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Abstract In the present work a novel rear suspension for
motorcycles, able to achieve the required progressiveness
in terms of rigidity by using a constant-stiffness spring
and an innovative compact mechanism, is studied. The key
component is an eccentric system inserted in the shock
absorber head. As reference, the rear suspension of the Ducati
Multistrada MY 2010, characterized by the use of a variable-
stiffness spring, is analyzed. The aim of the paper is to prove
that the novel proposed solution can obtain a response, in
terms of wheel load, similar to that of the reference system.
At first, a mathematical model to simulate the kinematics
of the novel suspension is presented. This model is able to
evaluate the influence of geometric dimensions of the com-
ponents, checking successfully the ability to reproduce the
behavior of the original suspension. After the preliminary
design, the kinetostatic model is included within an opti-
mization algorithm ad-hoc created to obtain the optimum
dimensions of each component. In order to obtain the inertial
parameters, two 3D models of both the suspensions are cre-
ated. Finally, two multibody models of the two suspensions
are implemented in Adams environment in order to evaluate
their dynamic behaviour. Results confirm the goodness of
the novel solution being comparable to the reference one in
terms of dynamic response during the simulation of a typical
experimental test performed in Ducati.
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1 Introduction

An important issue in vehicle suspensions design is to maxi-
mize comfort by reducing vertical acceleration of passenger
seats. To achieve this goal rear motorcycle suspensions
should have a progressive overall stiffness. A progressive
behavior can be obtained by connecting a non-constant stiff-
ness spring directly to the swing-arm or using a mechanism
with a constant stiffness spring. In motorcycles, such mech-
anisms are usually planar, i.e. four-bar linkages, and placed
between the rear wheel swing-arm and the rear spring-
damper to achieve a non-constant wheel rate [1]. There are
various types of motorcycles rear suspensions for [2—4] that
have different solutions to obtain the required progressive-
ness of response in terms of rigidity. Such solutions can be
divided into two groups: those who obtain such progressivity
using variable-stiffness springs [5] with the shortening of the
shock absorber proportional to the movement of the wheel
relative to the frame [6] and those based on fixed-stiffness
springs that resort to mechanisms which allow to change the
law of shortening [7]. Generally, these mechanisms include
relatively bulky and heavy components while the variable-
stiffness springs are significantly more complex than their
counterpart with constant stiffness is.

Performance evaluation of a suspension is extremely sub-
jective. Passenger’s judge is based on personal feelings.
However, there are some objective criteria to quantify per-
formance of a suspension for vehicles and one of these is
the vertical acceleration. In several studies [8,9], it has been
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shown that acceleration is the main parameter directly con-
nected to driver’s feeling of comfort.

In the last decade, several studies have been carried out in
order to obtain ever more accurate mathematical models of
two wheels vehicles. In this context, relevant papers pertain to
multibody modelling [10-16]. More recently, the multibody
codes applied to motorcycles dynamics have been employed
to optimise existing systems [17,18] or virtually test new
projects [19,20], saving time and money.

In a previous work, using an integrated approach [21],
the authors presented a novel rear suspension for motorcy-
cles, able to achieve the required progressiveness in terms of
rigidity by using a constant-stiffness spring and a compact
mechanism [22]. Here, by means of multibody analysis, that
solution is further investigated.

This work focuses on “Interactive Re-design” [23,24] of
a novel motorcycle rear suspension. Contrary to “Interac-
tive design” [25-28], in the re-design the designer, starting
from an existing object, carries out a novel product opti-
mizing the physical and functional properties by means of
interactive/integrated simulations and analyses. The design
and analysis activities are today carried out through different
tools and by different users. Consequently, time necessary
for product design/analysis phases are long, and may be def-
initely reduced by means of optimization and integration of
tools and methodologies. In particular, the new suspension is
developed using integrated tools: Reverse Engineering (RE),
Computer Aided Design (CAD) and Computer Aided Engi-
neering (CAE). This virtual prototype approach helps reduce
development times and typical motorcycle industry run tests
(assembly, structural, fatigue, etc.) before the product is built.

The paper is organized as follows. In section Methods, the
description of the proposed solution and its mathematical
model are presented. After the preliminary design, the kine-
tostatic model is included within an optimization algorithm
ad-hoc created to obtain the optimum dimensions of each
component. In order to obtain the inertial parameters, two
3D models of both the suspensions are created. Finally, two
multibody models of the two suspensions are implemented
in Adams environment in order to evaluate their dynamic
behaviour. In section Results, the novel solution is compared
to the reference one in terms of dynamic response during the
simulation of Leyni’s test bench used in Ducati.

2 Methods

The basic idea of the present work is to obtain a novel
and compact rear suspension with a single-stiffness spring.
Besides, the proposed suspension, thanks to an eccen-
tric mechanism, must be able to reproduce the Wheel
Load (WL)/Wheel Travel (WT) curve of a suspension
with variable-stiffness spring. The performance of the WL
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Fig. 1 Layout of the novel suspension system

depends essentially on the stiffness of the spring and on
the Lever Ratio (LR) of the suspension. The latter is the
ratio between the increments of the Wheel Ordinate (WO)
and of the shock absorber length. Usually, suspensions are
required to respond with increasing stiffness to increasing
WO. In many suspensions, like the one referred here as the
reference suspension, such an effect is obtained thanks to a
spring, which varies its rigidity in correspondence of a cer-
tain value of WO; this implies that two lines with different
slopes represent the trend of the WL in terms of WT. The
novel suspension is required to have similar progressivity but
using a single-stiffness instead of a double-stiffness spring.
A constant-stiffness spring requires that the progressivity of
the load must be given by the geometry and, in particular,
by a very marked decrease of LR for growing values of WT.
In this way, a non-linear trend of WL, being able to approx-
imate the double linear behavior of the original suspension,
can be obtained. Mechanical systems generally adopted for
this purpose have the drawback of providing bulky and heavy
components. Here, an eccentric link pivoted to the frame and
inserted into the shock’s head is proposed. In this way, it is
possible to obtain the wanted variation of LR with reduced
overall dimension. The system layout is shown in Fig. 1,
where the eccentric link is schematically indicated and exter-
nal constraints are relative to the frame. As can be seen in the
figure, the pivot constrained to the frame is achieved through
the eccentric component linked to the damper’s head, in turn
attached to the head of the connecting rod. The latter is con-
nected to the damper’s base. Thanks to this mechanism, WL
corresponds to the shortening of the damper length with a
variable LR. In particular, LR is mainly determined by the
ratio between the distances of the pivot point to the damper
and to the connecting rod heads.

The methodology used in the paper is summarized in
Fig. 2. The idea behind the methodology can be extended
to other design problems as it is based on a standard proce-
dure with the following steps: start from a reference system,;
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Fig. 2 Schematic methodology

consider some modifications of its components; study the
new system and its characteristics in terms of kinematics,
dynamics, structural verifications and so on; choose the opti-
mization variables and what is to be optimized; re-model
the new system; test and validate the novel system; if nec-
essary, introduce modifications to the system and repeat the
optimization until the requirements are fulfilled.

As it can be observed, the reference suspension is sub-
stituted by a novel one with single-stiffness spring and
eccentric mechanism. The kinetostatics analysis, using Mat-
lab software, allows to obtain the WL/WT curve and then, by
comparison with the reference curve, the error is minimized
through a constrained optimization procedure. Then, the opti-
mized geometry is used to design a 3D model. Finally, by
means of the geometries and the inertial parameters obtained
by the 3D models of the novel and reference suspensions,
two Adams models are created. These models are compared
when the motorcycle must pass obstacles placed on the road
in order to evaluate their dynamic behaviour.

2.1 Kinetostatics

To assess the solution feasibility and to analyse the influ-
ence of geometrical parameters on the suspension behavior,
a mathematical model has been developed. The latter sim-
ulates the inverse positioning problem giving the location
of all points of the mechanism, plotted in Fig. 3, for an
assigned wheel position. In Fig. 3, the angles characterizing
the eccentric component and the fixed lengths, that geomet-
rically describe the novel suspension, are marked with green

Novel
suspension

Inverse positioning
problem

points; the variables that identify the positioning in space
of the mechanism are blue-coloured. Reference system, cen-
tered at swing arm-frame hinge, is shown in red colour. The
fundamental reference parameter, which is taken as input
data for the inverse positioning problem, is WO. The spring
with variable length HG is in series with a prismatic joint
between elements HG and CH. Points C, H and G must nec-
essarily remain aligned during the motion, as all belonging
to the damper. The circles represent the revolute pairs while
the prismatic one is represented through a rectangle. The link
EFG is the eccentric link hinged to the frame at point F and
connected to the damper head at point G. Finally, point E is
linked to the connecting rod. The system is characterized by
having only one degree of freedom (dof), as obtained from
the application of the Griibler’s formula for planar mecha-
nisms. Consequently, by setting the WO value, it is possible to
know the location of all system points. The non-linear system
solution, representing the relationships between the geomet-
ric variables, has been obtained using the Matlab software.
By defining the range of variation of WO, the code solves
the mechanism for all the desired configurations, as shown
in Fig. 4.

Then, static forces, which the suspension components are
subjected to during operation, have been computed. The
calculation has been made by considering different con-
figurations assumed by the mechanism and imposing the
following parameters: spring stiffness (K), spring preload
and the force produced by gas inside the damper.

Then, considering the spring at rest when the damper is
completely extended, let [; be the damper elongation, w.r.t.
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Fig. 4 Inverse positioning problem solutions varying WO

the rest condition length /y. By means of the principle of
virtual work, it is possible to equal the work done by external
forces (in this case only the vertical force Fp applied to the
wheel) to that performed by internal forces, i.e. the elastic
force F,;, obtaining:

la — 1o

Fp=Fy——m—
B elWOd—WO()

ey
For each configuration, the values of Fp and F,; are the input
data from which to obtain the entire system of forces. Then,
considering static conditions, the value of WL, coming from
the subsequent application of a load F), representing pas-
sengers and luggage, must be defined.

Referring to Fig. 5, considering the motorcycle in static
equilibrium under the F, application, the balance of moments,
w.r.t. the theoretical point of contact between the front wheel
and the ground, is obtained through the expression:
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Fig. 5 Static equilibrium under a load F),, acting at the saddle position

FP’X.(i_a)_FFPXp

WLcs = (2)

i i

where:

i = motorcycle wheelbase

a = distance, measured along the x-axis, between F),
application point and the rear wheel-ground plane contact
point

p =distance, measured along the x-axis, between the cen-
tre of gravity G and the rear wheel-ground plane contact
point

F, = motorcycle weight force

Fp, =load applied at the seat position

2.2 Optimization

In this section, a constrained optimization algorithm, to bet-
ter approximate the behavior of the reference suspension,
has been implemented. Some restrictions are considered in
what follows: parts flexibility is not included being the links
modeled as rigid bodies; the optimization is based only on
the kinetostatic analysis without considering, at this stage,
dynamic effects.

The target defined for the optimization algorithm is the
minimization of the distance, calculated along the ordinate
axis, between the graphs WL/WT of the novel and reference
suspensions, in correspondence of the value of WT in which
the original suspension changes its stiffness. As constraints
for the novel mechanism curve, the passage for the end-points
has been imposed.

Optimum parameters of the novel suspension able to
approximate the behaviour of the original suspension have
been identified and reported in Table 1.

Figure 6 respectively reports the comparison between the
curves representing the WL of the novel and original sus-
pensions. As it can be observed, results of the proposed
suspension are in very good agreement with the original sus-
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Table 1 Optimal parameters of Parameters  Units Value
the novel suspension
CH [mm] 57.0
DH [mm] 36.2
DE [mm] 258.4
EF [mm] 422
FG [mm] 8.8
® [deg] 85.1
K [N/mm] 90.4
Pre-load [mm] 24.0
Gas force [N] 84.5

pension results (maximum error about 3.8%). It should be
also noted that, while the original suspension is character-
ized by a curve with a discontinuity in correspondence of the
change of spring stiffness, the novel suspension continuously
varies its rigidity.

The optimal parameters are used to design the 3D model
and to build the Adams model, as it will be described in the
following sections.

2.3 3D modeling

Once the novel suspension has been verified from the point
of view of kinetostatics, a 3D CAD model has been cre-
ated using the commercial software Autodesk Inventor. In
analysing the suspension from the structural point of view,
only maximum static loads have been considered. The mate-
rial chosen for the components is Avional 14, an aluminum
alloy having Young modulus E=72,500 MPa and yield ten-
sion oy, = 345MPa. This choice was made because this
material is commonly used in Ducati component manufac-
turing. Finally, tensions for each component due to maximum
loads have been calculated. All tests carried out have shown

80 100 120 140 160
Wheel travel [mm]

180

that the components are subjected to tensions significantly
under yield tension with safety factors greater than 3. The
final suspension 3D model bounded to the swing arm is
shown in Fig. 7.

2.4 Multibody analysis

In order to assess the dynamic behaviour of the suspension
subjected to time-varying stresses coming from road hazards,
in a previous work [24], the authors implemented, in Simulink
environment, two lumped models for the proposed and refer-
ence suspensions. In particular, they adopted a Half-Vehicle
model that describes the vertical dynamics of half vehicle,
focusing the analysis on the rear wheel and on its suspension
system.

In this work, in order to compare the dynamic behaviours
with more precision, two Adams multibody models, the first
of the original suspension (Fig. 8a) and the second of the
novel suspension (Fig. 8b), have been developed.

The moments of inertia, masses and geometrical distances
of all parts to include in the multibody simulations have been
taken from the 3D CAD models.

Considering the main role of the tires in the dynamic
behaviour of a motorcycle taking on bumps, their modelling
has been done very accurately. The forces generated between
the road and the tires determine mainly the movements of the
motorcycle. In this work, for the interaction between the road
and the tire, the Adams PAC2002 tire model has been used; it
is based on the MAGIC-FORMULA [29] with belt dynamics
characterization and it is recommended for the simulation
of obstacles overcome manoeuvres along straight lines (low
camber). In fact, it has been observed that this kind of mod-
elling realistically reproduces the dynamic behaviour of the
motorcycle when the wavelength of the street obstacles is
bigger than the tire radius. It is noteworthy that the model
has been optimized to study the vertical dynamics. The lat-
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Fig. 7 Final render model of
the novel suspension

Fig. 8 Multibody model of the
original suspension (a) and the
novel suspension (b)
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Fig. 9 Damping curve implemented in Adams

eral dynamics has not been considered in this work and could
be of interest for future developments.

The reference suspension stiffness has been implemented
by means of a spline while being constant in the novel sus-
pension. Considering the damping, the characteristic curve
of the original suspension, shown in the Fig. 9, has been
implemented in both simulations.

The starting configuration is with the suspension com-
pletely extended in both cases. Then, a relative movement
in the vertical direction between the road and the frame is
imposed, in order to compress the suspension considering the
desired preload, depending on the weight of the passenger/s

@ Springer

and luggage. Finally, horizontal movement, with a constant
velocity of 45 km/h, is applied to the moving frame in order to
make the tire take on several trapezoidal bumps of the same
height (30 mm).

3 Results

In the following, the results coming from the comparison of
the two Adams models are reported. The simulations are car-
ried out with both suspension systems performing the Leyni’s
test bench. In Fig. 10 the vertical displacements of the rear
wheel centers are displayed. The ordinate value is the height
of the wheel axes from the ground, besides the bump and
road references are also drawn using dotted horizontal lines.
The road reference ordinate is the undeformed wheel radius
while the bump reference is obtained by adding the height
of the obstacles (30mm) to the road reference. These two
references allow to highlight suspensions and tires deforma-
tions.

As it can be observed, a road profile with four bumps is
modeled. When the systems go down the straight the rear
wheel centers maintain below the road reference height due
to the wheels deformation under the resulting static vertical
weight of 2700 N coming from half-vehicle, driver, passenger
and luggage weights.

Approaching the obstacles, an ideal system should retrace
the bump profile but instead, dynamic effects and flexibility
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push the wheel higher and lower than the bump reference
profile. In particular, the higher spikes are consequence of
the impacts while the negative spikes are due to suspensions
and tires flexibility during rebound. On impact with a bump,
both the systems keep in contact with the road and do not
surpass the bump reference. Even in this case, the distances
between the maximum points and the bump reference are the
tires deformation outcome.

It may be recognized as the novel proposed system shows
reduced peaks when compared to the reference suspension
(about 13% lower). This behaviuor is mainly due to the pro-
gressivity and smoothness generated in the WL/WT curve.

This tendency is further enhanced in Fig. 11 reporting
the wheel center vertical accelerations of the two systems.
The proposed suspension shows a reduction of 7% than the
reference one. This aspect is positive as lower accelerations

3.5 4 4.5 5 5.5 6

[s]

may increase components life as well as greater comfort for
the rider and passenger.

4 Conclusions

A novel rear suspension for motorcycles has been presented.
A compact eccentric mechanism allows reproducing the
same characteristics of the variable stiffness spring Ducati
Multistrada MY 2010 suspension, taken as reference. The
novel mechanism has been optimized to yield the same
response in terms of wheel load/wheel travel. Furthermore,
the progressiveness of such curve can be changed varying
the geometric parameters of the mechanism revealing great
flexibility in the design process. The optimization has been
followed by a design stage aimed to develop a compact design
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demonstrating that the increased complexity does not imply
a severe change in the mass budget. Then, the reference sus-
pension and the novel one have been modeled using Adams
and compared during the Leyni’s test bench. The results
have revealed that the vertical displacements and acceler-
ations of the two models are comparable and that the novel
suspension offers improved dynamic performances than the
reference suspension in terms of comfort. Moreover, the pres-
ence of a constant stiffness spring, the continuity in the wheel
load/wheel travel curve and the compactness of the linkage
mechanism, make this system promising for future develop-
ments and manufacturing. Future studies will regard investi-
gations about the handling behavior of the novel suspension.
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