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Experimental analysis of out-of-plane
structural vibrations of two-wheeled vehicles
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Abstract. An analysis of the handling and stability of two-wheeled vehicles depends on structural flexibility. This paper deals

ith laboratory experimentation carried out to identify the vehicle’s structural modes of vibration. The tests were carried out in
stationary conditions considering several combinations of constraints.
Although the testing conditions did not correspond completely to actual road conditions, information about the influence of
structural modes on weave and wobble modes was obtained. An analysis of the Frequency Response Functions obtained from
several kinds of tests made it possible to establish the best testing conditions to obtain the desired information.
Experimental results regarding a super-sport motorcycle and a maxi-scooter are presented and discussed in this paper.

1. Introduction is an oscillating mode (2—3 Hz) of the running vehicle
. ) that involves the whole vehicle and shows the largest
A_t pre;ent thg dynqmlc behaviour of .two—wheeled displacements in the rear assembly,
vehicles is studied using powerful multi-body codes .
(e.g. [1,9]), which usually assume rigid behaviour ofthe 1 n€ most recen.t multi-body models .de.velop.)ed by
front and rear frames, and take into account tire-road Sharp [14,15] take into account frame twisting stiffness
interaction by means of specific models (e.g. Paceika's as well, and their numerical simulations highlight some

Magic Formula [10]). Stability analysis is carried out  gffects of this parameter on wobble instability. In [6]

I|_near|zmg the gquanons_ and studying small perturba— the response of the steering angle to road disturbances
tions from straight running or steady cornering mo-

tion [2,4]. during cornering was studied and the transfer functions

Few researchers have analysed the effect of structural were evaluated numerically in the low frequency range
flexibility on the dynamic behaviour of two-wheeled (< 16 Hz).
vehicles [5,11,14,16]. In 1980 Sharp and Alstead de- | yecent years some significant changes have ap-
veloped multi-body models taking into account in a din the field of heeled vehicles: "
simple way the lateral flexibility and torsional com- ~P€aredin e lield ottwo-wheeled venicies. new struc-
pliance of the front fork, and the twisting flexibility ~ tural materials, new frame design concepts, new ve-
around an axis perpendicularto the steering head. They hicles (e.g. maxi-scooters with large displacement en-
showed that Ial’ge lateral flexibilities of the front fork gineS). Hence, the prob|em of the influence of struc-

have a significant mflue_nc_e on th_e _s_tab|||ty of wobbl_e tural vibrations of the frame on the features of stability
and weave, whereas twisting flexibility around an axis ) ]
and handling continues to be relevant.

perpendicular to the steering head has a large influence _ _ _ _
on wobble stability. Wobble is an oscillating mode (8-  Theaim ofthis study was to tackle this subject exper-
10 Hz) of the running vehicle dominated by the rotation  imentally, by developing proper modal analysis tech-

of the front assembly around the steering axis. Weave niques in order to identify, with laboratory tests, the

structural modes of vibration that may interfere with
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2. Testing for the modal analysis of two-wheeled
vehicles

A Single-Input Multi-Output (SIMO) technique was
used, since the main purpose is identification of out-of-
plane structural modes. The excitation was applied to
a point of the vehicle and accelerations were measured
in several significant points. These points constituted
the mesh of the experimental model and their location
on the vehicle was evenly distributed. Since the infor-
mation about handling was of great importance, one
measurement point was located on the handlebars.

In a previous work [2] impulsive excitation was used
in order to identify the lower modes of vibration of two
super-sport motorcycles and quite good results were
achieved. In order to overcome the limitations of im-
pulsive excitation (e.g. low coherence), in this study
the excitation was carried out using an electro-dynamic
shaker.

2.1. Experimental apparatus

Figure 1 shows the experimental equipment. The
two-wheeled vehicle was suspended from a support by
very soft springs, which guaranteed the vehicle equi-
librium and insulated it from support vibrations.

The front (or rear) tire of the vehicle was supported
by a vibrating table, whose motion was imposed by the
shaker. The table was covered with high friction ma-
terial to simulate road grip. A load cell was mounted
between the shaker head and the vibrating table. In
these conditions, the excitation took place in the lateral
direction, called the y-direction according to the stan-
dard [SAE J670] for the reference frames of motorcy-
cles (longitudinal and vertical directions are called
andz-directions respectively).

The motion of the vibrating table was set as an
up/down sine sweep with linear rate. Acceleration am-
plitude was set to a constant value (e.g. 1 or 2%n/s
and frequency ranged from 10 to 50 Hz.

Since the shaker generated higher harmonics when
it worked in the lower frequency range, the total fre-
guency range was split into a low (below 15-18 Hz)
and a high frequency range (up to 50 Hz).

The tests were conducted without a rider and the
front assembly was free to rotate about the steer axis.

In the framework of this research two vehicles were
tested: a super-sport motorcycle (vehicle A) equipped
with a tubular steel frame and a single-sided swinging
arm and a maxi-scooter (vehicle B) equipped with a

Fig. 1. Testing equipment.

2.2. Constraint conditions

The modal characteristics of a two-wheeled vehicle
should be identified by testing the vehicle when it is
running on the road. Since these tests are very difficult
to carry out, experimental modal analysis has to be car-
ried out in laboratory setting the constraint conditions
to be as similar as possible to those experienced when
the motorcycle is running on the road.

When a wheel rolls and slips laterally, tire interac-
tion with the road in the laterdly) direction can be
approximated with a model that includes an equivalent
damper in series with tire lateral stiffnefsg[4,7]. The
damping coefficient of this dampée) is roughly in-
versely proportional to forward speéd and propor-
tional to cornering stiffnes&’ (the slope of the curve
of the lateral force versus side-slip angle when side-slip
is zero). Therefore, the mechanical impedafi€g) of
the two-wheeled vehicle at the interface with the road
is given by equation:

kyc
ciw + ky

y = 1)
wherew is the angular frequency and = K, /V.
Equation (1) shows thé, tends to zero for very high
speeds anfl, /iw for very low speeds.

Inthe vertical direction there is no slip and the contact
between the tire and the road can be modelled by means
of a spring simulating the radial stiffness of the tirg
the mechanical impedancelis/iw.

During laboratory tests on the stationary vehicle, if
a wheel is in contact with a stationary surface the me-
chanicalimpedanceis, /iw in the lateral direction and

500ccengine.  E /iwinthe vertical direction. If a wheelis in contact
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with a vibrating table, the mechanical impedance in the
lateral direction is agaih,, /iw, but it is defined as the
ratio between the lateral force and the relative velocity
between the wheel hub and the table.

Since neither the tests in the free conditiods =
0), nor the tests in the contact conditiotis (= k, /iw)
correctly simulate actual road-tire interaction, some
differences between the low frequency modes identi-
fied in the laboratory and the actual modes on the road
can be expected.

2.3. Modes dominated by tire compliance

During laboratory tests with both wheels in con-
tact with high friction surfaces, low frequency modes
dominated by tire compliance may be excited. In
these modes, which are called “Tire Dominated Mod-

es” (TDMs), the front and rear assemblies behave es-

sentially as rigid bodies.

The TDMs can be studied according to the motorcy-
cle model in Fig. 2. This model is derived from the one
presented in [4] for the simplified analysis of weave
and wobble. It takes into account only out-of-plane

displacements and has three degrees of freedom: the Acronym

lateral displacement of the steering ais), the rota-
tion of the front assemblyd ;) and the rotation of the
rear assemblyd,.). The contact patches of the tires

are assumed to adhere to the road and the lateral stiff-
ness of the tires is simulated by means of springs. The RF-FE

equation of free undamped vibrations is:

Mf + Mf —M,-Zl bef W
—M,ly M2 +1, 0 0,
bef 0 be?‘+]f éf )

kjf + k. —lk, —ankf w 0 ( )
+| =k PPk, 0 0. =<0
—anky 0 aikf 0 0

WhereM,. andM; are rear and front massds,and

I+ rear and front moments of inertia about the steering
axis andk, andk; rear and front tire lateral stiffness.
On the one hand, the modal shapes of TDMs are sim-
ilar to weave and wobble ones (which are essentially
rotations of the rear and front frame around the steer-
ing axis). On the other hand, TDM frequencies, which
depend only on the inertial properties of the vehicle
and the stiffness of the tire carcass, range from 10 to
20 Hz and are rather different from weave and wobble
ones, which depend on the gyroscopic effect and the

center of gravity

center of gravity of front frame
ame

road surface-horizontal plane

g_w “rgcos

P

Fig. 2. Model for the evaluation of tire dominated modes.
3. Experimental results—the effect of contact

Some tests were carried out on vehicle A (super-
sport) in order to highlight the effect of the wheels’ con-
tact on the measured Frequency Response Functions
(FRFs) and to find the best testing conditions. Four
different conditions were considered:

Rear wheel Front wheel
RE-FF Excited by the vi- Free condition
brating table
RE-FC Excited by the vi- Contact with a sta-

brating table
Free condition

tionary plane

Excited by the vi-
brating table
contact with a sta- Excited by the vi-
tionary plane brating table

Owing to the presence of the elastic suspension the
total tire load was about 80% of the vehicle’s weight.

A typical example of experimental results obtained
with rear excitation in the lateral directidy) is pre-
sented in Fig. 3, which shows the FRF (inertance) in
the lateral directior(y) of a point on the handlebars
(point P, see Fig. 6). With the front wheel in the free
condition, the largest amplitudes are in the range 33—
45 Hz moreover, there is a peak at about 25 Hz. The
introduction of the contact between the front tire and a
stationary surface does not modify the response above
33 Hz, whereas it causes significant changes below
33 Hz. Hence, on the one hand, the high frequency
modes greatly depend on structural flexibility and are
slightly influenced by tire contact; on the other hand,
the mode at 25 Hz is influenced by tire contact.

Figure 4 refers to results obtained in the same testing

RC-FE

slip properties of tiresaswell. ~ conditions, but the inertance is measured in the longi-
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Frequency [Hz] Fig. 6. Vehicle A, TDM, frequency 15.6 Hz, hysteretic damping
9.5%.
Fig. 4. Inertance of measurement point P on the handlebars, longitu-
dinal direction(z). the frequency of the first peak, due to the increased
_ o - stiffness.
tudinal direction(z). The response in this direction is Some preliminary identification tests were carried

sensitive to the handlebars’ rotation around the steering out. On the one hand, the FRFs measured with front

axis and, hence to TDMs. The frequency response be- excitation made it possible to clearly identify the 25 Hz
low 18 Hz is also considered. The inertance levels are mode, which has an anti-node near the excitation point_
lower than in the previous case because the directions of However, the large excitation of this mode masked the
measuremeritr) and excitatior(y) are perpendicular.  other modes and made it difficult to identify them.

On the other hand, the FRFs measured with rear ex-
With the front contact there are significant peaks in  citation made a satisfactory identification of the 25 Hz
the range 10-20 Hz that may be related to TDMs. mode and the best identification of the other structural
Hence, testing condition RE-FC causes the excitation modes possible. TDMs were identified with rear exci-
of TDM modes too; the FRFs measured at the other tation and front contact.
points confirm this statement.
A typical example of experimental results obtained
with front excitation in the lateral directiofy) is pre- 4. Experimental results—the modes of vibration of
sented in Fig. 5, which shows the FRF (inertance) in a super-sport motorcycle
the lateral direction of point P on the handlebars.
The shape of the FRF is different from the one in In order to highlight the influence of nonlinearities,
Fig. 3 (rear excitation); the main peak is at about 25 Hz some preliminary tests were carried out on the most
and small peaks appear in the range 30—40 Hz. More- uncoupled modes by means of the single-FRF meth-
over, the presence of the rear contact has a limited in- ods included in the software ICATS. When different
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torsional mode

rotation of both frames @ -
in opposition o

Fig. 8. Vehicle A, torsional mode, frequency 26.8 Hz, hysteretic
damping 5.0%.

Fig. 7. Vehicle A, TDM, frequency 17.9 Hz, hysteretic damping

8.4%.

_ _ _ 18 flexural mode
which correspond to different amplitude levels, were

used to identify the modal parameters, only small shifts
(1-2%) in the natural frequencies were found. Then,
the modal parameters (natural frequencies, hysteretic
damping, modal shapes) were identified from the mea-
sured inertances (96 records) by means of the multi-
FRF methods [8] included in the software ICAES
These methods are faster than single-FRF methods and
make it possible to identify close modes. The best
results were achieved by means of the Global Ratio- Fig. 9 Vehicle A, flexural mode, frequency 34.8 Hz, hysteretic
nal Fraction method [8]. Moreover, the results were 92MPing 7:2%.

validated through the Reciprocal Vector method. \‘

In the figures below, the identified modes are repre-
sented in a plane perpendicular to the steering axis and
the dashed line represents the zero deflection condition.

Testing condition RE-FC made it possible to identify
two TDMs at 15.6 and 17.9 Hz. Figure 6 shows that the
rigid rotation of the front assembly around the steering
axis dominatesthe first TDM. Figure 7 shows thatin the
second TDM, the rigid rotation of the front assembly
is in opposition to the rotation of the rear assembly.

In every testing condition a structural mode domi-
nated by the torsion of the rear frame near the steering Fig. 10. Vehicle A, flexural mode, frequency 40.9 Hz, hysteretic
head was identified. Torsional deformation causes a damping 6.9%.
large lateral displacement of the fork.

The natural frequency and hysteretic damping of the lateral displacement of the front wheel is small. Small
torsional mode vary slightly according to the testing lateral displacements also take place in the central part
conditions, the modal shape appears to be clearer in the of the rear frame, which is a nodal zone. The lateral
RC-FE testing condition, as shown in Fig. 8. displacements of the rear frame near the steering head

Figures 9 and 10 show the higher order modes (test- and of the swinging arm have opposite directions.
ing condition RE-FC). The mode at 34.8 Hz shows flex- ~ The comparison between a measured FRF and the
ural deformationin the plane perpendicularto the steer- one reconstructed by means of the identified modes is
ing axis. The lateral displacement of the front wheel is an index of the quality of identification. Figures 11 and
small, whereas large lateral displacements take place in 12 clearly show that in testing condition RE-FC there
the rear frame and in the swinging arm; all these lateral is a satisfactory reconstruction of flexural modes (34.8
displacements have the same direction. and 40.9 Hz), whereas in testing condition RC-FE there

The mode at 40.9 Hz also shows flexural deformation is a satisfactory reconstruction of the torsional mode

in the plane perpendicular to the steering axis. The (natural frequency?268Hz).

2"d tjexural mode
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Fig. 13. Vehicle B, torsional mode, frequency 16.9 Hz, hysteretic
Fig. 11. RE-FC, FRF of point P on the handlebars. damping 4.8%.
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Fig. 12. RC-FE, FRF of point P on the handlebars. . . .
Fig. 14. Vehicle B, structural mode, frequency 19.7 Hz, hysteretic

. . . damping 3.2%.
5. Experimental results—the modes of vibration of

a maxi-scooter .

wheel laterally; the displacements of the rear frame and
The maxi-scooter was tested in the RE-FF condi- th(?r:or;t V\;hgel ??VZ opp55|tgf|7relitlonrs1. bi
tion and the modal parameters were identified from 48 € last identified mode (24.7 Hz) shows a combi-

measured inertances using the above-cited multi-FRF nation of flexural and torsional deformation (Fig. 15).
methods. In order to evaluate the quality of the identification,

The first structural mode has a natural frequency e reconstructed FRFs were compared with the mea-
equal to 16.9 Hz and is dominated by torsional defor- Suredones. Figure 16, 17and 18 deal withthe FRFs (in-
mation. Figure 13 (in which the dashed line represents ertances) in the lateral directigp) of the mesh points
the zero deflection condition) shows the modal shape. located in the front fork (point A), the rear frame be-
The front frame, consisting of the frontwheel and fork, n€ath the saddle (point B) and in the engine case (point
rotates anti-clockwise with respect to axigwhich is C).

aligned with the forward motion direction). Thecentral ~ The reconstructed FRFs appear close to the experi-
part of the rear frame near the engine’s attachment point mental data in the range 15-30 Hz, this result confirms
is a nodal zone. The part of the rear frame beneath the the validity of the identified modes.

saddle and the engine rotate clockwise with respectto ~ Some preliminary shaker tests carried out on another
axisw. scooter (equipped with a 150 cc engine) made it possi-
The second mode (19.7 Hz), which is represented in ble to identify three structural modes at 12.9, 19.7 and
figure 14, shows arigid lateral displacement of the rear 28.7 Hz. It is worth highlighting that low values of the
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Fig. 15. Vehicle B,
damping 2.9%.

structural mode, frequency 24.7 Hz, hysteretic

| |
Measured

Inertance [dB]

-40
15

20 25
Frequency [Hz]

Fig. 16. Vehicle B, RE-FF, FRF of point A.
6. Conclusions

Front excitation and rear contact made possible the
best identification of torsional modes, whereas rear ex-
citation and front contact led to the best identification
of structural modes in general.

The natural frequency of the first structural mode of
the super-sport motorcycle is significantly higher than
the frequencies typical of wobble phenomena, hence
structural compliance has a small influence on stability.
Impulsive modal testing carried out on another motor-
cycle of the same class [2] led to similar results, hence,
the high frequency of the structural modes seems to be
a feature of modern high performance motorcycles.
The first structural mode of the tested motorcycle is
dominated by torsional deformation near the steering
head. Therefore, the introduction of a torsional com-

Reconstructed

Measured |

Inertance [dB]

20
Frequency [Hz]

25

Fig. 17. Vehicle B, RE-FF, FRF of point B.
-10 | |
-151L Measured _|

Inertance [dB]

Reconstructed

-40
15

20 25
Frequency [Hz]

30

Fig. 18. Vehicle B, RE-FF, FRF of point C.

seems to be suitable for a detailed numerical analysis
of stability and handling.

The tests on the scooters showed that the first struc-
tural mode occurs at about 13-17 Hz, hence, structural
compliance may have a significant influence on the sta-
bility and handling properties of this type of vehicle.
It's worth pointing out that the structural modes of a
maxi-scooter can be excited by wheel unbalance, tak-
ing into account the small value of the rolling radius
and the maximum speed of these vehicles, which is
about 100-150 km/h.
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