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Abstract 

 
We describe in some detail the development of a multi-body dynamic (MBD) model of 
a light motorcycle using the software package ADAMS-Motorcycle. We then present 
some simulation results. The aim of this report is to document procedural details of 
such analysis, with a view to presenting more research and development oriented 
investigations in the future. 

 
 
1. Introduction  

 
In this report we describe the development of a multi-body dynamic (MBD) model of a light 
motorcycle, using ADAMS-Motorcycle [1]. In our opinion, an engineer already knowing the 
issues and methods discussed below can develop such a model in 2-3 weeks, but a fresh 
engineer would take a few months. The aim of this report is to provide a guided tour to the 
former (experienced) engineer, to offer a preparatory introduction to the fresh (inexperienced) 
engineer, as well as to place on record the way in which we have developed this simulation 
with a view to more detailed, research oriented, simulation studies in the future. 
 
Since ADAMS-Motorcycle (and ADAMS in general) have widespread industrial usage, this 
report is somewhat less detailed than other, possibly similarly motivated, reports on MBD 
models for motorcycles presented elsewhere, e.g., by  Limebeer and coworkers in [2-4]. 
 
The model we consider has up to fourteen degrees of freedom. These are: 

• 6 degrees of freedom for the frame plus rigidly attached rider  
• 3 rotations for the swing arm 
• 1 rotation at the steering pivot 
• 2 wheel rotations relative to their supports 
• 1 seat translation relative to the frame, and 
• 1 front telescopic suspension travel. 
 

Two out of three swingarm rotations occur due to flexibility; while the main one occurs due 
to a hinge (flexibility can play a strong role in, e.g., weave oscillations). Acknowledging here 
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the possibility of all three rotations, in the discussion below we will restrict the flexing 
degrees of freedom and retain only the hinge rotation. Similarly, in the discussion below the 
seat translation will be arrested to reduce the complexity of the model. We will therefore 
mostly consider a model with 11 degrees of freedom, although in practice adding the 3 other 
degrees of freedom are easy within the ADAMS environment. 
 
Motorcycle dimensions and inertia properties, as well as tire and suspension properties, can 
be incorporated into the ADAMS model, as described below. The motorcycle seat degree of 
freedom (when not eliminated) has some associated stiffness and damping. These effects, and 
the front and rear suspensions, are modeled using springs and dashpots.  Tire-ground 
interaction is modeled using local stiffness and slip relations (based on the so-called Magic 
formula [5]). 
 
The model has four control or force/torque inputs. The first is a steer torque at the steering 
pivot (equal and opposite torques on the front fork assembly and the frame). The second is an 
engine forward drive torque, which acts through a drive train on the rear wheel (with reaction 
moment on the frame). The third and fourth inputs are front and rear wheel braking torques, 
applied in a user-specifiable ratio. Having defined all of the above, a forward simulation in 
time can be conducted. 
 
 ADAMS allows road profiles [6], or paths, to be specified. It is also possible to specify the 
desired speed along the path. In such circumstances, there is an internal controller (essentially 
a black box for the user, as far as we know, a PID and preview based control strategy) that 
determines suitable control inputs so as to achieve the desired speed of motion along the 
desired path. Interestingly, it is sometimes possible to discover new or unanticipated dynamic 
behavior in the motorcycle using such seemingly constrained and controlled simulations; we 
will report on it with an example below. 
 
The result of the simulation in ADAMS is animation of the motion, graphical (plotted) 
outputs, as well as numerical values of various state variables as functions of time. 
 
We now present a detailed description of the dynamic model. 
 
2. Detailed model description  
 
The model consists of nine different subsystems, which are defined and assembled to make 
the full vehicle assembly as shown in figure 1. 
 
The nine subsystems are: 

• frame assembly, 
• front fork assembly, 
• swingarm assembly (including shock absorbers), 
• brake system,  
• chain drive,  
• power train, 
• rider,  
• front wheel, and 
• rear wheel. 
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In ADAMS, we first create “templates” and then develop these subsystems. Each template 
contains information regarding the number and nature of interconnected bodies, along with 
the number and nature of additional constitutive relations to be incorporated (e.g., nonlinear 
dashpot), as well as a priori definition of free parameters whose numerical values may be 
adjusted later (as opposed to specific numerical parameters which specified during subsystem 
creation, directly following template creation). For example, if we define swingarm length L 
as a parameter, then we do not need to specify its actual value until just before simulation of 
the entire system (useful in parameter studies).  Finally, each template contains information 
regarding connections with other templates, using joints as well as special features called 
hard points, and input and output communicators.  
Hard points contain location information and are the basic building blocks for most other 
components. Hard points have no orientation; they can also be referred to as coordinate 
references; they can be relocated after full vehicle assembly, for parametric studies. 
Communicators are key elements that enable the exchange of information between 
subsystems (through the templates) in the full vehicle assembly. An assembly requires two 
directions of data transfer between its subsystems, and so there are both input communicators 
and output communicators. 
Examples of these features will be discussed in section 2.1. See the ADAMS help manual [1] 
for further details and examples.  
The nine subsystems are now described in some detail.  
 
 
2.1 Frame assembly  
 
The frame assembly includes several parts attached to the frame, such as the fuel tank, 
battery, seat, stands, footrests, and various styling parts; but not the power train. A schematic 
is shown in figure 2. The seat is attached to the frame with a translation joint (which, as 
mentioned above, can be locked if desired).  
 

 
 
 

Figure 1: Multibody dynamic model of motorcycle. 
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The frame assembly has a fixed joint (a rigid connection) to attach the power train, and two 
rotational joints to attach the swingarm assembly (these are the flexing degrees of freedom, 
which we will lock in the simulations described below). 
 
The center of mass location and inertia properties of the frame assembly can be keyed in 
using a mouse-driven ADAMS window as shown in figure 2 (more on this later). The spring 
and dashpot properties of the seat can be given in the form of a fitted spline (using a look up 
table), but that is avoided because the seat degree of freedom is removed in the simple 
simulation presented in sections 3.1 and 3.2. The topology, parametric variables and 
communicators that are modeled for the system are listed below. 
 

 
 

Figure 2: Schematic view of frame. 
 
What follows in the rest of this subsection is output from ADAMS giving details of the frame 
assembly subsystem. However, for clarity, some comments added by us appear 
parenthetically in italics. 
 
Topology 
 
Constraint Part_I Part_J (Type) 
josfix_tank Tank ges_frame_body (josfix means fixed joint, and _tank in the name is used for 
identification; the joint is between Tank and frame, here called ges_frame_body) 
josfix_faring aero_frame ges_frame_body (another fixed joint) 
josfix_seat Seat ges_frame_body (could be a translational joint, but is fixed here) 
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Forces 
aero_forces ges_frame_body ground (air density and drag/lift coefficients can be specified 
later; in our simulation, negligible values were used) 
 
Parameters 
Parameter name   Symmetry  Type 
kinematic_flag       Single     integer 
frontal_area             Single   real 
air_density             Single     real 
Cdrag                        Single     real 
Cdrag_brake                Single     real 
Clift                         Single      real 
Cy_moment                 Single      real 
Cz_moment                 Single       real 
Frame_torsional_stiff  Single       real 
Frame_lateral_stiff     Single       real 
Frame_vertical stiff     Single       real 
(These parameter values can be changed in the full vehicle assembly. “Symmetry” will be 
“Double” for repeated items like shock absorbers.) 
 
Communicators 
Listing of input communicators in '_frame_test' 
Communicator Name:        Class:                 Minor Role:  Matching Name: 
cis_gyro_VX      solver_variable   any          gyro_vx 
cis_brake_demand             solver_variable   front          brake_demand 
cis_brake_demand_rear     solver_variable    rear           brake_demand 
cis_gyro_reference             marker                 any          gyro_reference 
(These communicators are built into the ADAMS-Motorcycle code, but not included in the 
basic ADAMS.) 
 
Listing of output communicators in '_frame_test' 
Communicator Name:       Class:            Minor Role: Matching Name: 
co[lr]_foot                    mount      inherit         foot                                     
co[lr]_frame_att_1                 mount      any              frame_att_1                              
co[lr]_frame_att_2               mount        any             frame_att_2                              
co[lr]_frame_att_3                 mount      any             frame_att_3                              
co[lr]_frame_connection_1    location    any             frame_connection_1                       
co[lr]_frame_connection_2    location     any             frame_connection_2                       
co[lr]_frame_connection_3    location    any             frame_connection_3                       
co[lr]_hand                             mount      inherit        hand                                     
cos_body                               mount      any            body                                     
cos_engine_mount_location   location    inherit        engine_mount_location                    
cos_engine_to_frame            mount     any             engine_to_frame                          
cos_gyro_to_chassis              mount     inherit         gyro_to_chassis                          
cos_longitudinal_aero_force solver_variable  inherit        longitudinal_aero_force                  
cos_rear_RH_ref_point        marker             inherit       rear_rh_ref_point                        
cos_rider_to_frame              mount          any            rider_to_frame                           
cos_seat                                mount         inherit       seat                                     
cos_steeringshaft_to_frame mount         inherit       steeringshaft_to_frame                   
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cos_susp_to_frame             mount          any            susp_to_frame,     
         susp_frame                
 
cos_susp_to_frame1            mount         any  susp_to_frame1,  
         susp_frame1  
 
(In the first column above, “co” indicates communicator output, with “ci” likewise for 
input; “[lr]” indicates the presence of left and right, as in hands; “cos” indicates “co” along 
with “Single”. In the second column or “Class”, “mount” and “marker” connections to 
specific objects cannot be changed after assembly. The entire rider in this model is actually a 
rigid body, connected to the frame using the rider_to_frame connector. The foot and hand 
connectors are superfluous in this model because the entire rider is a single rigid body. 
“Mount” indicates a body connected to another. “Marker” indicates a point whose motion 
we may be interested in later, such as the center of mass of a part. “Location” indicates a 
position on a body where another body may later be connected; note that locations can be 
changed after assembly. The “solver variable” is built into the ADAMS-Motorcycle code and 
not defined by us. In the third column under “Minor role” we see two categories, namely 
“any” and “inherit”. “Any” is not restrictive, while “inherit” enforces specific connections. 
ADAMS recommends the latter if the user finds the former unacceptable. Other options are 
sometimes suitable, e.g., “front” and “rear” as in the previous table.) 
 
2.2 Front fork assembly 
 
All parts rotating together about the steering pivot, not including the front wheel and wheel-
attached brake system parts, make up the front fork assembly as shown in figure 3a.  This 
subsystem is attached to the frame through a revolute joint at the steering pivot. The front 
wheel is in turn connected to this subsystem using another revolute joint at the end of the 
front fork. Center of mass location, inertia and suspension characteristics are input 
parameters. Typical front suspension spring and damper characteristics are shown in figures 
3b and 3c (shown in each case for the left-right pair combined; to be used with splines).  
 

 
 

Figure 3a: Schematic view of front steering system. 
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Figure 3b: Net spring stiffness curve of front suspension. 
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Figure 3c: Net damping force curve of front suspension. 
 
 
2.3 Swingarm assembly 
 
Figure 4a shows a traditional swingarm assembly (with two shock absorbers) of a light 
motorcycle. This system is attached to the frame at two locations. One is at the swingarm 
pivot through a revolute joint and the other is at the top mountings of shock absorbers 
through a “mount part” (see the “Class” column in the table in the previous subsection) and 
hard points. The rear wheel is mounted on the rear axle point at which another revolute joint 
is defined. The bottoms of the two shock absorbers are mounted on two sides of the 
swingarm and the tops are connected to the frame. 
 
In ADAMS, springs and dashpots can be defined using either coefficients (when linear) or 
splines. The preload of the spring can be defined either in the spline or later through an 
ADAMS window. The shock absorber spring and damper characteristics are as shown in 
figure 4b and 4c respectively. In figure 4c, positive values represent extension. 
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Figure 4a: Schematic view of swingarm and suspension system. 
 

 

 
 

Figure 4b: Spring characteristic curve of shock absorber. 
 

 
Figure 4c: Damper characteristic curve of shock absorber. 
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Figure 5: Schematic view of Brake system. 

 
2.4 Brake system 
 
Figure 5 shows a schematic view of the brake system.  There is one disc at the rear and two 
discs at the front, attached to rear and front wheels respectively. Inertia properties of this 
system are included with corresponding wheels, so a negligible inertia may be given to this 
system here. 
 
2.5 Chain drive 
 
Figure 6 shows a schematic view of the chain drive.  It includes a chain, a driving sprocket 
and a driven sprocket. The driving sprocket is connected to the power train through a revolute 
joint and the driven sprocket is fixed to the rear wheel. The number of teeth on each sprocket 
is specified. Inertia properties of this system are included with the rear wheel, and a 
negligible inertia may be specified here. 
 

 
Figure 6: Schematic view of Chain drive system. 

 
2.6 Power train 
 
This includes the piston and cylinder assembly, exhaust system, crank shaft assembly and 
gearbox. A schematic view of the system is shown in figure 7a.  It has one fixed joint through 
which it is attached to the frame.  It has one revolute joint and a shaft through which it 
connects to the chain drive. Idling RPM of the engine, clutch properties, engine torque, 
number of gears and gear ratios are to be keyed in apart from CG and inertia properties. 
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Figure 7: Schematic view of (a) power train  and (b) rider. 
 
2.7 Rider 
In the present dynamic model, the rider is a single rigid body (as shown in figure 7b), with 
CG and inertia properties, and attached rigidly to the seat.  
 

 
 
 

Figure 8: Schematic view of tire and window to key in input parameters of wheel. 
 
2.8 Front Wheel or Rear wheel 
 
A wheel consists of a tire, rim and other miscellaneous parts that rotate along with wheel. 
Figure 8 shows a schematic view of wheel, and a window which shows the properties to be 



11

keyed in.  As shown in figure 8, apart from mass and inertia properties, tire stiffness 
characteristics are the input parameters for the wheel. An example of a tire property file is 
presented in Appendix A. It may be noted that, for simplicity, the transverse moments of 
inertia of the wheel in the figure are taken as exactly half of the polar moment of inertia; this 
would be exactly true only for a mathematically thin wheel, but has only a small effect on the 
overall simulation. The same approximation is made in the actual parameters used in the 
simulation (section 2.9). 
 
2.9 Vehicle parameters 
 
Using the nine subsystems described above, a motorcycle assembly can be created. ADAMS 
requires a list of the subsystems to be assembled, and then attempts the assembly on its own. 
For this reason, proper input and output communicators (as described above) have to be 
created in respective templates to ensure the correct motorcycle assembly.  Spatial position, 
CG, mass, inertia matrices, tire parameters, spring and dash-pot constants are all input 
parameters for the overall model. Vehicle layout, mass and inertia properties of various 
subsystems of a typical light motorcycle are listed in tables 1 & 2 below.   
 
 

S.no Vehicle parameter Value 
1 Wheel base 1260 mm 
2 Caster angle 26 deg 
3 Steering offset 60 mm 
4 Swingarm length & angle 445 mm & 6.1 deg. 
5 Front wheel size 457 mm x 70 mm 
6 Rear wheel size 457 mm x 76 mm 

 
Table 1: Vehicle lay out parameters of a typical light motorcycle. 

 
The inertia properties in table 2 are given in the following format. The first column describes 
the object of interest. The second column gives the total mass. The third column gives the 
location of the CG in the global coordinate system in the reference configuration or 
assembled state (with position vector from some other point given in some cases). The third 
column also gives the orientation of the “part coordinate system” which is attached to each 
part (see figure 9a below). Finally, the moment of inertia matrices of the fourth column are 
always in the respective part coordinate systems. 

 

Subsystem Mass   
( Kg ) CG (m, m, m) 

Inertia ( Kg – m2 ) 
 [Ixx,  Ixy,  Iyz 

   Iyx,  Iyy,  Ixz 
  Izy,  Izx,  Izz] 

1. Steering 
system 
(without front 
wheel) 
 
 
 
 

 
 
14.5  
 
 
 
 
 

(-0.07, 0, -0.01) from steering 
column center      ((-0.535, 0, -
0.51) from swingarm center.)  
 
Part coordinate system is rotated 
by 26 deg about `Y’ axis. 
 
 

 
[1.014,    0,           0 
  0,          1.184,    0 
  0,          0,           0.302] 
 
 
 
 



12

2. Lower part 
of steering 
system (front 
unsprung 
mass without 
front wheel) 

 
 
4.18  

(-0.02, 0.0, -0.39) from steering 
column center         ((-0.525, 0, 
0.51) from swingarm center).  
 
Part coordinate system is rotated 
by 26 deg about `Y’ axis. 

 
 
[0.0781,  0,           0 
  0,          0.0563,  0 
  0,          0,           0.0430] 
 

3. Front tire 8.10  Center of the wheel 
 [0.1705,  0,            0 
  0,           0.3410,   0 
  0,           0,            0.1705] 

4. Frame  
45.10 

(-0.01, 0, 0.33) 
from swingarm center 

 
[5.130,     -0.0090,  -0.4048 
-0.0090,    1.7402,    0.0150
-0.40,        0.0150,    6.2030]

 
5. Engine 

 
26.00 

 
(-0.15,0.0,0.09) from swingarm 
center 
 

 
[0.200,      0,             0 
  0,            0.280,      0 
  0,            0,             0.300] 

6. Swingarm 
 
 
5.82 

(0.293, 0, 0.04) from swingarm 
center. 
 
Part coordinate system is rotated 
by 6.1 deg about `Y’ axis. 

 
[0.1626,  -0.0014,  -0.0317 
-0.0014,   0.1922,   -0.0030 
-0.0317, -0.0030,    0.2526] 
 

 
7. Rear wheel 

 
10.00 

 
Center of the wheel 

[0.215,  0,           0 
  0,        0.430,    0 
  0,        0,           0.215] 

 
8. Rider 

 
70.00 

(0.025, 0.0, 0.53) from swingarm 
center. 
 
Part coordinate system is rotated 
by 0.47 deg about `Y’ axis. 

 
[8.0,       0,         0 
  0,         7.0,      0 
  0,         0,        6.0] 

 
Table 2: Mass parameters of a typical light motorcycle. 

 
 
 
 

 
 
 

 
 
 
 
 
 

 
 
 

Figure 9a: Orientations of part coordinate systems. 
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3. Simulation Procedure 
                                                                                                                                                          
The motorcycle model developed as described above can be used for various simulations. 
These are 
 

• Linear eigenvalue analysis, 
• Ride comfort analysis,  
• Acceleration / braking analysis,  
• Step input / harmonic input analysis, 
• Steady state cornering analysis, and 
• Handling analysis on various tracks. 
 

The ADAMS help manual [1] gives details of each type of analysis.  Here, we have 
conducted “linear eigenvalue analysis” and “steady state cornering analysis”. 
 
 

 
 

Figure 9b: GUI of motorcycle assembly and selection of simulation type. 
 
 
In the ADAMS environment, once the motorcycle model is ready on the screen, a choice of 
simulation can be chosen by selecting the ‘simulate’ tab (figure 9b). After choosing the type 
of analysis, a dialog box allows input parameters to be entered before the run. Two examples 
of simulation are presented below. To keep the length of this report manageable, we do not 
discuss here the several “solver” parameters (under “settings”) that offer choices in accuracy 
requirements, integration methods, and other issues. 
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3.1 Steady state cornering simulation  
 
In this section, we describe a steady state cornering (constant radius cornering) simulation. 
The relevant dialog box is shown in figure 10a, in which the file name, simulation time, 
number of steps, path radius, direction of turn, settling time or straight path distance before 
cornering, longitudinal acceleration and speed are the input parameters to be keyed in. We 
have run the simulation in “interactive mode”. Once the simulation is completed, results can 
be seen using a post processing window as shown in figure 10b.  
 
Steady state cornering is not in general possible without control torques, and a typical 
controller window is shown, for completeness, in appendix B. Note that that parameters 
related to clutch actions and throttle “raise” and “fall” are not relevant to this particular 
simulation. 
 
 
 

 
 

Figure 10a: The dialog box that appears for constant radius cornering simulation. 
 
A typical result of steering torque is plotted in figure 10b. Various other results can be 
plotted, as indicated in figures 11 and 12a. Figure 11 shows vehicle velocity (m/sec), steering 
torque, steer angle and vehicle roll angle of a light motorcycle during steady state cornering 
of radius 30 m, traveling at a speed of 12 m/sec. Before entering into a circular path, the 
vehicle is simulated on a straight path; hence the steer torque, steer angle and roll angle 
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values are zero up to a certain time as shown in figure 11.  Then there is a large and initially 
negative torque (figure 11), which is necessary to initiate roll of the bike onto the circular 
path. Once cornering is initiated, the torque settles to a steady value (on average) within a few 
seconds. The computed steer torque actually has rapid oscillations, and these seem to be an 
artifact of the control strategy. We admit that we are not pleased with the steer torque 
oscillations. Perhaps our understanding of the controller will eventually improve enough so 
that we may be able to eliminate these oscillations. However, if the numerical integration of 
equations is good enough in ADAMS (something we are inclined to believe though we have 
not checked it ourselves), then we may possibly expect the bounded high-frequency 
oscillations in the steer torque to have a small oscillatory effect on the steer angle (in fact, the 
computed steer angle does not display significant oscillations at all). With these thoughts, we 
note that it is possible to digitally “filter” the oscillations out (by specifying an upper cut-off 
frequency, here taken as 10 Hz), and we will henceforth accept the filtered results as the 
computed torque. 
 
The constant value attained by the steer torque is the steady steering torque. Actually, there 
seem to be small oscillations in the steer torque curve (at frequencies well below 10 Hz), and 
we will comment further on this later. Moreover, near the very end of the simulation, the 
steer torque curve rises sharply; this is apparently due to the approaching termination of the 
simulation, when “preview” is no longer available to the controller. 
 
An interesting aspect of the above mentioned steer torque oscillations (after filtering with a 
cutoff at 10 Hz) may be seen in figure 12a. It shows the steer torque and vehicle speed for 
two different simulations with differing rear suspension stiffness values (and all other things 
held constant). The stiffness values used are (a) the standard stiffness (as shown in figure 4b), 
and (b) three times that standard stiffness. The forward speeds achieved in the two 
simulations are essentially identical (in the plot, the two curves overlap). Nevertheless, the 
simulation shows that with the smaller suspension stiffness, there are significant oscillations 
in the steer torque. 
 
The first point that comes to mind here concerns the physical source of these oscillations (or 
associated instability). Some authors like Limebeer and co-workers [7, 8] have shown that the 
eigenvalues during cornering differ from their corresponding values during steady motion in 
a straight line; such differences, compounded by the control strategy used by the software, 
might be leading to these oscillations. 
 
However, the details of the control strategy are only peripherally relevant to our second point. 
Limebeer (personal communication to AC) favors one controller for forward speed and 
another for lean in his simulations. The lean controller is stable; lean is fixed at some value; 
and forward speed is changed slowly, resulting in motion along a spiral path. Here, we have 
fixed forward speed and circular path radius. If we slowly change forward speed (as we will 
describe below), we expect to remain on the same circular path. The software’s controller 
attempts to keep the motorcycle on the circle, and its speed at the specified value. And it is in 
this attempt, with soft suspensions, that the instability we have seen seems to arise. Will 
human riders traversing a circle, as opposed to riding at constant lean, encounter such 
instabilities? We can not definitively say. See the discussion of suspension and cornering 
models in [9]. 
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Figure 10b: Post processing window. 
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Figure 11: A typical “steady state cornering” simulation. 
 

 
 

Figure 12a: Two simulations, all things held constant except suspension stiffness. For the 
softer suspension, steer torque oscillations appear. 
 
3.2   Slow acceleration along a circle 
 
We are interested in studying aspects of the dynamics, such as steer torque requirements, over 
a range of speeds as well as path radii. To reduce the total number of simulations and the time 
taken to conduct them, we can fix the path radius and slowly vary the speed using a gentle 
longitudinal acceleration (in place of the zero shown in the dialog box of figure 10a). 
 
Using this strategy, we simulated the vehicle on a circular path of radius 50 m with various 
constant accelerations. The simulations continue up to the maximum speed beyond which the 
software fails to find a solution (note that, with increasing speed, eventually gross slip will set 
in at the tires due to centrifugal effects). Figure 12b shows the resulting steer torque obtained 
as a function of speed (each curve represent a different value of acceleration). The curves for 
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accelerations of 0.05, 0.10 and 0.15 m/s2 are numerically obtained from the simulation. 
Indistinguishably superimposed on the 0.05 m/s2 curve is a predicted one for the same, 
extrapolated linearly from the other two curves. The success of the extrapolation gives us 
confidence that the final (uppermost in the plot) curve for zero acceleration, similarly 
extrapolated, is sufficiently accurate for our purposes. For some applications, we may even 
simply use the 0.1 m/s2 acceleration curve. 
 

 
Figure 12b: Variation of steering torque with vehicle speed with different longitudinal 

accelerations for a path radius of 50m. 
 
 
3.3   Weave and wobble analysis (linear eigenvalue analysis) 
 
In this section we describe another example of simulation, namely weave and wobble 
analysis (linear eigenvalue analysis) of the motorcycle running straight. This calculation is 
done at an instant, in a sense that will be clear below. Figure 13 shows the corresponding 
dialog box. As suggested by entries in the box, a nominal speed of 10 m/s is specified in 
advance. The longitudinal speed controller exerts a torque which has initial transient 
variations (like the solid red curve in figure 11; corresponding plot not shown here). Within 
10 seconds, a steady state is reached. At that instant (time t =10 seconds), the longitudinal 
drive torque is switched off in this analysis (thereby letting the motorcycle decelerate slowly, 
giving a strictly time-varying state, but an approximately time-invariant one). Alternatively, 
the longitudinal speed controller could be kept on, but this would add a false stabilization in 
the forward direction, which may be undesirable for some analyses. Yet another alternative, 
which we learnt about from David Limebeer, is to add on a separate drive torque which we 
hold constant at such a numerically-determined value that the nominal drive torque from the 
controller is exactly zero, thereby both removing the longitudinal stabilization as well as 
eliminating the deceleration caused by removal of the torque. However, for simplicity, here 
we just deactivate the longitudinal controller (disengage clutch, release brakes, and set 
throttle to zero). 
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Some minor details: the number of time steps has to be specified (100 steps per second are 
recommended by ADAMS), and using “interactive mode” allows completion of the analysis 
in a single stretch. 
 
In this analysis, at time equal to 10 seconds, all controllers are switched off and a linearized 
system is constructed internally, whose eigenvalues are then reported by ADAMS. 
Animations of various resulting modes can be seen if desired; corresponding numerical 
values can be obtained as well. 
 
We simulated the light motorcycle for various speeds on a straight flat path. Eigenvalues 
obtained are shown in figures 14, 15 and 16. These, and the mode shapes, are qualitatively 
similar to those published by Sharp [10, 11], Sharp and his co. authors [12, 13] and Cossalter 
and his co. authors [14], though details are not given here. Some graphical output is presented 
below to indicate trends in oscillatory modes with moderate frequencies. Figure 14 shows the 
imaginary parts of the eigenvalues, each divided by 2π to give frequencies in Hz. 
 
There are two in-plane modes shown, called “bounce” and “pitch” (others exist, like “wheel 
hop”, which we have not plotted here because their frequencies are higher, exceeding 10 Hz). 
It is intuitively expected that a steady speed does not affect the bounce and pitch mode 
frequencies significantly, and the results show just that. 

 
 

Figure 13: The dialog box that appears for weave and wobble simulation. 
 
 
Among the out-of-plane modes we observe two wobble modes at speeds below 15 m/s. One 
is descriptively called front steering wobble (wobble 1), and the other is called rear wobble 
(wobble 2). The wobble frequencies are higher at lower speeds (6-8 Hz) and decrease with 
increasing speed.  Figure 15 shows the real parts of the weave and two wobble mode 
eigenvalues. One of the latter gets large and negative with increasing speed, and the 
eigenvalue has not been plotted for speeds beyond 14 m/s (the oscillatory mode disappears). 
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Figures 14 and 15 also show the weave mode eigenvalue. Weave is a low frequency mode 
and associated with rear frame yaw, lateral motion, and low-amplitude roll. The frequency 
increases with speed, but the damping reaches some maximum value and then decreases 
again as speed is increased. These results are qualitatively consistent with other studies. See, 
e.g., figure 7 of [13], which shows the following: near-constancy of bounce and pitch 
frequencies (there are suspension dampers); increase of the weave frequency with speed, 
along with increase and then decrease in the damping; decrease in rear wobble frequency 
along with strong decrease in its damping; and some non-monotonic behavior in both 
frequency and damping of the usual (front) wobble. 
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Figure 14: Eigenvalue imaginary parts against motorcycle speed. 
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Figure 15:  Eigenvalue real parts against motorcycle speed, for 3 out-of-plane modes. 
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Figure 16: Eigenvalue real parts against motorcycle speed, for 2 in-plane modes. The bounce 
mode seems to be weakly unstable, but there is no suspension damping in this analysis. Note 
also that longitudinal control, or forward drive torque, is switched off, so there is some 
deceleration.  
 
4. Conclusions 
  
A dynamic model for a light motorcycle has been developed using ADAMS-Motorcycle. The 
model has up to 14 degrees of freedom, but here 11 degrees of freedom have been used. The 
procedure for developing the model and simulating it has been presented in some detail. The 
simulation and analysis procedures are discussed in detail. Results of steady state cornering 
analysis and linear eigen-value analysis have been presented. This study forms the basis of 
further ADAMS-based investigations of motorcycle dynamics, where new research questions 
can be addressed. 
 
Acknowledgements 
 
We thank the management of TVS Motor Co., Ltd., for permission to publish this work. AC 
thanks David Limebeer for useful technical insights. VMK thank HB Pacejka for insights into 
tire models. 
 
Statement of authors’ roles 
 
ADAMS model development here was either done or supervised by VMK. The contribution 
of AC was limited to seeking and incorporating clarifications, and overall technical editing. 
Responsibility for all errors is shared jointly. 
 
 
 
 
 



22

References 
 

1. “VI-Motorcycle Guides”, VI –Motorcycle release notes v2005r2, VI-grade GmbH. See 
http://www.vi-grade.com/index.php?pagid=motorcycle 

 
• Getting Started 

• Running Analyses 

• VI-Motorcycle Templates 

• VI-Motorcycle Components 

• VI-Motorcycle Adjustment Forces Tutorial. 

2. S. Evangelou and David J.N. Limebeer, “Lisp programming of the “Sharp 1971” 
motorcycle model”,  http://www.ee.ic.ac.uk/control/motorcycles, 2000. 

3. S. Evangelou and David J.N. Limebeer, “Lisp programming of the “Sharp 1994” 
motorcycle model”,  http://www.ee.ic.ac.uk/control/motorcycles 

4. R.S. Sharp, S.Evangelou and David J.N. Limebeer, “Multibody aspects of motorcycle 
modeling with special reference to Autosim”, in Advances in computational multibody 
systems, J. G. Ambrosio (Ed), Springer-Verlag, Dordrecht, The Netherlands. 2005. 

5. “ADAMS/Tire”, VI –Motorcycle release notes v2005r2, VI-grade GmbH. See 
http://www.vi-grade.com/index.php?pagid=motorcycle 

6. “VI-Road builder Guides”, VI –Motorcycle release notes v2005r2, VI-grade GmbH. 
See http://www.vi-grade.com/index.php?pagid=motorcycle 

7. David J.N. Limebeer, R.S. Sharp and S. Evangelou, “The stability of motorcycles under 
acceleration and braking”, Proc. I Mech. E part C:  Journal of Mechanical Engineering 
Science, Vol. 215, pp. 1095-1109, 2001. 

8. David J.N. Limebeer, R.S. Sharp and S. Evangelou, “Motorcycle steering oscillations 
due to road profiling”, Journal of Applied Mechanics, Transactions of the ASME, Vol.  
69, pp 724-739, 2002.  

9. David J.N. Limebeer and R.S. Sharp, “Bicycles, Motorcycles and Models”, IEEE 
Control Systems Magazine, pp 34-61, 2006. 

10. R.S. Sharp, “The stability and control of motorcycles”, Proc. I Mech. E part C: Journal 
of Mechanical Engineering Science, Vol. 13, No.5, pp. 316-329, 1971. 

11. R.S. Sharp, “Stability, control and steering responses of motorcycles”, Vehicle System 
Dynamics, Vol. 35, No.4-5, pp. 291-318, 2001. 

12. R.S. Sharp, S.Evangelou and David J.N. Limebeer, “Advances in the modeling of 
motorcycle dynamics”, Multibody System Dynamics, Vol.12: pp 251-283, 2004. 

13. R.S. Sharp, David J.N. Limebeer, “A motorcycle model for stability and control 
analysis”, Multibody System Dynamics, Vol. 6, pp.123-142, 2001. 

14. V. Cossalter, R. Lot and F. Maggio, “The modal analysis of a motorcycle in straight 
running and on a curve”, Meccanica, Kluwer Acadamic Publishers, Printed in The 
Netherlands, ISSN 0025-6455, Vol. 39, pp. 1-16, 2004. 

 



23

Appendix A 
 
The following is an example of an input file containing tire properties. 
 
[MDI_HEADER] 
FILE_TYPE                ='tir' 
FILE_VERSION             =3.0 
FILE_FORMAT              ='ASCII' 
! : TIRE_VERSION :      PAC Motorcycle 
! : COMMENT :           Tire                    180/55R17 
! : COMMENT :           Manufacturer 
! : COMMENT :           Nom. section with  (m)  0.180 
! : COMMENT :           Nom. aspect ratio  (-)  55 
! : COMMENT :           Infl. pressure    (Pa)  200000 
! : COMMENT :           Rim radius         (m)  0.216 
! : COMMENT :           Measurement ID 
! : COMMENT :           Test speed       (m/s)  16.7 
! : COMMENT :           Road surface 
! : COMMENT :           Road condition          Dry 
! : FILE_FORMAT :       ASCII 
! : Copyright MSC.Software, 2005 
! 
! USE_MODE specifies the type of calculation performed: 
!       0: Fz only, no Magic Formula evaluation 
!       1: Fx,My only 
!       2: Fy,Mx,Mz only 
!       3: Fx,Fy,Mx,My,Mz uncombined force/moment calculation 
!       4: Fx,Fy,Mx,My,Mz combined force/moment calculation 
!     +10: including relaxation behaviour 
!     *-1: mirroring of tyre characteristics 
! 
!    example: USE_MODE = -12 implies: 
!       -calculation of Fy,Mx,Mz only 
!       -including relaxation effects 
!       -mirrored tyre characteristics 
! 
$----------------------------------------------------------------units 
[UNITS] 
LENGTH                   ='meter' 
FORCE                    ='newton' 
ANGLE                    ='radians' 
MASS                     ='kg' 
TIME                     ='second' 
$----------------------------------------------------------------model 
[MODEL] 
$PROPERTY_FILE_FORMAT     ='PAC_MC' 
PROPERTY_FILE_FORMAT     ='USER' 
 FUNCTION_NAME = 'abgTire::TYR909' 
USE_MODE                 = 14                  $Tyre use switch (IUSED) 
VXLOW                    = 1 
LONGVL                   = 16.7                $Longitudinal speed during measurements 
TYRESIDE                 = 'SYMMETRIC'         $Mounted side of tyre at vehicle/test bench 
$-----------------------------------------------------------dimensions 
[DIMENSION] 
UNLOADED_RADIUS          = 0.305               $Free tyre radius 
WIDTH                    = 0.1                 $Nominal section width of the tyre 
RIM_RADIUS               = 0.275               $Nominal rim radius 
RIM_WIDTH                = 0.09                $Rim width 
$------------------------------------------------section_profile_table 
[SECTION_PROFILE_TABLE] 
{x  y } 
0.00000    0.0000000 
0.00300    0.0000468 
0.00600    0.0001877 
0.00900    0.0004235 
0.01200    0.0007561 
0.01500    0.0011877 
0.01800    0.0017216 
0.02100    0.0023613 
0.02400    0.0031114 
0.02700    0.0039770 
0.03000    0.0049639 
0.03300    0.0060785 
0.03600    0.0073282 
0.03900    0.0087207 
0.04200    0.0102646 
0.04500    0.0119694 
0.04800    0.0138449 
0.05100    0.0159018 
$------------------------------------------------------------parameter 
[VERTICAL] 
VERTICAL_STIFFNESS       = 1.2e+005             $Tyre vertical stiffness 
VERTICAL_DAMPING         = 50                   $Tyre vertical damping 
BREFF                    = 8.4                  $Low load stiffness eff. rolling radius 
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DREFF                    = 0.297                 $Peak value of eff. rolling radius 
FREFF                    = 0.07                 $High load stiffness eff. rolling radius 
FNOMIN                   = 1475                 $Nominal wheel load 
$------------------------------------------------------long_slip_range 
[LONG_SLIP_RANGE] 
KPUMIN                   = -1.5                 $Minimum valid wheel slip 
KPUMAX                   = 1.5                  $Maximum valid wheel slip 
$-----------------------------------------------------slip_angle_range 
[SLIP_ANGLE_RANGE] 
ALPMIN                   = -1.5708              $Minimum valid slip angle 
ALPMAX                   = 1.5708               $Maximum valid slip angle 
$-----------------------------------------------inclination_slip_range 
[INCLINATION_ANGLE_RANGE] 
CAMMIN                   = -1.0996              $Minimum valid camber angle 
CAMMAX                   = 1.0996               $Maximum valid camber angle 
$-------------------------------------------------vertical_force_range 
[VERTICAL_FORCE_RANGE] 
FZMIN                    = 73.75                $Minimum allowed wheel load 
FZMAX                    = 3319.5               $Maximum allowed wheel load 
$--------------------------------------------------------------scaling 
[SCALING_COEFFICIENTS] 
LFZO                     = 1                    $Scale factor of nominal load 
LCX                      = 1                    $Scale factor of Fx shape factor 
LMUX                     = 1                    $Scale factor of Fx peak friction coefficient 
LEX                      = 1                    $Scale factor of Fx curvature factor 
LKX                      = 1                    $Scale factor of Fx slip stiffness 
LVX                      = 1                    $Scale factor of Fx vertical shift 
LGAX                     = 1                    $Scale factor of camber for Fx 
LCY                      = 0.9                  $Scale factor of Fy shape factor 
LMUY                     = 0.9                  $Scale factor of Fy peak friction coefficient 
LEY                      = 0.8                  $Scale factor of Fy curvature factor 
LKY                      = 0.8                  $Scale factor of Fy cornering stiffness 
LCC                      = 1                    $Scale factor of camber shape factor 
LKC                      = 1                    $Scale factor of camber stiffness (K-factor) 
LEC                      = 1                    $Scale factor of camber curvature factor 
LHY                      = 0.8                  $Scale factor of Fy horizontal shift 
LGAY                     = 0.9                   $Scale factor of camber force stiffness 
LTR                      = 1                    $Scale factor of Peak of pneumatic trail 
LRES                     = 1                    $Scale factor of Peak of residual torque 
LGAZ                     = 1                    $Scale factor of camber torque stiffness 
LXAL                     = 1                    $Scale factor of alpha influence on Fx 
LYKA                     = 0.9                  $Scale factor of kappa influence on Fy 
LVYKA                    = 0.9                  $Scale factor of kappa induced Fy 
LS                       = 1                    $Scale factor of Moment arm of Fx 
LSGKP                    = 1                    $Scale factor of Relaxation length of Fx 
LSGAL                    = 0.9                  $Scale factor of Relaxation length of Fy 
LGYR                     = 1                    $Scale factor of gyroscopic torque 
LMX                      = 1                    $Scale factor of overturning couple 
LVMX                     = 0.9                   $Scale factor of Mx vertical shift 
LMY                      = 1                    $Scale factor of rolling resistance torque 
 
 
 
$---------------------------------------------------------longitudinal 
[LONGITUDINAL_COEFFICIENTS] 
PCX1                     = 1.7655               $Shape factor Cfx for longitudinal force 
PDX1                     = 1.2839               $Longitudinal friction Mux at Fznom 
PDX2                     = -0.0078226           $Variation of friction Mux with load 
PDX3                     = 0                    $Variation of friction Mux with camber 
PEX1                     = 0.4743               $Longitudinal curvature Efx at Fznom 
PEX2                     = 9.3873e-005          $Variation of curvature Efx with load 
PEX3                     = 0.066154             $Variation of curvature Efx with load squared 
PEX4                     = 0.00011999           $Factor in curvature Efx while driving 
PKX1                     = 25.383               $Longitudinal slip stiffness Kfx/Fz at Fznom 
PKX2                     = 1.0978               $Variation of slip stiffness Kfx/Fz with load 
PKX3                     = 0.19775              $Exponent in slip stiffness Kfx/Fz with load 
PVX1                     = 2.1675e-005          $Vertical shift Svx/Fz at Fznom 
PVX2                     = 4.7461e-005          $Variation of shift Svx/Fz with load 
RBX1                     = 12.084               $Slope factor for combined slip Fx reduction 
RBX2                     = -8.3959              $Variation of slope Fx reduction with kappa 
RBX3                     = 2.1971e-009          $Influence of camber on stiffness for Fx 
combined 
RCX1                     = 1.0648               $Shape factor for combined slip Fx reduction 
REX1                     = 0.0028793            $Curvature factor of combined Fx 
REX2                     = -0.00037777          $Curvature factor of combined Fx with load 
RHX1                     = 0                    $Shift factor for combined slip Fx reduction 
PTX1                     = 0.6                  $Relaxation length SigKap0/Fz at Fznom 
PTX2                     = 0.42                 $Variation of SigKap0/Fz with load 
PTX3                     = 0.21                 $Variation of SigKap0/Fz with exponent of load 
$----------------------------------------------------------overturning 
[OVERTURNING_COEFFICIENTS] 
QSX1                     = 0                    $Lateral force induced overturning moment 
QSX2                     = 0.16056              $Camber induced overturning moment 
QSX3                     = 0.095298             $Fy induced overturning moment 
$--------------------------------------------------------------lateral 
[LATERAL_COEFFICIENTS] 
PCY1                     = 2                    $Shape factor Cfy for lateral forces 88 
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PCY2                     = 0.66464              $Shape factor Cfc for camber forces 
PDY1                     = 0.9                  $Lateral friction Muy 88 
PDY2                     = -0.064718            $Exponent lateral friction Muy99 0 
PDY3                     = 0.21428              $Variation of friction Muy with squared camber 
PEY1                     = -0.60276             $Lateral curvature Efy at Fznom 99 -0.8 
PEY2                     = 0.89416              $Variation of curvature Efy with camber 
squared 
PEY3                     = 0                    $Asymmetric curvature Efy at Fznom 
PEY4                     = 0                    $Asymmetric curvature Efy with camber 
PEY5                     = -2.8159              $Camber curvature Efc 
PKY1                     = -10.747              $Maximum value of stiffness Kfy/Fznom 88 
PKY2                     = 1.5                  $Curvature of stiffness Kfy 88 
PKY3                     = 1                    $Peak stiffness factor 88 
PKY4                     = -1.2481              $Peak stiffness variation with camber squared 
PKY5                     = 0.3743               $Lateral stiffness depedency with camber 
squared 
PKY6                     = -0.91343             $Camber stiffness factor Kfc 
PKY7                     = 0.2907               $Vertical load dependency of camber stiffn. 
Kfc 
PHY1                     = 0                    $Horizontal shift Shy at Fznom 
RBY1                     = 8.694                $Slope factor for combined Fy reduction 88 
RBY2                     = 8.9413               $Variation of slope Fy reduction with alpha 88 
RBY3                     = 0                    $Shift term for alpha in slope Fy reduction 
RBY4                     = -1.8256e-010         $Influence of camber on stiffness of Fy 
combined 
RCY1                     = .90521               $Shape factor for combined Fy reduction 99 
1.0521 
REY1                     = -0.0027402           $Curvature factor of combined Fy 
REY2                     = -0.0094269           $Curvature factor of combined Fy with load 
RHY1                     = -7.864e-005          $Shift factor for combined Fy reduction 
RHY2                     = -6.9003e-006         $Shift factor for combined Fy reduction with 
load 
RVY1                     = 0                    $Kappa induced side force Svyk/Muy*Fz at Fznom 
RVY2                     = 0                    $Variation of Svyk/Muy*Fz with load 
RVY3                     = -0.00033208          $Variation of Svyk/Muy*Fz with camber 
RVY4                     = -4.7907e+015         $Variation of Svyk/Muy*Fz with alpha 
RVY5                     = 1.9                  $Variation of Svyk/Muy*Fz with kappa 
RVY6                     = -30.082              $Variation of Svyk/Muy*Fz with atan(kappa) 
PTY1                     = 0.60                 $Peak value of relaxation length Sig_alpha 
PTY2                     = 1                    $Shape factor for Sig_alpha 
PTY3                     = 0.3                  $Value of Fz/Fznom where Sig_alpha is maximum 
$---------------------------------------------------rolling resistance 
[ROLLING_COEFFICIENTS] 
QSY1                     = 0.01                 $Rolling resistance torque coefficient 
QSY2                     = 0                    $Rolling resistance torque depending on Fx 
QSY3                     = 0                    $Rolling resistance torque depending on speed 
QSY4                     = 0                    $Rolling resistance torque depending on 
speed^4 
$-------------------------------------------------------------aligning 
[ALIGNING_COEFFICIENTS] 
QBZ1                     = 9.246                $Trail slope factor for trail Bpt at Fznom 
QBZ2                     = -1.4442              $Variation of slope Bpt with load 
QBZ3                     = -1.8323              $Variation of slope Bpt with load squared 
QBZ4                     = 0                    $Variation of slope Bpt with camber 
QBZ5                     = 0.15703              $Variation of slope Bpt with absolute camber 
QBZ9                     = 8.3146               $Slope factor Br of residual torque Mzr 
QCZ1                     = 1.2813               $Shape factor Cpt for pneumatic trail 
QDZ1                     = 0.063288             $Peak trail Dpt = Dpt*(Fz/Fznom*R0) 
QDZ2                     = -0.015642            $Variation of peak Dpt with load 
QDZ3                     = -0.060347            $Variation of peak Dpt with camber 
QDZ4                     = -0.45022             $Variation of peak Dpt with camber squared 
QDZ6                     = 0                    $Peak residual torque Dmr = Dmr/(Fz*R0) 
QDZ7                     = 0                    $Variation of peak factor Dmr with load 
QDZ8                     = -0.08525             $Variation of peak factor Dmr with camber 
QDZ9                     = -0.081035            $Variation of peak factor Dmr with camber and 
load 
QDZ10                    = 0.030766             $Variation of peak factor Dmr with camber 
squared 
QDZ11                    = 0.074309             $Variation of Dmr with camber squared and load 
QEZ1                     = -3.261               $Trail curvature Ept at Fznom 
QEZ2                     = 0.63036              $Variation of curvature Ept with load 
QEZ3                     = 0                    $Variation of curvature Ept with load squared 
QEZ4                     = 0                    $Variation of curvature Ept with sign of 
Alpha-t 
QEZ5                     = 0                    $Variation of Ept with camber and sign Alpha-t 
QHZ1                     = 0                    $Trail horizontal shift Sht at Fznom 
QHZ2                     = 0                    $Variation of shift Sht with load 
QHZ3                     = 0                    $Variation of shift Sht with camber 
QHZ4                     = 0                    $Variation of shift Sht with camber and load 
SSZ1                     = 0                    $Nominal value of s/R0: effect of Fx on Mz 
SSZ2                     = 0.0033657            $Variation of distance s/R0 with Fy/Fznom 
SSZ3                     = 0.16833              $Variation of distance s/R0 with camber 
SSZ4                     = 0.017856             $Variation of distance s/R0 with load and 
camber 
QTZ1                     = 0                    $Gyroscopic torque constant 
MBELT                    = 0                    $Belt mass of the wheel -kg- 
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Appendix B 
 
The following is a GUI window for adjusting controller parameters. 
 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


