure 7.

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 16 
 

𝐹௓ಾ = 𝑚 𝑔 𝐷௫ಿ − 𝐹௭௔ ቀ𝐷௫ಿ − 𝑐ሺ𝑐஺ − 𝑐ீሻቁ𝐷௫ಿ − 𝐷௫ಾ  (17)

It is essential to consider that Equations (14)–(17) only assume the vertical forces ap-
plied to the wheel. Only the vertical force is selected since it is the one used in the follow-
ing model. 

3.4. Two Mass-Spring-Damper Model 
The aircraft mass, based on Equations (14)–(17), is divided into two components: the 

sprung mass (ms) and the unsprung mass (mus), both represented in Figure 7. 

 
Figure 7. Aircraft sprung mass and unsprung mass. 

The sprung mass is the mass of the body of the aircraft. The unsprung mass is the tire 
or tires’ mass. The suspension separates the two masses, and their behavior can be trans-
lated using the two-mass-spring-damper equation model, a two DOF model. 

The two-mass-spring-damper equation model evokes the categorization of the air-
craft by joining Figures 1a and 2a, i.e., associating the aircraft mass with the suspension 
system and the tire. Although not mentioned in the previously referred models, the fric-
tion force in the oleo-pneumatic system is added to better describe the component [56]. 
The result of the aforementioned model is presented in Figure 8. 

  
(a) (b) 

Figure 8. Rigid body aircraft two-mass-spring-damper model (a) components and (b) forces. 

Figure 8a presents the components of the rigid body aircraft, and Figure 8b presents 
the forces. The following formulation is then created, which will allow the equation of 
motion of the aircraft formulation and its iteration with the pavement and their vertical 
displacement: 

Figure 7. Aircraft sprung mass and unsprung mass.



Sustainability 2021, 13, 9147 9 of 15

The sprung mass is the mass of the body of the aircraft. The unsprung mass is the
tire or tires’ mass. The suspension separates the two masses, and their behavior can be
translated using the two-mass-spring-damper equation model, a two DOF model.

The two-mass-spring-damper equation model evokes the categorization of the aircraft
by joining Figures 1a and 2a, i.e., associating the aircraft mass with the suspension system
and the tire. Although not mentioned in the previously referred models, the friction force
in the oleo-pneumatic system is added to better describe the component [56]. The result of
the aforementioned model is presented in Figure 8.

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 16 
 

𝐹௓ಾ = 𝑚 𝑔 𝐷௫ಿ − 𝐹௭௔ ቀ𝐷௫ಿ − 𝑐ሺ𝑐஺ − 𝑐ீሻቁ𝐷௫ಿ − 𝐷௫ಾ  (17)

It is essential to consider that Equations (14)–(17) only assume the vertical forces ap-
plied to the wheel. Only the vertical force is selected since it is the one used in the follow-
ing model. 

3.4. Two Mass-Spring-Damper Model 
The aircraft mass, based on Equations (14)–(17), is divided into two components: the 

sprung mass (ms) and the unsprung mass (mus), both represented in Figure 7. 

 
Figure 7. Aircraft sprung mass and unsprung mass. 

The sprung mass is the mass of the body of the aircraft. The unsprung mass is the tire 
or tires’ mass. The suspension separates the two masses, and their behavior can be trans-
lated using the two-mass-spring-damper equation model, a two DOF model. 

The two-mass-spring-damper equation model evokes the categorization of the air-
craft by joining Figures 1a and 2a, i.e., associating the aircraft mass with the suspension 
system and the tire. Although not mentioned in the previously referred models, the fric-
tion force in the oleo-pneumatic system is added to better describe the component [56]. 
The result of the aforementioned model is presented in Figure 8. 

  
(a) (b) 

Figure 8. Rigid body aircraft two-mass-spring-damper model (a) components and (b) forces. 

Figure 8a presents the components of the rigid body aircraft, and Figure 8b presents 
the forces. The following formulation is then created, which will allow the equation of 
motion of the aircraft formulation and its iteration with the pavement and their vertical 
displacement: 

Figure 8. Rigid body aircraft two-mass-spring-damper model (a) components and (b) forces.

Figure 8a presents the components of the rigid body aircraft, and Figure 8b presents the
forces. The following formulation is then created, which will allow the equation of motion
of the aircraft formulation and its iteration with the pavement and their
vertical displacement:

FKs = Ks × (zs − zus) (18)

FCs = Cs
( .
zs −

.
zus
)

(19)

Fµs = µs × (zs − zus) (20)

FKus = Kus ×
(
zus − zp

)
(21)

FCu = Cus ×
( .
zus −

.
zp
)

(22)

where

FKs = Spring force of the sprung mass (oleo-pneumatic) (N);
FCs = Damping force of the sprung mass (oleo-pneumatic) (N);
Fµs = Friction force of the sprung mass (oleo-pneumatic) (N);
FKus = Spring force of the unsprung mass (tire) (N);
FCus = Damping force of the unsprung mass (tire) (N);
Ks = Spring coefficient (oleo-pneumatic) (N/m);
Cs = Damping coefficient (oleo-pneumatic) (N/(m/s));
µs = Friction coefficient (oleo-pneumatic) (N);
Kus = Spring coefficient (tire) (N/m);
Cus = Damping coefficient (tire) (N/(m/s));
zs = Position of the sprung mass (m);
zus = Position of the unsprung mass (m);
zp = Position of the reference (m).

Using the 2nd Newton’s law:
F = m × a (23)

where

F = Force (N);
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m = Mass (Kg);
a = Acceleration (m/s2).

Applying the Equations (18)–(20) and (23) to the sprung mass:

FKs + FCs + Fµs = −ms
..
zs (24)

FKs + FCs + Fµs + ms
..
zs = 0 (25)

Ks(zs − zus) + Cs
( .
zs −

.
zus
)
+ µs(zs − zus) + ms

..
zs = 0 (26)

..
zs = − Ks

ms
zs +

Ks

ms
zus −

Cs

ms

.
zs +

Cs

ms

.
zus −

µs

ms
zs +

µs

ms
zus (27)

..
zs =

(
−(Ks + µs)zs + (Ks + µs)zus − Cs

.
zs + Cs

.
zus
)
× 1

ms
(28)

Applying Equations (18)–(23) to the unsprung mass:

− FKs − FCs − Fµs + FKus + FCus = −mus (29)

− FKs − FCs − Fµs + FKus + FCus + muszus = 0 (30)

− Ks(zs − zus)− Cs
( .
zs −

.
zus
)
− µs(zs − zus) + Kus

(
zus − zp

)
+ Cus

(
zus − zp

)
+ mus

..
zus = 0 (31)

..
zus =

Ks

mus
zs −

Ks

mus
zus +

Cs

mus

.
zs −

Cs

mus

.
zus +

µs

mus
zs −

µs

mus
zus −

Kus

mus
zus +

Kus

mus
zp −

Cus

mus
zus +

Cus

mus
zp (32)

..
zus =

(
(Ks + µs)zs − (Ks + µs − Kus − Cus)zus + Cs

.
zs − Cs

.
zus + (Kus + Cus)zp

)
× 1

mus
(33)

Equation (34) is a matrix form of Equations (28) and (33) and represents the model:[
ms 0
0 mus

][ ..
zs..
zus

]
+

[
Cs −Cs
−Cs Cs

][ .
zs.
zus

]
+

[
Ks + µs −Ks − µs
−Ks − µs Ks + µs − Kus − Cus

][
zs
zus

]
=

[
0

(Kus + Cus)zp

]
(34)

4. Simulation Software
Simulation software is used to better understand the aircraft’s iteration, especially the landing

gear and the airport pavement. Simulation software allows for designing the various aircraft struc-
tures at a more reasonable and safer cost. Simulation opens up the opportunity to make multiple
changes to the system by checking its response. For existing products, it sustains the understanding
phenomena that had occurred. Those tools also support the new generation of commercial aircraft re-
quiring revision to airport pavement design, which can be overcome with simulation software [59,60].
The computation evolution brings simulation nearest to the final product to such an extent that they
form a part in the certification process [4].

Simulation software makes it possible to explore various constructions to optimize the total
system’s final performance. The use of simulators enhances the analysis of multiple characteristics
without purchasing, installing, and calibrating physical measuring devices, making it more economi-
cal and logistically more accessible to perform the tests. The use of simulation also allows for various
scenarios as intended in the analysis. For obtaining data, the simulator enables working in a safe
environment regardless of the factors analyzed.

This section is focused on software for simulating the aircraft’s on-ground dynamics that allow
an analysis of the components. During this state of the art, some software capable of accomplishing
such needs were raised, leaving the next phase’s selection.

When the aircraft is iterating with the energy harvesting system, the aircraft model and dynam-
ics analysis need to be performed. The simulation intends to analyze and understand the existing
effects and adjust the energy harvesting device parts. Simulation software fulfills the various existing
simulation tools’ needs because it contains the necessary systems already implemented. The use of it
will depend on the ability to achieve the objectives. Some examples of simulation software used in
aircraft on-ground interaction simulation are:

• GearSim—SDI Engineering’s GearSim is a landing gear simulation tool capable of performing
ground load analysis and landing gear systems analysis [11,61]. The GearSim software is
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MATLAB/Simulink based and uses a nonlinear six DOF landing gear modeling. Richards and
Erickson [61] refer to the importance of using MATLAB/Simulink to access the wide variety of
industry-standard engineering tools and robust solvers for motion equations.

• SIMPACK—Dassault Systèmes’ SIMPACK intends to enable analysts and engineers to simulate
mechanical or mechatronic systems. SIMPACK can simulate complex nonlinear models and
perform high-frequency transient analyses. The software wants to reduce the need for physical
prototyping, improve product quality, lifespan, and time-to-market. The company that develops
this software also points out the diversity and good connectivity to various multi-physics
software [62]. SIMPACK is used to research the landing gear behavior and response [4,63].

• Adams—MSC’s Adams software intends to support the study of moving parts dynamics [64].
The simulation software intends to enable an early system-level design validation by eval-
uating and managing complex interactions such as mechanical, pneumatic, hydraulic, and
electronic components. Adams software runs a nonlinear dynamic to model aircraft landing
gear dynamics [65–67].

• Simscape Multibody—MathWorks’ Simscape MultibodyTM provides a simulation environment
for a mechanical system such as an aircraft landing gear [51]. The software count’s technical fea-
tures with mechanism simulation; integration of electronic, hydraulic, and pneumatic systems;
and model use and deployment. Researchers have been using this software for aircraft landing
gear modeling [68].

• Altair MotionSolve—Altair MotionSolve® reproduces 3D multibody encouraging multidisci-
plinary collaboration. The software can create the model, perform the simulation and analysis,
evaluate the results, and finally explore and optimize the design [69].

Table 1 logs the survey of some works carried out, the analyses performed, and the results.

Table 1. Simulation software, analyses, and results.

Simulation Software Author DOF Results and Analyses

GearSim 1

McDonald [11] 6 Landing gear loads and dynamic response.

Richards and Erickson [61] 6
Aircraft model to study the effects of aircraft and

landing gear subsystem dynamics on
landing loads.

Simpack
Lernbeiss [70] 6 + FEA 2 Simulation of landing and on-ground movement.

Khapane [71,72] 6 Simulate aircraft ground maneuvers and
brake–gear interaction.

Adams

Kiébré [21] - Tire–pavement interaction (co-simulation).

Liang et al. [73] - Aircraft nose and main wheels’ dynamic
response under different pavement.

Esposito et al. [74] 4
Reproduction of the experimental results of the
drop tests achieving good correlation between

numerical and experimental results.

MathWorks (Mat-
lab/Simulink/Simscape

Multibody)

Kiébré [21] - Tire–pavement interaction.

Georgieva and Serbezov [75] 3 Typical mid-sized passenger aircraft
mathematical model.

Sathish et al. [76] -
Influence of tire–ground interaction and aircraft

ground dynamics with similar result values
obtained between bicycle and tricycle models.

Altair - - -
1—Software MathWorks (Matlab/Simulink) based. 2—Finite element analysis.

The survey of work done shows several types of work carried out by the researchers. Altair
software was the one that was not found simulations done, however, it is referred to as having aircraft
manufacturers as clients. The use of the base software developed by MathWorks stands out. GearSim,
a tool developed by SDI-Engineering, presents itself as capable of describing the behavior of the
aircraft when subjected to an element inserted in the pavement, such as a bump. The fact that the
GearSim tool is Matlab-based makes MathWorks the software of choice for future work.
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5. Conclusions
In this review, a survey is made seeking the existing specifications to ensure the aircraft’s safety,

passengers, and cargo. The maximum possible value of imperfection in the airfield pavement is
described. The referred imperfection opens the possibility and frames implementing an energy
harvesting system without demeriting the aircraft’s safety.

The retrieved models are capable of describing the tires, concluding that the point-contact, Fiala,
and Unified semi-empirical models can be used to model the tire according to this research goal.

The suspension is formulated, and tire models are presented to deduce the interaction between
the aircraft and the pavement. Additionally, it is also verified which simulation software is being used
by other researchers and which ones meet the needs of this research. The appropriate formulation to
quantify the kinetic and potential energy of the aircraft on the airport pavement is also described.
The quantification of the kinetic and potential energy will allow the understanding of the energy
released to the pavement and the components inserted in it. The quantification of the forces exerted
is to place equipment capable of producing electrical energy by collecting energy traffic dependent
on the aircraft. The process of energy extraction by the aircraft movement occurs during the landing
process, where the aircraft intends to reduce its speed.

The review ends with the software used to perform the simulation as well as some work
already done.

6. Future Works
The future works will use the technologies selected by Correia and Ferreira [12], framed with

the allowance of pavement imperfection tolerance presented in this article, and using the formulation
and simulation software, also presented in this article, to model an energy harvesting system solution
and the interaction behavior between it and the aircraft. This approach will allow quantifying the
energy capable of being produced by an aircraft’s on-ground movement.
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