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1 INTRODUCTION 
 
The landing gear supports the body of the helicopter during ground operations, take-off and landing. The 
tires are the only components of the helicopter that touch the ground and as a result have to resist a 
considerable forces and torques. Therefore the tires with its specific characteristics, as part of the landing 
gear, determine the NH90 landing and ground operation behavior and influence special phenomena like 
ground resonance and shimmy. For that reason a tire model, as part of a multi-body simulation model, is 
significant for the understanding of the dynamic behavior of the helicopter’s structure. Several tire models 
are available in the industry and academic world, but in many cases they are applied for different purposes. 
No general tire model, for the time being, can cover every application with the same accuracy [1],[2],[3]. 

 

The tire model within Fokker Aero-structures runs on an obsolete and unsupported multi-body simulation 
program, which makes the simulations of the NH90 cumbersome. This program will be replaced by the 
state of the art MSC.ADAMS Multi-Body Dynamics (MBD) program for the simulation of the landing gear 
dynamic behavior. This program possesses a library of tire models that comes with ADAMS/tire module [5]. 
These tire models are investigated to evaluate the suitability for the NH90 landing simulations, the most 
promising tire model could be used in the future.  Apart hereof, a custom tire model shall be developed and 
implemented in the program for comparison and certification purposes. The tire model has to be validated 
in order to show that the model is accurate, realistic and complies with the parameters as supplied by the 
tire manufacturer. Accordingly the simulations with the tire model stand alone and implemented in the 
total landing gear model, shall perform such that the load and deflection responses are in accordance with 
former tests and simulations within the design envelope. All these steps of parameterizing NH90 tire 
models will be discussed in the following chapters. 
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2 NH90 TIRE PROPERTIES 
 

2.1 NH90 Tire Construction 

Tires are divided into two main groups, ‘Radial’ and ‘Bias’ tires. The main feature that separates the radial 
tires from the bias ply tires is the tire’s belt construction. The cord material (typically nylon or steel) also 
often differs between the two. The differences affect many functional aspects of the tire behavior. A radial 
tire is constructed with steel belts of the tire running at a 90 degree angle of the tread center line. A bias 
ply trailer tire is constructed with nylon belts of the tire running at a 30-45 degree angle of the tread center 
line. 
Radial tires are common in the automotive industry because of the lower fuel consumption. However bias 
tires are currently the most popular to the world’s aviation fleet because they can withstand higher load in 
the vertical direction. The NH-90 helicopter uses bias tire type and the internal construction of this tire type 
is illustrated in the Figure 2.1. The following two paragraphs are dedicated to describing all the parts of the 
bias tire type. 

 

Figure 2.1: Cross-section of the Bias tire type [32]. 

First of all, the tread is the area of the tire that makes contact with the ground. This is made of rubber, 
compounded for toughness, durability and wear resistance. The tread pattern is designed in accordance 
with aircraft operational requirements. The tread of most tires contain longitudinal grooves that are 
designed to remove water between the tire and the runway surface, and therefore by doing so improving 
ground traction on wet runways. The sidewall is a protective layer of flexible, weather-resistant rubber 
covering the outer casing ply, extending from tread edge to bead area. The under-tread is a layer of rubber 
that is designed to improve the adhesion between the tread of the tire and the casing plies. Casing plies are 
layers of rubber coated fabric which run radially from bead to bead. The casing plies provide the strength of 
the tire. Casing plies are anchored by wrapping them around the wire beads, thus forming the casing ply 
turn-ups [10]. 

 

The bead is made of several bead wires and holds the tire to the wheel. The bead wires are made from 
steel wires that are layered together and embedded in rubber to form a bundle. This bundle is then 
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wrapped with rubber coated fabric for reinforcement. Generally, bias tires are made with 2–6 bead bundles 
(1–3 per side). The bead toe is the inner bead edge closest to the tire center line and the bead heel is the 
outer bead edge that fits against the wheel flange. The apex strip is a wedge of rubber affixed to the top of 
the bead bundle. Finally, the inner liner is made of low permeability rubber and acts as a built-in tube and 
restricts gas from diffusing into the casing plies. Important thing to be mentioned here is that the tire is 
usually filled with Nitrogen (N2) gas [10]. 

2.2 Tire Mechanical Properties 

The properties of the helicopter’s tires are of crucial importance for the safety and stability during take-off, 
landing and ground maneuvering. The NH90 MLG is equipped with two types of Dunlop tires. In this report 
the heavy duty tire for austere operations (DR18429T) has been used [32]. Most of the properties along 
with the tire dimensional properties will be used for modelling the NH90 tire in the multi-body dynamics 
program. However not all mechanical properties are measured by the tire manufacturer because the test 
equipment available at Dunlop only enables vertical load and deflection to be measured. The other 
mechanical properties can be calculated in accordance with tire models, test data and empirical equations, 
and showing equivalence with former tires. In the past, Dunlop performed validation testing and achieved 
to a certain degree reasonable agreement between the models and test data. The empirical equations are 
obtained from Smiley and Horne (1958) [8], which employs data from several aircraft tires and tire 
measurements and is considered an accepted industry standard source for aircraft tire calculations. 

The empirical tire equations need several types of input data to provide the mechanical properties. The 
dimensional tire properties that shall be used as an input to the equations are:   

 tire size 

 nominal and maximum diameter of the tire 

 nominal and maximum width of the tire 

 tire bead diameter 

 flange height 

Furthermore some physical properties are used: 

 the maximum rated pressure and 

 operating pressure 

Usually only the load which is exerted to the tire and the deflection of it, are measured by and obtained 
from the tire manufacturer. Using these data along with the empirical equations one can arrive at an 
approximation of the tire’s mechanical properties. This procedure reduces cost and time and provides a 
first estimate of the tire characteristics in the expected conditions, within the design envelope. The 
following paragraphs are dedicated to describing in detail the input data and the particular empirical 
equations in order to obtain these tire mechanical properties, and are primarily attributed to [8]. 

2.2.1 Deflection and Height 

A common term used when talking about aircraft tires is the amount of deflection when rolling under load. 
The term Deflection is calculated using the following formula: 

𝛿 =  
𝐹ℎ−𝐿𝐹ℎ

𝐹ℎ
                                                                              (2-1) 
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where, 

𝛿:   𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑇𝑖𝑟𝑒 𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (ins) 

𝐹ℎ:   𝐹𝑟𝑒𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑖𝑛𝑠) 

𝐿𝐹ℎ:   𝐿𝑜𝑎𝑑𝑒𝑑 𝐹𝑟𝑒𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑖𝑛𝑠) 

 

The Free Height is given by: 

 

𝐹ℎ =  
𝑑−𝐹𝑑

2
                                                                                 (2-2) 

where,  

 
𝑑 ∶    𝑂𝑢𝑡𝑠𝑖𝑑𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝐹𝑟𝑒𝑒 𝑇𝑖𝑟𝑒 (𝑖𝑛𝑠)  

𝐹𝑑:   𝐹𝑙𝑎𝑛𝑔𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑖𝑛𝑠) 

 

 And the Loaded Free Height, 

 

𝐿𝐹ℎ  = 𝑆𝐿𝑟 −  
𝐹𝑑

2
                                                                          (2-3) 

where, 

 

𝐿𝐹ℎ:   𝐿𝑜𝑎𝑑𝑒𝑑 𝐹𝑟𝑒𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑖𝑛𝑠) 

𝑆𝐿𝑟:   𝑆𝑡𝑎𝑡𝑖𝑐 𝐿𝑜𝑎𝑑𝑒𝑑 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑖𝑛𝑠)  

 

Aircraft bias tires are designed to operate at 32% deflection, with some at 35%. As a comparison the 
aforementioned radial tires of cars and trucks operate in the 17% range [10]. 

2.2.2 Tire Vertical Stiffness 

The load and the deflection of the tire are measured and provided by the manufacturer. Consequently the 
vertical stiffness is obtained by using a linear law as follows: 

𝐹 = 𝑘 ∗  𝛿                                                                                      (2-4) 

where,   
𝐹:   𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 (𝑙𝑏𝑠. ) 

𝑘:   𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 (
𝑙𝑏𝑠.

𝑖𝑛
) 

𝛿:   𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑇𝑖𝑟𝑒 𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (𝑖𝑛𝑠)  
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2.2.3 Footprint 

Tires under pure vertical load show deformation and deflections as sketched in Figure 2.2. The footprint is 
the contact area of the tire with the ground. 

 

2.2.3.1 Footprint length 

Experiments for tire types I and VII tires [8] led to Figure 2.3 and the experimental data can be represented 
by the empirical equation 2.5 for the footprint length. More information how to determine the empirical 
equations from measurements data can be found on Appendix A in [8]. However the general idea is that  a 
simple equation can represent the measurements. 

2 ∗ ℎ = 0.85 ∗ 2𝑑 √(
𝛿

𝑑
) − (

𝛿

𝑑
)

2
                                                                 (2-5) 

where,   

ℎ:   𝐻𝑎𝑙𝑓 𝑜𝑓 𝑡ℎ𝑒 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 (ins) 

𝑑:   𝑂𝑢𝑡𝑠𝑖𝑑𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝐹𝑟𝑒𝑒 𝑇𝑖𝑟𝑒 (𝑖𝑛𝑠)     

𝛿:   𝑉𝑒𝑟𝑡𝑖𝑎𝑙 𝑇𝑖𝑟𝑒 𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (ins) 

 

 

Figure 2.2: Sketch of tire under pure vertical loading. 
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Figure 2.3: Variation of footprint-length parameter with vertical-deflection parameter for several types I 
and VII tires. 

 

2.2.3.2 Footprint Width 

A similar procedure was followed for the Footprint Width. Experimental data [8] showing the variation of 
footprint width with tire vertical deflection in the Figure 2.4, led to the empirical equation for the footprint 
width as follows: 

𝑏

𝑤
= 1.7 √(

𝛿

𝑤
) − 2.5 (

𝛿

𝑤
)

4
+ 1.5 (

𝛿

𝑤
)

6
                                                   (2-6) 

where, 

 

𝑏:   𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑖𝑟𝑒 − 𝑔𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 (𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡) (𝑖𝑛𝑠) 

𝑤:   𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑢𝑛𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑡𝑖𝑟𝑒 (𝑖𝑛𝑠) 

 

The equation (2.6) can be simplified and approximated as follows: 
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𝑏

𝑤
= 2 √(

𝛿

𝑤
) − (

𝛿

𝑤
)

2
                                                                      (2-7) 

 

Figure 2.4: Variation of footprint-width parameter with vertical-deflection parameter. 

 

2.2.3.3 Footprint Area 

The gross footprint area is defined as the area of contact between the tire and ground, including the spaces 
between the tire’s treads. The empirical equation for the footprint gross area is given as follows [8]: 

 

𝐴𝑔 = 2.3𝛿√𝑤𝑑                                                                             (2-8)    
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Figure 2.5: Variation of gross-footprint-area parameter with vertical-deflection parameter for types I and 
VII tires. 

 

The footprint net area is defined by the following formula [8]: 

𝐴𝑛 = 𝑎𝐴𝑔                                                                              (2-9) 

where, 

𝑎:   𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑛𝑒𝑡 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑎𝑟𝑒𝑎 𝑡𝑜 𝑔𝑟𝑜𝑠𝑠 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑎𝑟𝑒𝑎 [-] 

2.2.4 Lateral Stiffness 

Dimensional considerations and observation of plots like in the Figure 2.6 [8] provides the empirical 
equation for the lateral stiffness as follows: 
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𝐾𝜆 = 𝜏𝜆𝑤(𝑝 + 0.24𝑝𝑟)[1 − (
0.7𝛿𝑜

𝑤
)]                                                      (2-10) 

where, 

τλ:   𝐿𝑎𝑡𝑒𝑟𝑎𝑙 − 𝑠𝑝𝑟𝑖𝑛𝑔 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (
𝑙𝑏𝑠.

𝑖𝑛
) 

𝑤:   𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑢𝑛𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑡𝑖𝑟𝑒 (𝑖𝑛𝑠) 

p:   𝑇𝑖𝑟𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝𝑠𝑖)   

𝑝𝑟:   𝑇𝑖𝑟𝑒 𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝𝑠𝑖0 

𝛿𝑜:   𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑖𝑟𝑒 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑝𝑢𝑟𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 (𝑖𝑛𝑠) 

 

Figure 2.6: Variation of lateral spring constant with vertical deflection and inflation pressure for a 
28x9x19PR-10PR-I (27-inch)-R21-E2 tire. 

2.2.5 Torsional Stiffness 

Sample experimental data [8] illustrating the effects of vertical deflection and inflation pressure are 
illustrated in Figure 2.7 and give the empirical equation for the torsional stiffness: 
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𝐾𝑎

(𝑝+0.8𝑝𝑟)𝑤3 = 475 (
𝛿𝑜

𝑑
)

2
                        (

𝛿𝑜

𝑑
≤ 0.02)                                                (2-11) 

 

𝐾𝑎

(𝑝+0.8𝑝𝑟)𝑤3 = 19 (
𝛿𝑜

𝑑
) − 0.01                     (

𝛿𝑜

𝑑
≥ 0.02)                                        (2-12) 

 

 

Figure 2.7: Experimental variation of static torsional spring constant with vertical deflection and inflation 
pressure for a 28x9-10PR-I(27-inch)R21-E2 tire. 

2.2.6 Fore-Aft Stiffness 

Experimental data [8] for the fore-and-aft spring constant show that it increases with increasing tire vertical 
deflection and increases slightly with increasing inflation pressure. The aforementioned information along 
with Figure 2.8 led to the empirical equation for the fore-aft stiffness as follows: 

 

𝐾𝑥 = 𝑘1𝑑(𝑝 + 𝑘2𝑝𝑟)𝑓(
𝛿𝑜

𝑑
)                                                            (2-13) 
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where, 

𝑘1 𝑎𝑛𝑑 𝑘2 𝑎𝑟𝑒 𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 

 

 

Figure 2.8: Experimental variation of fore-and-aft spring constant with vertical deflection and inflation 
pressure for a 56x16-32PR-VII tire. 

2.2.7 Rolling Relaxation Length 

2.2.7.1 Un-yawed relaxation length 

Experimental measurements [8] as shown in Figure 2.9 have to lead to the empirical equation for the un-
yawed rolling relaxation length: 

 

 

𝐿𝑓 = (2.8 −
0.8𝑝

𝑝𝑟
) (1 −

4.5𝛿𝑜

𝑑
) 𝑤                                                             (2-14) 
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Figure 2.9: Variation of unyawed-rolling relaxation-length parameters with vertical-deflection parameter 
for two pairs of type VII tires. 

 

2.2.7.2 Yawed relaxation length 

Experimental data [8] gives the variation of yawed-rolling relaxation-length parameter with vertical-
deflection parameter. The empirical equation for the yawed rolling relaxation length is as follows: 

 

𝐿𝑦

(2.8−
0.8𝑝

𝑝𝑟
)

=
11𝛿𝑜

𝑤
                            (

𝛿𝑜

𝑑
≤ 0.053)                                                                 (2-15) 

 

𝐿𝑦

(2.8−
0.8𝑝

𝑝𝑟
)

= (
64𝛿𝑜

𝑤
 ) − 500 (

𝛿𝑜

𝑑
)

2
− 1.4045      (0.053 ≤

𝛿𝑜

𝑑
≤ 0.068)                         (2-16) 

 

𝐿𝑦

(2.8−
0.8𝑝

𝑝𝑟
)

= 0.9075 − (
4𝛿𝑜

𝑑
)                  (0.068 ≤

𝛿𝑜

𝑑
)                                                          (2-17) 
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Figure 2.10: Variation of yawed-rolling relaxation-length parameter with vertical-deflection parameter for 
three type VII tires. 

 

2.2.8 Effective Rolling Radius 

The effective rolling radius is defined as the ratio of the horizontal displacement of the wheel axle to the 
rotation angle of the wheel and is given by the following equation [8]: 

𝑟𝑒 =
𝑉𝐻

𝜔
                                                                                   (2-18) 

 

where, 

 

𝑉𝐻:   𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (
𝑖𝑛𝑠

𝑠𝑒𝑐
) 

𝜔:   𝑊ℎ𝑒𝑒𝑙 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠/ sec) 

 

2.2.9 Cornering Power 

The Cornering Power or Cornering Stiffness of a tire is defined as the rate of change of cornering force with 
yaw angle ψ for ψ→0. Analysis of the available experimental data of the Figure 2.11 [8] led to the empirical 
equation for the empirical cornering power as follows: 
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𝑁

𝑐𝐶(𝑝+0.44𝑝𝑟)𝑤2 = 1.2 (
𝛿

𝑑
) − 8.8 (

𝛿

𝑑
)

2
                         (𝛿/𝑑 ≤ 0.0875)                ( 2-19) 

 

𝑁

𝑐𝐶(𝑝+0.44𝑝𝑟)𝑤2 = 0.0674 − 0.34 (
𝛿

𝑑
)                         (𝛿/𝑑 ≥ 0.0875)                (2-20) 

 

where, 

 

𝑁:   𝐶𝑜𝑟𝑛𝑒𝑟𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 (lbs./deg) 

𝐶𝑐:   𝐶𝑜𝑟𝑛𝑒𝑟𝑖𝑛𝑔 − 𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  

 

 

Figure 2.11: Variation of cornering power with vertical deflection foe several inflation pressures for a pair of 
56x16-24PR-VII-R22 tires. 

The theoretical cornering power is given as follows [8]: 

𝑁 = (𝐿𝑦 + ℎ)𝐾𝜆                          𝑝𝑒𝑟 𝑟𝑎𝑑𝑖𝑎𝑛                                                (2-21) 
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𝑁 =
𝜋

180
(𝐿𝑦 + ℎ)𝐾𝜆                  𝑝𝑒𝑟 𝑑𝑒𝑔𝑟𝑒𝑒                                                (2-22) 

 

where, 

𝐿𝑦:  𝑌𝑎𝑤𝑒𝑑 − 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ (𝑖𝑛𝑠) 

2.2.10 Normal and Cornering Force 

The Normal Force is exerted perpendicular to the wheel plane and it is slightly bigger than the Cornering 
Force which is exerted perpendicular to the direction of motion. For vertical deflections up to 
approximately the rated deflection, the steady-state normal force can be calculated by the following 
empirical equation [8]: 

𝐹𝜓,𝑟,𝑒

𝜇𝜓𝐹𝑧
= Ø −

4

27
Ø3                     (Ø ≤ 1.5)                                                      (2-23) 

𝐹𝜓,𝑟,𝑒

𝜇𝜓𝐹𝑧
= 1                                     (Ø ≥ 1.5)                                                     (2-24) 

 

where the yaw-angle parameter is given by,   

Ø =  
𝑁

𝜇𝜓𝐹𝑧
𝜓                                                                                (2-25) 

 

And the other parameters, 

𝐹𝜓,𝑟,𝑒:  𝑆𝑡𝑒𝑎𝑑𝑦 − 𝑠𝑡𝑎𝑡𝑒 𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑙𝑏𝑠. )  

𝜇𝜓:   𝑌𝑎𝑤𝑒𝑑 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (ins. lbs./deg) 

𝐹𝑧:   𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑡𝑖𝑟𝑒 𝑓𝑟𝑜𝑚 𝑔𝑟𝑜𝑢𝑛𝑑 (𝑙𝑏𝑠. ) 

 𝜓:   𝑌𝑎𝑤 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔)         
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Figure 2.12: Variations of normal-force parameter with yaw-angle parameter for steady-state yawed rolling 
of type VII tires. 

 

The relation between the normal force and the cornering force can be obtained by the equation [8]: 

𝐹𝑦,𝑟,𝑒 = 𝐹𝜓,𝑟,𝑒𝑐𝑜𝑠𝜓                                                                    (2-26) 
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Figure 2.13: Comparison of normal and cornering forces for yawed rolling of several type VII tires. 
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2.2.11 Aligning Torque 

Figure 2.14 shows that the self-aligning torque can be described by the following set of  empirical 
equations[8]: 

 

𝑀𝑧,𝑟,𝑒

𝜇𝜓𝐹𝑧ℎ
    = 0.8Ø                              Ø ≤ 0.1                                                                    (2-27) 

 

𝑀𝑧,𝑟,𝑒

𝜇𝜓𝐹𝑧ℎ
    = Ø − Ø2 − 0.01           (0.1 ≤ Ø ≤ 0.55)                                                   (2-28) 

 

𝑀𝑧,𝑟,𝑒

𝜇𝜓𝐹𝑧ℎ
    = 0.2925 − 0.1Ø             Ø ≥ 0.55                                                              (2-29) 

 

where,   

Ø =
𝑁

𝜇𝜓𝐹𝑧
𝜓                                                                          (2-30) 
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Figure 2.14: Variation of self-aligning-torque parameter with yaw-angle parameter for steady-state yawed 
rolling of several type VII tires. 

 

The maximum self-aligning torque, according the equations (2.27)–(2.30) is given by [8]: 

 

𝑀𝑧,𝑟,𝑒,𝑚𝑎𝑥 = 0.24𝜇𝜓ℎ𝐹𝑧                                                                       (2-31) 

 

2.2.12 Pneumatic Trail 

The pneumatic trail, which is also called pneumatic caster in [8], is based on measurements as shown in 
Figure  2.15. By definition the pneumatic trail equals: 

 

𝑞 =
𝑀𝑧,𝑟,𝑒

𝐹𝜓,𝑟,𝑒
                                                                                             (2-32) 

where, 
 
𝑞:   𝑃𝑛𝑒𝑢𝑚𝑎𝑡𝑖𝑐 𝑡𝑟𝑎𝑖𝑙 𝑜𝑟 𝑝𝑛𝑒𝑢𝑚𝑎𝑡𝑖𝑐 𝑐𝑎𝑠𝑡𝑒𝑟    (𝑖𝑛𝑠)                                                                 
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Figure 2.15: Variation of pneumatic-caster parameter with yaw- angle parameter for several pairs of type 
VII tires. 

2.2.13 Tire parameters for shimmy stability analysis. 

All the information and equations presented so far can be found on the work of Smiley and Horne [8]. On 
the following page the work of Collins and Black [31] will be discussed to obtain some tire parameters 
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which can be used for shimmy analyses of the landing gear. In this paper the suggestion by Moreland is 

considered which relates the force acting on the wheel to the tire distortion angle 𝜓𝑡 and its derivative �̇�𝑡 .  
Analytical predictions of the parameters, using the tire mechanics equations, show good correlation with 
experimental results [8]. 
 
A landing gear system may be analyzed as a lumped mass frame which has a shimmy damper. The general 
form of equations for the landing gear is given as follows: 

 ∑ 𝑚𝑖𝑗𝑞𝑗 +̈𝑁
𝑗=1   ∑ 𝐶𝑖𝑗

𝑁
𝑗=1 𝑞𝑗 +̇  ∑ 𝑘𝑖𝑗

𝑁
𝑗=1 𝑞𝑗 = 𝑄𝑖           𝑖 = 1,2,3 … 𝑁                     ( 2-33) 

 

where 𝑚𝑖𝑗  is the generalized inertia matrix, 𝐶𝑖𝑗 the equivalent viscous damping matrix for the structure, 

𝑘𝑖𝑗 the stiffness matrix of the structure and 𝑞𝑖 the N generalized coordinates of the structure. 

 

The Moreland hypothesis describes the lateral tire Force with the following equations: 

𝐹𝑡 = 𝑘1𝛥 + 𝑘𝐷 �̇�                                                                       (2-34) 

where 𝑘1  is the effective lateral stiffness and 𝑘𝐷 is the effective lateral damping of the tire. 

𝐶𝐹𝑡 =  𝜓𝑡 + 𝐶1𝜓𝑡
̇                                                                         (2-35) 

where C is referred to as the tire yaw coefficient and  𝐶1 as the tire time constant. 
 

The tire moment was proposed by Moreland to be given with the following expression: 

𝑀𝑡 = 𝜇1𝜓𝑡                                                                                   (2-36) 

where          𝜇1 = 𝜇𝑠 + 𝜇𝐷1 

 

The summation of moments about the pivot shows that, 

𝑀𝐴 + 𝐿𝐹𝑡 + 𝑀𝑡 + 𝑀𝐵 = 𝐼 �̈�                                                                    (2-37) 

 

where  𝑀𝐴 is the applied moment about the pivot and  𝑀𝐵 denotes the frictional losses in the bearings. 
 
By using the above equation and the kinematic rolling constraint, one can obtain the coefficient of yaw, the 
rolling tire torsional stiffness, the lateral stiffness, the lateral damping coefficient, the drag force slip 
coefficient and the yaw time constant. These parameters can be used for shimmy and stability analyses of 
the landing gear of the helicopter. More information and analytical explanations can be found on the paper 
of Collins and Black [31]. The analytical description of the procedure is out of the scope of this report. 
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3 TIRE MODEL PARAMETERIZATION FOR NH90 IN MSC.ADAMS 
 

3.1 Introduction 

The main objective of this report is to provide all the information needed in order to parameterize a new 
aircraft tire in MSC.ADAMS (2013.2 version). Before starting a review of the current tire models, that are 
available in industry and universities, will be performed.  
 

3.2 Tire Models 

There are various approaches to build a tire model that describes the tire’s behavior. The complexity of the 
tire structure and its non-linear behavior are such that no complete theory has yet been proposed. 
However thanks to new experimental and advanced computing techniques, more accurate tire models 
have been developed the last decades. Two main tire model approaches can be distinguished: the empirical 
tire models and the physical tire models as will be discussed. 

3.2.1 Empirical Models 

The empirical tire models represent the measurements by using an empirical mathematical model. In this 
category, the following models can be found: the Magic Formula model, MF-Tyre/MF-SWIFT model, the 
Burckhardt model, Fiala model, the Kience and Daiss model, the similarity method model, TMeasy tire 
model and UniTire model see references [1],[11], and ,[12].  

3.2.2 Physical Models 

The physical tire models are created with detailed modelling of the tire structure in steady-state conditions. 
In this category, the following models can be found: RMOD-K model, the stretched string model, the brush 
model, Dynamic tire friction model, the beam tire model, FTire model, TreadSim model, Soft-Soil model and 
CDtire model, see references [1],[3],and, [30]. The aforementioned models are suited for steady-state 
conditions. There are also physical tire models suited for the time-varying or transient conditions like the, 
Bliman model, Kinematic model, Dahl model and LuGre model, see references [11] and, [12].  

3.2.3 Combined Models 

Besides the aforementioned empirical and physical models, also combinations are possible giving semi-
empirical models like the Hankook tire model, see references [28]and, [30].  

 

More information about each tire model can be found in Appendix A.A comparison of the different type of 
models and their ability to predict the tire performance is shown in Figure 3.1. 
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Figure 3.1:  Comparison of different tire models [1]. 
 

3.3 Tire Models in MSC.ADAMS 

The program MSC.ADAMS includes a considerable number of tire models for a variety of applications. 
Further, the open tire interface of the program allows the users to develop and include custom tire models 
of their own design. An overview of the features of the included tire models in MSC.ADAMS can be seen in 
Figures 3.2 and 3.3. 
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Figure 3.2: Application examples of ADAMS/Tire module (version 2006) [5]. 

 

The ADAMS/Tire module offers the following models: 

 

 PAC2002, an updated Pacejka tire model in accordance with [1]. 
 

 PAC-TIME, a Pacejka tire model that uses the TIME measurement procedure [21]. 
 

 PAC89, the original Pacejka tire model based on the first papers on the ‘Magic Formula’ [5]. 
 

 PAC94, based on PAC89 with improvements in camber effects of the tire [23]. 
 

 Fiala, a tire model which uses a simple physical approach [24]. 
 

 5.2.1-Tire, a simple model that requires a small set of parameters or experimental data to simulate 
the behavior of tires. The 521-Tire is the first tire model incorporated in Adams. The name “5.2.1” 
refers to the version number of Adams/Tire when it was first released. [30] 

 

 UA-Tire, the University of Arizona Tire model is a more sophisticated approach than Fiala and 5.2.1-
Tire models and can handle camber effects [25]. 
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 PAC-MC, a Pacejka tire model for motorcycle tires, which can handle a large inclination angle with 
respect to the road plane [1]. 

 

 FTire, a sophisticated coarse FEM tire model which uses a physical approach to model the tire’s 
structure [26]. 
 

 Soft Soil, a tire model that offers a basic model to describe the tire-soil interaction forces for any 
tire on elastic/plastic grounds, such as sand, clay, loam and snow [30]. 

 

 

Figure 3.3: Application examples of ADAMS/Tire module (version 2011) [30]. 

 

Besides the aforementioned models which are suitable for vehicle handling and comfort simulations, 
specific tire models have been developed for the simulation of the aircraft tires: 

 Aircraft Basic Tire, which is based on the Fiala method [30]. 
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 Aircraft Enhanced Tire, which uses the UA-Tire model approach [30]. 
 

 Aircraft TR-R-64 Tire Model, which employs the empirical expressions of [8] for aircraft tire [27]. 
 

Most of the tire models in MSC.ADAMS are used for handling and ride comfort simulations. However in this 
project the main scope is to represent the drop test of a landing gear as realistic as possible. For this kind of 
simulations the last three aircraft tire models are suitable. More information about each aircraft tire model 
parameters can be found in the next 3 sections. 
 

3.3.1 TR-R-64 Aircraft Tire Model 

The Aircraft TRR64 Tire Model's Basic Handling Force model is a basic version of the NASA TR-R-64 tire 
model which is based on [8]. This model is very popular for aircraft studies and modelling in the aerospace 
field. The model used in ADAMS is a simple version of the original tire model and includes some 
modifications to make it appropriate for modelling in ADAMS. The TRR64 Tire Model is comprised of a basic 
version of the NASA TR-R-64 tire model, with options to use additional handling force computations, such 
as those similar to the Adams/Tire Fiala and UA (University of Arizona) tire models. The following 
paragraphs are dedicated to describing the procedure of getting the NH90 tire parameters included in 
MSC.ADAMS program. 
 
The basic parameters of the tire were provided by the tire manufacturer [32]. More specifically these 
parameters are: 
 

 unloaded radius 

 width 

 aspect ratio 

 rated pressure 

 inflation pressure 
 

The values of the mechanical properties of the tires were calculated with the help of the work of Smiley and 
Horne [8]. To that end, the tire manufacturer measured the vertical load and the deflection of the tire in a 
tire testing machine and the result is illustrated in Figure 3.7. Consequently, it is straight forward to take 
the tire vertical stiffness coefficient by applying the equation (2.4). For each load case the stiffness 
coefficient is different due to the tire’s non-linear behavior. The manufacturer didn’t give any information 
about vertical damping coefficient but as a rule of thumb, it is 1000 times less than stiffness coefficient. 
This information was given in the tire files provided by MSC.ADAMS/2013.2. 
 
The rolling resistance coefficient was taken from the report [33] to be 0.08. The rolling radius deflection 
factor was given 0.33 in the ADAMS/tire manual [14]. The longitudinal lateral deflection factors were taken 
to be 0.15 and 0.70 by using the equations (38) and (41), from reference [8], for VII tire types which are 
similar to the current NH90 tire type. The footprint factor which is defined as the experimental footprint 
length divided by the geometric length for aircraft tires is approximately 0.85 and was taken from equation 
(2.5) or (5) from [8]. This value was found after experiments and measurements of the real and geometric 
footprint. 
 
The gross and the net footprint area can be found in equations (2.8) and (2.9). The footprint area ratio is 
defined as the ratio between net and gross footprint area. The footprint area ratio is almost constant for all 
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the loads and was found to be 0.85 for NH90 case [8]. The bottoming radius and the bottoming curve was 
measured by the tire manufacturer [32]. There are still two parameters with no information from the tire 
manufacturer, the reference velocity for friction coefficient determination and factor used in the 
calculation of slip stiffness. However the TR-R-64 tire default file has already a similar tire with the NH90 
tire, therefore the factor used in the calculation of slip stiffness was not changed. The reference velocity for 
friction coefficient determination is used only if FRICTION_MODE = 2 or 3, but in TRR64 model the 
FRICTION_MODE was set to 1. 
 

3.3.2 Basic Aircraft Tire Model 

The Aircraft Basic Tire Model is comprised of the ADAMS/Tire Fiala tire model, with modifications that are 
necessary for aircraft landing analysis. The following paragraphs are dedicated to describing the procedure 
of obtaining the parameters to be used in MSC.ADAMS program with the Basic Aircraft Tire Model chosen. 
 
Besides the parameters that are similar between the BASIC and the TRR64 tire model, still the following 
parameters need to be specified for this particular model.  
 

 relaxation length 

 fore-aft stiffness  

 cornering stiffness  

 load-tire deflection curve 
 
The yawed relaxation length is given by the equations (2.15)-(2.17). The fore-aft stiffness is given by (2.13) 
and the  cornering stiffness by (2.19)-(2.20), The load-tire deflection curve measurements can be taken 
from [32] since they were measured by the tire manufacturer and can be seen in Figure 3.7. There is again 
no information for the reference velocity for friction coefficient determination. However the BASIC tire 
model uses FRICTION_MODE=1 and therefore this parameter is not needed for the calculations. 
 

3.3.3 Enhanced Aircraft Tire Model 

The Aircraft Enhanced Tire Model is comprised of the ADAMS/Tire Fiala and UA (University of Arizona) tire 
models, with modifications that are necessary for aircraft landing gear analysis in Adams.  
 
Besides the parameters that are the same between the BASIC, the TRR64 and the ENHANCED tire model, 
still the following parameters need to be specified for this particular model.  
 

 camber stiffness 

 lateral stiffness 
 
Tire’s camber stiffness is defined as the partial derivative of lateral force with respect to inclination 
(camber) angle (γ) at zero camber angle. There is no information for that parameter in the tire’s 
manufacturers report.  However if tire’s camber stiffness is put zero, the model makes an estimation of the 
parameters as explained in ADAMS/tire [30]. The Lateral stiffness is given by the equation (2.10) as it was 
explained in the second chapter. No information was given for the reference velocity for friction coefficient 
determination and factor used in the calculation of slip stiffness. For the last two parameters was applied 
the same with the previous models.  
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3.4 Tire Model Comparisons 
 

3.4.1 Introduction 

In this section, the three aircraft tire models will be compared with the data provided by the tire 
manufacturer.  

3.4.2 Test Rig Model 

The tire model parameter sets, described in the previous chapters, have to be compared with the tire 
manufacturer’s data. For that reason a tire test rig model was created in the MSC.ADAMS program. A real 
test rig machine can be seen in the Figure 3.4. The drum is rolling and the tire touches the rolling drum with 
a specific vertical force. A side slip angle is applied by the steering wheel. 

 

Figure 3.4: Tire test rig machine. 

The test rig model consists of the following components:  

 massless test rig body 

 rod 

 steering rod 

 tire 

 road 

 2 translational joints 

 2 revolute joints 

 motions 

The test rig model is illustrated in Figure 3.5. First of all, a massless test rig body was built and a straight 
motion with a translation joint was implemented with respect to the road plane. A translational joint was 
selected to connect the test rig body and the road. The road is illustrated with gray color. The red rod, 
connected to the test rig, allows free motion only in the vertical direction (perpendicular to the road plane) 
with a translation joint. The steering rod, depicted with green color, is connected with the rod and the 
wheel center. The connection with the rod is realized with a revolute joint that points to the vertical 
direction (like the previous joint). The steering rod is connected with the wheel with a revolute joint in the 
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horizontal direction (parallel to the road plane) which leaves the tire to roll freely with respect to the 
ground. The steering angle was being changed during the simulation by prescribing motion in the revolute 
joint between the rod and the steering rod. The forces and the moments between the tire and the road 
were measured. The ISO axis system is used to represent the forces and the torques. More details on this 
sign convention can be found in Appendix B. 

 

Figure 3.5: Tire test rig for the simulations in MSC.ADAMS. 

It is worthwhile to mention that at the start, a test rig model was created with a rolling drum, as can be 
seen in Figure 3.6. However this approach could not be followed because it was impossible to incorporate 
road characteristics to the drum. Choosing a horizontally moving rolling tire that touches a fixed road 
solved this problem. 

 

Figure 3.6: The obsolete test rig model. 
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3.4.3 Tire Measurements by the Tire Manufacturer 

Usually only the vertical load which is exerted to the tire and the deflection of it are measured by the tire 
manufacturer. For the NH90 tire [32], the vertical load and tire deflection can be seen in Figure 3.7, as it 
was measured by the tire manufacturer for two tire inflation pressures. For these two inflation pressures 
the other tire characteristics have been calculated and are compared with the manufacturer statements in 
[32]. 

 

Figure 3.7: Tire Deflection with respect to Tire Vertical Load. 
 

3.4.4 Simulations with tire’s inflation pressure 130.5 psi 

The following figures illustrate the results from the 3 aircraft tire models in MSC.ADAMS. These results are 
compared with the calculations provided by the tire manufacturer. The tire inflation pressure, for this case, 
is 130.5 psi. 

It is important to mention that the tire properties cannot change during the simulation, but includes the 
dependency of the vertical force. Therefore different tire property files have to be used for each load case 
and different tire parameters need to be chosen. Because the tire manufacturer presents 6 load conditions 
in ref [32], consequently 6 different tire property files have been used for each load case simulation per tire 
model. This results in a total of 18 different property files. 

This method thus can be used for constant vertical load, i.e. during steady state loading. However the drop 
test represents an un-steady load condition, therefore for drop test or landing simulations average values 
for these parameters should be used. 

The simulations with the MSC.ADAMS program then result in typical graphs representing the Helicopter’s 
MLG tire during steady-state conditions in the test rig machine.  

For each load case and each parameter set the lateral force and the self-aligning torque against the slip 
angle have been calculated and is presented together with the tire manufacturer’s results in the Figure 3.8 
through 3.21. 
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A discussion and comparison between each graph of each model and the manufacturer statements (i.e. 
calculations) is presented in chapter 3.4.3.1. 

 

Figure 3.8: Tire Lateral Forces with 2248 lbs. Vertical Load. 

It is worthwhile to mention that the negative self-aligning torque above 15 degrees side slip angle and 
similarly the positive self-aligning torque below -15 degrees are not realistic and do not match with the 
behavior of the results from MSC. The tire manufacturer should investigate and improve the results for the 
self-aligning torque. 

 

Figure 3.9: Tire Self-Aligning Torque with 2248 lbs. Vertical Load. 
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Figure 3.10: Tire Lateral Forces with 4496 lbs. Vertical Load. 

Similarly the self-aligning torque is not realistic above and below 15 degrees and thus the tire manufacturer 
should reinvestigate the results. 

 

Figure 3.11: Tire Self-Aligning Torque with 4496 lbs. Vertical Load. 
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Figure 3.12: Tire Lateral Forces with 6744 lbs. Vertical Load. 

 

 

Figure 3.13: Tire Self-Aligning Torque with 6744 lbs. Vertical Load. 
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Figure 3.14: Tire Lateral Forces with 8992 lbs. Vertical Load. 

 

 

Figure 3.15: Tire Self-Aligning Torque with 8992 lbs. Vertical Load. 
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Figure 3.16: Tire Lateral Forces with 11240 lbs. Vertical Load. 

 

 

Figure 3.17: Tire Self-Aligning Torque with 11240 lbs. Vertical Load. 
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Figure 3.18: Tire Lateral Forces with 13488 lbs. Vertical Load. 

 

Figure 3.19: Tire Self-Aligning Torque with 13488 lbs. Vertical Load. 
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Figure 3.20: Tire Lateral Forces with 26977 lbs. Vertical Load. 

 
Figure 3.21: Tire Self-Aligning Torque with 26977 lbs. Vertical Load. 

 

3.4.4.1 Discussion of the simulation results. 

It can be observed that the simulations of the 3 aircraft tire models conform to the tire’s manufacturer 
calculations, with the BASIC Tire Model be the most close to the manufacturer data of all. More explicitly 
the BASIC and ENHANCED tire models show a difference of 10-20% for the lateral force while the TRR64 
model is less accurate with 30-40% difference for most of the load cases. All three models are less accurate 
for the self-aligning torque with the BASIC and ENHANCED models to give better performance with 
difference of 30-40% while the TRR64 model is more than 50-60% different for most of the load cases. 
However ENHANCED and TRR64 tire models are not satisfactory above the vertical load of 13488 lbs. due to 
the high amount of vertical deflection as can be seen in Figures 3.20 and 3.21. The ENHANCED Tire Model 
cannot even simulate above this load due to high deflection and the TRR64 Tire Model is not accurate. 
However the BASIC Tire Model seems to follow the trend even for high loads. 
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As a conclusion the BASIC Tire Model is the most appropriate to represent the tire’s manufacturer 
calculations. 
 

3.4.5 Simulations with tire’s inflation pressure 143.6 psi 

The same simulations were performed with higher inflation pressure since most of the tire characteristics, 
change slightly with the different tire inflation pressure. For the following simulations the inflation pressure 
is 143.6 psi. 

 

Figure 3.22: Tire Lateral Forces with 2248 lbs. Vertical Load. 

 

Figure 3.23: Tire Self-Aligning Torque with 2248 lbs. Vertical Load. 
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Figure 3.24: Tire Lateral Forces with 4496 lbs. Vertical Load. 

 

 

 

Figure 3.25: Tire Self-Aligning Torque with 4496 lbs. Vertical Load. 
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Figure 3.26: Tire Lateral Forces with 6744 lbs. Vertical Load. 

 

 

Figure 3.27: Tire Self-Aligning Torque with 6744 lbs. Vertical Load. 
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Figure 3.28: Tire Lateral Forces with 8992 lbs. Vertical Load. 

 

 

Figure 3.29: Tire Self-Aligning Torque with 8992 lbs. Vertical Load. 
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Figure 3.30: Tire Lateral Forces with 11240 lbs. Vertical Load. 

 

 

Figure 3.31: Tire Self-Aligning Torque with 11240 lbs. Vertical Load. 
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Figure 3.32: Tire Lateral Forces with 13488 lbs. Vertical Load. 

 

 

Figure 3.33: Tire Self-Aligning Torque with 13488 lbs. Vertical Load. 
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Figure 3.34: Tire Lateral Forces with 26977 lbs. Vertical Load. 

 

 

Figure 3.35: Tire Self-Aligning Torque with 26977 lbs. Vertical Load. 

 

3.4.5.1 Discussion of the simulation results. 

The conclusions are very much similar to the other inflation pressure case because the parameters have 
only slightly changed. Again the BASIC Tire Model seems to be the best out of the three aircraft tire models. 
The same behavior of the models was observed for loads in excess of 13488 lbs. The simulations for the 
load of 26977 lbs. are illustrated in Figures 3.34 and 3.35. Again the enhanced tire model fails to simulate 
properly and the TRR64 is not even close with respect to the tire manufacturer data. 
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4 CONCLUSIONS 
 

Most of the work in this project was performed using the MSC.ADAMS 2013.2 simulation software. 
MSC.ADAMS is very powerful multi-body program that comprises a variety of tire models in its library but it 
is also possible to create a user-written tire subroutine in FORTRAN or C++. This functionality gives the 
designer the freedom to start with a simple MSC tire model or build up a new one as a dedicated 
subroutine. The built-in tire models can reduce the time needed to develop a new landing gear model and 
give a first impression of a tire’s behavior with no or few information about it.  
 
Furthermore the report introduces the procedure for obtaining the tire property parameters and 
accordingly how to implement them in MSC.ADAMS such to define a functional aircraft tire model that will 
generate forces and moments due to slip. The majority of the tire property parameters have been 
extracted from the Smiley and Horne paper [8].  The MSC.ADAMS aircraft tire models represent tire models 
where all the parameters are assigned only once and stay unchanged during the simulation. However a new 
type of tire model has been developed from MSC Software that scales the tire parameters during the 
simulation. More information about this procedure is given in ref [35] and in the tech article of MSC 
Software about on-line scaling of tire properties [37]. 
 
Having performed the simulations, it became obvious that the BASIC aircraft tire model appears to be the 
most suitable to represent the manufacturer’s tire calculations for all load cases. This choice is based upon 
the simulation of the 3 aircraft tire models and comparing their outputs for each load case. Even though all 
three models have similar behavior until 13488 lbs. vertical load, after that load, tire deflection makes the 
ENHANCED and TRR64 models inaccurate. It appears that the ENHANCED and TRR64 models just can be 
used if the vertical load does not exceed 13488 lbs. during the simulations. Nevertheless, the BASIC tire 
model has the desired behavior with respect to that of the manufacturer. For that reason it was selected to 
be included in the landing gear model for preliminary simulation trials. 
 
To that end, the current work could be taken in consideration for future landing gear developments when 
trying to find a satisfactory starting point for tire implementations. When developing a dedicated tire 
subroutine the tire characteristics can be compared with the developed built-in tire models. This can be 
performed by simulations in the test rig model and substituting the specific tire only. In that way it will 
become clear which of the approaches leave the best tire behavior with respect to that of the tire 
manufacturer or that of the drop test. Further it is recommended to pursue the development of a transient 
tire model capable to simulate transient loading conditions like the helicopter landing using the techniques 
as referred in ref [35] and [37]. 
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APPENDIX A TIRE MODELS 
 

MF-Tyre/MF-SWIFT model 

 

MF-Tyre/MF (Short Wavelength Intermediate Frequency Tire) model is constructed using the latest 
implementation of Pacejka’s renowned ‘Magic Formula’ tire model. MF-Tyre simulates validated steady-
state and transient tire behavior making it a very suitable model for vehicle handling, control prototyping 
and rollover analysis. MF-Swift is an extension of the MF-Tyre that simulates the tire dynamic behavior up 
to about 100 Hz and is suitable for ride comfort, road load and vibration analysis. The MF-SWIFT includes 
four main elements: 1) Magic Formula 2) Contact patch slip model 3) Rigid ring 4) Obstacle enveloping 
model. For some years, different tire models were available, but recently they have been combined into a 
single tire model under the name TNO MF-Tire/MF-SWIFT [1],[4],[13]. 

 

Fiala Model 

 

The Fiala tire model, introduced by E. Fiala and extended by the developers of MSC Adams, computes 
expressions for all tire forces and moments except for the overturning moment. Fiala tire model is the 
standard tire model in all ADAMS/Tire modules [ref.4]. The Fiala tire model approximates the normal 
pressure distribution on the contact patch with a rectangular shape. The instantaneous value of the tire-
road friction coefficient is determined by a linear interpolation in terms of the resultant slip and the static 
friction coefficient. The influence of a camber angle on lateral force and aligning moment is not considered 
[14]. 
 

Brush Model 

 

The brush model is perhaps the simplest physical tire model, yet it is still significant and interesting. The 
brush model consists of a row of elastic bristles that touches the road plane and can deflect in a direction 
parallel to the road surface. It is a simple tool to analyse qualitatively what goes on in the contact patch and 
to understand the global mechanical behavior of a wheel with tire [1],[3]. 

 

TreadSim Model 

 

The TreadSim tyre model was originally developed by Pacejka and later extended by researchers of 
Eindhoven University of Technology. This model is developed to investigate different aspects of the tire 
model which were impossible to include in the analytical brush model [16]. 
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RMOD-K FEM and FB Model  

 

RMOD-K is the name of a family of tire models that mostly reside on the “complex physical models" 
category. This model was created by the German Professor Cristian Oertel, starting in 1997. This model 
gives a detailed finite element description of the actual tire structure, but uses a number of simplifications 
in order to reduce the computing effort. Various editions of RMOD-K have been introduced, like RMOD-K 
FEM and RMOD-K FB in order to obtain more accurate results. RMOD-K is mainly designed for ride, comfort 
and durability applications and it has been implemented in ADAMS [1]. 

 

FTire Model  

 

FTire (Flexible Ring Tire Model) belongs to the category of pure mechanics-based tire models which was 
developed by the Professor Gipser in Germany (1998). This model is reviewed here since it is implemented 
in ADAMS/Car and it is an example of complex theoretical tire models. FTire is considered as a discrete 
element model and is a compromise between the computationally heavy finite element models and the 
simple pure in-plane models [1],[16]. 

 

TMeasy Model 

 

TMeasy was initially developed to be used in simulations of agricultural and heavy duty vehicles. The 
TMeasy tire model is based on a semi-physical approach. This model was developed to be used in situations 
of few tire data being available. The main idea behind this model is to interpolate or extrapolate the 
features from a similar model and give reasonable tire forces from little information about tire’s 
parameters [28],[29]. 

 

Similarity Method Model 

 

The similarity method is based on the Fiala theory (1954) and has been introduced by professor Pacejka 
from Delft University of Technology (first version back to 1958). There have been a lot of improvements 
from the original model until 1995 from Milliken [1]. 

 

Stretched String Model 

 

The stretched string approach was proposed by Von Schlippe in 1941. The tire is considered as a massless 
string of infinite length under a constant pre-tension force and it is uniformly supported elastically in the 
lateral direction. More information can be found of the book of Pacejka “Tire and vehicle dynamics” [1]. 
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Dynamic Tire Friction Model 

 

Dynamic tire friction model is a physical tire model based on brush and LuGre friction modelling. [16],[18]. 

 

Hankook Model 

 

This tire model was developed by Hankook tire Co. Ltd R&D center and it is a semi-empirical model. The 
physical characteristics of the tire provide the necessary information to obtain the steady-state behavior. 
However for the transient behavior different slip sweep rates are used to obtain the transient tire 
characteristics [17]. 

 

UniTire Model 

 

UniTire is a semi-physical unified non-linear and non-steady-state tire model made by Chinese Professor 
Konghui Guo in 1973.  UniTire is a tire model for vehicle dynamic simulation and control under complex 
wheel motion inputs, involving large lateral slip, longitudinal slip, turn-slip, and camber. It works based on 
fitting a mathematical function to the test data in order to obtain the tire resultant force [20]. 

 

LuGre Model 

 

The longitudinal LuGre tire friction model, initially introduced in 1999 and is based on a dynamic 
viscoelastoplastic friction model for point contact. It was developed by Department of Automatic Control at 
Lund University (Sweden) and Laboratoire d'Automatique de Grenoble (France). More information can be 
found in [19]. 
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APPENDIX B AXIS SYSTEM IN MSC.ADAMS/TIRE 
 

Tire Axis Systems 

 

The following sections describe the ISO coordinate systems to which ADAMS/Tire conforms. In ADAMS 
three axis systems can be distinguisted [30]: 

 

• ISO-C (TYDEX C) Axis System 
• ISO-W (TYDEX W) Contact-Patch Axis System 
• Road Reference Marker Axis System 

 
 

ISO-C (TYDEX C) Axis System 

 

The TYDEX STI specifies the use of the ISO-C axis system for calculating translational and rotational 
velocities, and for outputting the force and torque at the wheel cetre. The properties of the ISO-C axis 
system are [30]: 

 

 The origin of the ISO-C axis system lies at the wheel center. 

 The + x-axis is parallel to the road and lies in the wheel plane. 

 The + y-axis is normal to the wheel plane and, therefore, parallel to the wheel’s spin axis. 

 The + z-axis lies in the wheel plane and is perpendicular to x and y (such as z = x × y). 
 

 

Figure B.1: TYDEX-C Axis System Used in ADAMS/Tire. 
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ISO-W (TYDEX W) Contact-Patch Axis System 

 

The properties of the ISO-W (TYDEX W) axis system are [30]: 

 

 The origin of the ISO-W contact-patch system lies in the local road plane at the tire contact point. 

 The + x-axis lies in the local road plane along the intersection of the wheel plane and the local road 
plane. 

 The + z-axis is perpendicular (normal) to the local road plane and points upward. 

 The + y-axis lies in the local road plane and is perpendicular to the + x-axis and + z-axis (such as y = z 
x x). 

 

 

Figure B.2: TYDEX W-Axis System Used in ADAMS/Tire. 

 

Road Reference Marker Axis System 

 

The road reference marker axis system is the underlying coordinate system that ADAMS/Tire uses 
internally. For example, the tire translational displacement and local road normal for a three-dimensional 
road are expressed in the axis system of the road reference marker. 

 

The properties of the reference marker axis system are [30]: 

 

 The GFORCE reference marker defines the axis system. 

 The + z-axis points upward. 
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APPENDIX C TIRE PROPERTY FILES IN MSC.ADAMS/TIRE 
 

BASIC AIRCRAFT TIRE MODEL  
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ENHANCED AIRCRAFT TIRE MODEL 
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TRR64 AIRCRAFT TIRE MODEL 
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APPENDIX D PAC2002 TIRE DATA AND FITTING TOOL IN MSC.ADAMS 
 

PACEJKA 2002 TIRE MODEL 

 
The PAC2002 Tire Data and Fitting Tool (TDFT) calculates the PAC2002 tire model parameters out of tire 
measurement data for steady-state pure and combined slip conditions. However the tool can also convert 
existing Adams/Tire property files to a PAC2002 tire property file by fitting on-line generated virtual tire 
test data. Due to the fact that there were no sufficient measurement data available from the tire 
manufacturer, the second method was selected to obtain PAC2002 tire model parameters. The conversion 
takes care of converting the 'steady-state' Force & Moment properties only. More information about the 
tire data and fitting tool can be found in [30].  
 
The total weight of the helicopter is approximately 11 tones and each main landing gear receives 4110kg of 
it [36]. However the tire manufacturer provided data for 8992 lbs. (4079kg) load which is almost the same 
with the aforementioned maximum weight. The ENHANCED Tire Model (8992 lbs. load case) was used to 
make the conversion to the PAC2002 tire model parameters at 130.5 air pressure. The PAC2002 tire models 
parameters can be found in the end of this chapter. 
 
The PAC2002 is realistic and accurate for handling and maneuvering simulations. Al long as the tire 
manufacturer provides measurement data, the tire data fitting tool is suitable for calculating the PACEJKA 
tire parameters and use them for ground maneuvering simulations. However ground maneuvering 
simulations are out of scope of this report. The available Dunlop calculations [32] are compared with the 
PAC2002 model arrived at in the hereafter presented figures for the lateral force and self-alignment torque 
versus the slip angle. 

Figure D.1: Lateral Force vs Slip Angle for 4079kg. 
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Figure D.2: Self-Aligning Torque vs Slip Angle for 4079kg. 

 

Pacejka 2002 Tire File 
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APPENDIX E PRELIMINARY LANDING GEAR SIMULATIONS 
 

E.1 Introduction 

Having completed and validated the tire model, the integration with the landing gear model has to be 
accomplished. The first step before starting to work in MSC.ADAMS, was to extract the design files from the 
CATIA CAD program, in which the landing gear has been designed. Having exported the files, it is 
straightforward to import them in MSC.ADAMS however without any functionality. To build up a functional 
model this design was converted to flexible bodies, masses, joints, springs, the wheel and the tire. The 
bodies were made flexible with the inherent flexible conversion tool in MSC.ADAMS. This conversion 
divided each body into 8 smaller elements representing beam flexibilities. It has to be mentioned that this 
is a simplified FEM functionality and is not as realistic as a full FEM model. However a FEM is considered not 
necessary because the original pro/MECHANICA model uses a similar approach to implement the 
flexibilities. 

 
Figure E.1: The landing gear with the BASIC aircraft tire in MSC.ADAMS. 
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All the connections and joints of the model were taken from [33]. In this reference all the details for the 
model and their connections were given explicitly. The spring damper coefficients, representing the 
preliminary shock damper characteristics, were tuned by trial and error because no information about 
these values is available yet. However a dedicated shock-absorber subroutine will be developed in order to 
substitute the spring-damper functionality and this is the reason why the simulations presented here are 
preliminary. The BASIC tire model was implemented due to the better behavior as was described in chapter 
3. The parameters were taken for the medium load case, that is 11240 lbs. vertical load. It has to be 
mentioned that even though the tire models are written in the British unit system, MSC.ADAMS converts 
everything to the SI system as it was assigned for the Landing Gear Model. The preliminary landing gear 
model can be seen in the Figure E.1. 

 

E.2 Landing Gear Simulations 

In drop test and landing simulations, a number of quantities can be measured. Reference [8] lists the most 
important quantities that shall be measured and analyzed. In this case, for the purpose of illustration, the 
Wheel Axle and the Middle Trailing Arm positions are chosen to be presented. In the next figures the time 
histories of the forces and moments as well as the Tire Deflections and the Strut Actuator are shown which 
are important for the fatigue and stress analysis. Analogous procedures can be executed to measure forces, 
moments and deformations at other locations. 

This drop test simulation was performed with initial descent velocity of 4 (m/s) and at 0.20 (m) above the 
ground, and no forward speed. The results can be seen in the figures at the next pages. It can be observed 
in the simulations that the wheel’s axle vibrates a lot during the impact. The measurements from this type 
of MBD models can be used as input to dedicated FEM programs like MSC.NASTRAN. Exploiting those FEM 
programs one can determine the internal loads, stresses and deformations. Further analysis can result in 
conclusions regarding the fatigue- and material strength and failure. However the aforementioned analyses 
are out of the scope of the present project. 
 
Last but not least, it should be mentioned that the preliminary MLG drop simulations revealed a bug in the 
tire modelling in MSC.ADAMS. Most of the tire models are dedicated for handling vehicle simulations with 
specific forward velocity. However because in the drop test there is no forward speed, the tire does not 
produce the correct amount of forces. This problem can be circumvented by giving the MLG a small 
forward speed with respect to the ground. 
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Figure E.2: Tire Deflection during the drop test.  
 
 

Figure E.3: Displacement of the mass attached to the landing gear during the drop test.  
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Figure E.4: Vertical Force at the Wheel’s Axle during drop test. 

 
 

 
 

Figure E.5: Moment with respect to x axis at the Wheel’s Axle during drop test. 
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Figure E.6: Moment with respect to y axis to the Wheel’s Axle during drop test. 

 

Figure E.7: Moment with respect to z axis at the Wheel’s Axle during drop test. 
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Figure E.8: Longitudinal Force at the Strut Actuator during drop test. 

 
 

Figure E.9: Lateral Force at the Strut Actuator during drop test. 
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Figure E.10: Vertical Force at the Strut Actuator during drop test. 

 
 

 
 

Figure E.11: The Lateral Force at the Wheel’s Axle during drop test. 
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Figure E.12: Longitudinal Force at the Wheel’s Axle during drop test. 
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APPENDIX F STUDENT ASSIGNMENT SCHEDULE 
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APPENDIX G FOLDER LOCATION FOR THE ADAMS FILES 
 

Tire models with 130.5 air pressure: 

 Basic Aircraft Tire Models  

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results\BASIC_NH90 

 Enhanced Aircraft Tire Models 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results\ADVANCED_NH90 

 TRR64 Aircraft Tire Models 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results\TRR64_NH90 

 Pacejka 2002 Tire Model 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results\Pacejka2002 

 DUNLOP calculations 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results\Dunlop 

 Test results 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results\Comparisons 

 

Tire models with 143.6 air pressure: 

 

 Basic Aircraft Tire Models  

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results Pressure 143.6\BASIC_NH90 

 Enhanced Aircraft Tire Models 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results Pressure 143.6\ADVANCED_NH90 

 TRR64 Aircraft Tire Models 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results Pressure 143.6\TRR64_NH90 

 DUNLOP calculations 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results Pressure 143.6\Dunlop 



 

  

 CLASSIFICATION 
NATO UNCLASSIFIED 

INDUSTRY UNCLASSIFIED 
  

AGUSTA WESTLAND AIRBUS HELICOPTERS AIRBUS HELICOPTERS DEUTSCHLAND FOKKER 
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 Test results 

R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests\Tire results Pressure 143.6\TRR64_NH90 

 

Test rig models: 

You can select any of the test rig models and put one the aforementioned tires to test it. 

 R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tire_tests 

 

Main Landing Gear Models: 

You can select any of the Main Landing Gear  models (Model with Advanced tire model, Model with Basic 
tire model, Model with Pacejka tire model, Model with TRR64 tire model) and then put one the 
aforementioned tire models to simulate the model. 

 

 R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire 

 

Road Models: 

 

 R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\roads.tbl 

 

Default Tire Models provided by MSC.ADAMS: 

 

 R:\NH90\NH90 Functional\IPO\System Engineering\Landing Gear\LG-Analysis-Multi-Body-Tool 
(MBD)\Models\Ilias\Adams-Newtire\tires.tbl 

 

 

 

 

 

 
 


