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ABSTRACT

Different from passenger car safety, Powered Two-Wheeler (PTW) crashworthiness analysis is not
systematic, and no legal requirements prescribe how to test full vehicic. PTW safety. The only existing
guidance is provided in ISO 13232; it prescribes computer modeling bu mainly for Multi-Body models and
lacks some essential aspects for Finite Element (FE) models. The aim w. < to develop an FE model of a small
(<150 cc) PTW for frontal crashes.

In a reverse engineering process, a Yamaha YS-125 was disas.~ruu.~d and scanned to establish a basis for
virtual modeling in LS-DYNA FE code. Analysis of physical ~rash t: sts guided which frontal structures were
critical to replicate PTW dynamic responses and rider-. -PTW interactions. Two physical tests were
conducted and replicated numerically: a frontal crash f ihe PW into a rigid barrier and a frontal crash into
the side of a Honda Accord, including the Autoliv-Hr:an. *ics PTW dummy as a rider.

The scanned base model included five critical cor, 2rients in more detail: the front wheel, front suspension,
headlamp, handlebar, and fuel tank. Preciselv, tire | ressure and rim failure mechanism were replicated;
spring/damping characteristics of the susper..ions and fork bending were adapted; handlebar and headlamp
rotations were modeled; and fuel tank interact, "n with the pelvis was replicated. With these components
correctly modeled and assessed, the de selor. >d PTW model is predictive of PTW and rider accelerations and
motion during frontal crashes. These “inu ~o< are a starting point for modeling safer motorcycles and defining
regulations that standardize mode' -z *- ~hniques and validation of FE models.

1 Introduction

Powered Two Wheelers (~TW) crashworthiness analysis is not systematic [1]. Even today, there is a lack of
international standarcd uruccdures required to test motorcycles during crashes. The International
Organization for Staiiu ~rdiz ation (ISO) developed “test and analysis procedures for research evaluation of
rider crash proteciliv : de ices fitted to motorcycles” in 1996 and revised it in 2005 [2]. It covers aspects of
conducting physica: <rash tests for motorcycles [3] and procedures for performing computer simulations [4],
but it is not 2 «egul requirement to comply with ISO to validate a PTW model or test.

It is claimeu tha. 'SO was conceived “regardless of whether the multi-rigid body, finite element (FE) or other
emerging “zthi.ds are used” and that “efforts were made during the development of the Standard to ensure
that [...; eithe.r MB or FE techniques could be used” [5]. In particular, the ISO demands only two static and
three 'vnainic tests for the PTW, accounting for the fuel tank, seat, and rear spring damper. Besides, a full
barriar test is also demanded to observe: the PTW center of gravity displacement, PTW pitch angle, front
sus, ension compression, and fork bending. Although the Standard is not intended to be a workbook to solve
CAE problems (instead, it ensures minimum levels of detail so that the results may be relied upon), it became
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apparent concerning the abovementioned tests that the ISO 13232 has to be assumed, at least, outdated for
the way it addresses the FE needs, despite its revision in 2005. Moreover, along the Standard, many words
and concepts indirectly refer to the multi-body environment. The experimental tests are intended to derive
forces and deflection, which are the essential responses to define contact characteristics in MB models, but
on the opposite, they are not readily usable in FEs. These motivations suggest that the Standard is more
disposed to rigid body simulations [6]. Therefore, the question of how to model a PTW remains an a. tive
area of research, and this paper aims to make a contribution toward answering it. To *his =nd, a
comprehensive review of existing literature was conducted, with the goal of identifying vario. < 2 pp ‘0oaches
and considerations relevant to the development of a computer model for a PTW.

To the authors’ knowledge, the first attempt to develop vehicle models was published in tn. .~*ly 70s by the
National Highway Traffic Safety Administration, and it consisted of a five-mass rider a.."' a single-mass
motorcycle [7]. Some early developments with lumped mass and multi-rigid compor 2n*s 1»llowed in the 80s
in a Ph.D. dissertation [8] and some works from the Transport Research Laborator ' (Tk.' {9]. The complexity
of the models increased quickly, so in the 90s, pioneering works on multibou / mc Yzling were published
worldwide: such as those by the TRL [10], TNO Crash-Safety Research Center ;2" 12], Dynamic Research [13],
Japanese Research Institute [14] and eventually Honda [15], where the firsc hyhrid FE/multibody interaction
appears in the case study of an airbag model. As the new century dawned, h, 2ric. models became increasingly
popular for their capacity to reproduce deformations rather than just pr:dicting trajectories and forces. The
finite element technique was more accurate but still demanding rega.ding simulation time and computer
resources. Therefore, these models typically had a deformable (i =., FF.-based) frame and most of the contact
surfaces, but still, many components were simplified or not .nou.'=d at all. This way of implementing FE
turned out to be effective, and its popularity spread in th« tirst J'zcade of the new century also thanks to
commercial software, such as PAM-CRASH [6,16—18] and .. OYNIO [19-24]. Computer simulations required
enormous efforts to provide results, and in that decace, very .ew were attempts via explicit software, such
as LS-DYNA [25,26]. Differently, from 2010 to date, FF F N models acquired central visibility [1,27-32], but
they did not replace their hybrid/multibody sim, 'ifiad counterparts [33—-44]. Some authors preferred to
adopt the multibody approach because they were e.iner not interested in the stress/strain outcomes or
involved in an extensive campaign of simulati ‘ns, such as parametric studies. Many of the above-cited papers
referred to ISO 13232 to validate their PTW's, a.>4, as a common practice, the authors considered either a
visual comparison of the global motion or ¢ 'antitative responses like accelerations and forces or a mix of
them. Even in the works where FEs ai ~ implemented, the modeling considerations are sparse and not
comprehensive of every componert an their mutual interaction. While it can be reckoned satisfactory for
many multibody implementations, a comprehensive view is vital when FEs reply to multibody vehicles since
each part can interact with th~ others. In addition, a closer look at the FE is felt urgent as the evolution from
multibody to finite element mc ‘els was made possible by the ever-growing computational speeds and the
level of details of commercia! software so that nowadays, FEs are more used than ever. Therefore, developing
an FE model of PTW, this paper addresses the fundamental components to consider simultaneously when FE
PTW models are impieir. ented for frontal crash purposes.

2 Method
2.1 PTW mo.'?ling
2.1.1 Reve. e engineering process

Freq 1en. iy, geometry and material data of motorcycles are a company’s confidential information and hence
no” oublicly available. When it happens, a reverse engineering technique is generally adopted to develop the
computer model [18,29,43,45,46].

The Yamaha YS125 was chosen as representative of the Asian market, which is the largest PTW market
worldwide with approximately three-quarters of the global fleet, a considerable portion of which is covered
by small-engine (<150 cc) motorcycles [47]. Hence, it was chosen as PTW for both simulations and tests,
Figure 2.1. A 3D FARO arm scanner has been used to scan each part of the PTW. Before scanning, every



component was weighted, and a coarse estimation of the material family was made. Once the 85 scans were
completed, Computer-Aided Design (CAD) parts were available and refined to be set as FE models in LS-
DYNA. First, the mesh was created, material and property attributed, and then a computer weighting was
done to compare the fictitious mass with the physical counterpart. In those cases where the two measures
differed, a lumped mass was added to the virtual part. All these parts were combined with reference to the
frame to complete the computer model. Eventually, the overall wet weights were measured ir. the two
models and compared. Since the computer model still had a lower mass than the physical one, ac ma. v r.arts
were not considered (e.g., cables, oils, fuel, screws, and bolts), a lumped mass was added in a sr. ~ciic hosition
so that the final center of gravity (CoG) should match. This procedure required a confident kriowle ge of the
original CoG, measured in this study with the traditional methodology [48].

Figure 2.1 — The Yamaha YS125 obtained with the reve. -2 ¢ ~gi.~eering process (left) and the actual one (right)

2.1.2  Front-wheel

Each part of the wheel was first measured * vith the caliper, then scanned and meshed in shell elements,
Figure 2.2. The thickness of the tire was measui. < twice on the tread and the side wall; then, a hyperelastic
rubber was defined via the Mooney-Riv'in n. ‘terial model. The input parameters of the energy strain tensor
function were taken from similar tire ap, 'icat.ons in literature [49-54] and slightly increased since the layers
that typically compose a tire (such =< nu!an, polyester, steel cords, and fabric) were not included in this case
for simplicity, Table 2.1. The materic! for the rim was taken from the online Yamaha OEM sheets, which
indicated a Japanese AC4CH a'urninum casting alloy or, equivalently, the A356.0 aluminum in the Aluminum
Association’s (AA) nomenclztur. with a T6 temper. Its mechanical behavior was modeled in LS-DYNA via the
MAT_PIECEWISE_LINEAR_FLASTICITY card. The bead was modeled to reinforce the tire at the rim. It usually
helps transmit the torgue to the wheel, but in this case, it also prevents numerical error caused by the
pressure inside the tire after the rim breaks. AIRBAG_SIMPLE_PRESSURE card was exploited to simulate a
pressurized tire. I*. w.s assumed no air leakages (neither venting nor porosity) and that the influence of the
temperature to tire nressure was negligible. Values of 200 kPa and 220 kPa were first measured with the
pressure gau_= 2nd tnen implemented for the front and rear tires, respectively.



Figure 2.2 - Front-wheel components

Hub and Spokes
] A

Parts Thickness Material Paramet_-s Parameters
[mm] [MFal [MPa]
Tread 9.0 Rubber Cic- "0 Co1=10.1
Sidewall 6.0 Rubber C1n=10.8 Co1 =10.2
Bead 8.0 Aluminum v.=201 E¢qn = 1580
Rim 8.0 Aluminum o, =201 E¢qn = 1580
Hub and Spokes 6.5 Aluminum g, =201 E¢qn = 1580
Lower mounts 4.0 Aluminum E =70000 —
Disk 3.0 E =210000 -

Table 2.1 - Materials and pror erties of -.ne wheel

2.1.3  Suspensions

Generally, a motorcycle suspension is composed . " a “elescopic fork and a lower mount (or leg), which hosts
it, both connected to the steering stem through a L .ir of triple clamps that provide a tight fit. Different
materials were used for suspensions: steel n forks and aluminum on legs, Table 2.2. For the latter, the
Yamaha OEM website reported either a Japai.~se AC2B or AC4C aluminum alloy, but in this case, the
component was kept elastic, assuming 10 p. sticity for it [55]. In standard industry practice, the forged triple
clamp is commonly made of C20 cirk °n s.eel [55]. The stress-strain curve was implemented with the
MAT_PIECEWISE_LINEAR_PLASTICITV ~ar! after selecting it from [56]. The leg and fork were modeled by shell
elements and joined together via « CONSTRAINED_JOINT_CYCLINDRICAL element that ensured relative
rotation and translation along tnie centerline. The two joints were defined only at the shaft lower extremity
to avoid the stiffening that v /ou. Y bave resulted if the joints had been put along the whole fork.

Parts _Miickness [mm] Material Parameters [MPa] Parameters [MPa]
Fork shaft 3.5 Steel E =210000 gy, =900
Lower mount (le ) 4.0 Aluminum E = 70000 —
Triple clamn 6.0 Steel E =210000 0, =455

Table 2.2 - Materials and properties of the suspensions

Likewise s, nificant in a suspension system are the damper and the spring inside, which determine its
resprnse: These components were modeled using two one-dimensional overlapped discrete elements for
earh fo. % Ten repetitions of a quasi-static test were performed to measure the spring rate, which resulted
v 1 J kg/mm stiffness before the bottom out at 120 mm. This response was shifted in LS-DYNA by the length
of w..ich the front fork was pre-compressed by the PTW itself (plus the dummy on it, if any). This initial pre-
compression was measured in the physical model, and extra 150 ms was left with the card



INITIAL_VELOCITY_GENERATION_START_TIME to allow the suspension system to reach an equilibrium point
in the computer model. The rear suspensions were also modeled, even though they do not get involved in
the frontal crash, to reach the correct final height from the ground.

On the other hand, the damping values were not measured but assumed. A bilinear behavior in rebound and
a softer compression were implemented with damping *MAT_DAMPER_NONLINEAR_VISCOUS elements in

LS-DYNA, Figure 2.3.
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Figure 2.3 — On the left hand, the suspension scheme. On the right hand, the respo.. ~¢ implemented in LS-DYNA.
2.1.4 Headlamp, handlebar, and tank

The headlamp was equipped with three rotational joints sincz *t is . wrominent part of the PTW likely to hit
the OV in a frontal crash, Figure 2.4.

Analogously, the handlebar was left free to rotate inside 1. = clamps. However, in this case, the geometry
guaranteed the rotation: a dedicated friction contact ‘wa- created between the clamps and handlebar, and
the geometry was accurately refined, avoiding interf~rer. =5, and self-node penetrations, Figure 2.4.
Eventually, the tank was physically cut to measur: *hz inner thickness (1 mm). The position of the trims was
double-checked after the 3D scansion and manually re positioned to avoid interactions with the dummy. The
material was not tested but assumed and c.ibrated to reproduce the correct interaction with the dummy
(E = 210000 MPa, g, = 450 MPa, E,,, = 1300 M1 ).

Figu = 2.4 — From the left to the right side: the headlamp, the handlebar, and the fuel tank.
2.2 Tes’ and s'mulation setup

Two tzs. setups were simulated and compared to their physical tests: the first one represented a rigid barrier
test. 1. », a crash between a motorcycle and an instrumented concrete block, with neither riders nor
rasszngers; the second simulation represented a full crash test with the PTW hitting the panel door of an
opp “cite vehicle (OV) perpendicularly, Figure 2.5. In the full crash test, 50 km/h was the selected impact
speed since it is known that the sensitivity at small perturbations in computer models increases with impact
speed, making simulation uncertain at velocities greater than 56 km/h [10]. Similarly, the rigid barrier test
was performed at 40 km/h, knowing that, given the high stiffness of the barrier, a comparable level of
deformations on the PTW could be achieved at lower velocities.



The PTW was instrumented with four accelerometers: two were placed on the forks to monitor the wheel
acceleration, one on the bottom of the engine block, and the last one on the upper rear frame, under the
saddle. To acquire the response of the front wheel, the right and left fork accelerations were post-processed
with an average operation. In the full crash test, one more accelerometer was placed on the upper triple-
clamp near the steering column. All the signals were filtered with the SAE J211 CFC 60 filter. Time zero was
marked at the first contact with the wheel and the barrier or the OV.

The Honda Accord was the stationary OV for the full crash test, available online in the NHTSA’s a: chive 25 the
model year 2011. The virtual vehicles were positioned on the ground, and a friction coefficien’. *f 0.7 was set
for contact with the vehicle tires, in agreement with other works [38,39,41]. In the rigid barrier tesu a specific
friction coefficient of 0.6 was set for the contact between the PTW front wheel and the harnc., according to
[17]. Depending on the test, a static and dynamic friction coefficient of 0.3 was suposeu “or the contact
between the PTW and the car or the barrier. A constant field of gravity was impose~ fo. e'ery model.

Figure 2.5 — Full crash simulation (I, *) ar. ' riyid barrier test (right)

The Autoliv-Humanetics PTW dummy model, versior. *.0.." was chosen as the rider for tests and simulations
since the development of the PTW riding dummy . 35 paired physical and FE models together [57]. Pre-test
measurements were made along several points to ge) the closest position possible between the virtual and
the physical dummies. The measured parts wc “e H-point, shoulders, knees (both foremost fleshes and joints),
pelvis accelerometer slot, chin, and helmet cenu .r. The “marionette method” [58] was used to position the
virtual dummy on the PTW and implem :ntec in three steps.

Depending on the length of physical +>st., *hz run time was set to capture all the motion until either the PTW
rebounded on the rigid barrier o. -~ -ider hit the OV. In both cases, a pre-simulation was introduced
seamlessly before the models startea moving, depending on the time needed to set the models. Its primary
purposes were 1) to allow m weable parts (like joints, e.g., the front and rear suspensions) to reach their
dynamic equilibrium, as des-rib. 4 in paragraph 2.1.3; 2) to allow deformable parts to be adequately pre-
stressed (like foams, e.e.. tiie saddle cushion and the helmet liner); 3) to allow the entire model to get
contacts activated (e.r., wheels to the ground or hands on the handlebar).

3 Results

The following p.ragraphs will demonstrate the predictive capacity of the described computer model in
replicatiiiy the <ignals, motion, and main deformations of its physical counterpart in two laboratory tests.

3.1 Tigiu barrier test

Fig. re 3.2 compares the overall motion between the test and simulation. In the last picture of Figure 3.2, the
measurement of the whole rebound was reported to show that the quantity of dissipated energy was
comparable between the test and simulation since the two rebounds measured both about one meter.

At 8 ms, the front tire was completely squeezed against the rigid barrier. The accelerometers on the forks
recorded the first deceleration peak, Figure 3.1. At 10 ms, the front wheel started rising off the ground, lifted
by the compression of the front suspensions. The compression depleted quickly, and before 15 ms from the



first contact, the front forks started bending while the rest of the PTW continued moving forward. This
motion caused the first positive peak. At 20 ms, the engine bracket (the metal plate that joints the frame's
front pipe with the engine) touched the back side of the wheel. At 25 ms, the tire was compressed entirely,
and the bracket loaded the rim. At this time, a negative acceleration of about 50 g was recorded siriiic 'v on
the forks, engine, and rear frame. After 25 ms, all the accelerations consistently decreased up to 60 s, waen
they finally settled around zero. The FE simulation predicted the acceleration/deceleratica neak. that
coincided with the experiment, hence captured these phenomena. Howevrr, *hz peak
acceleration/deceleration magnitude was higher in the simulation than in the experim *nt. Interestingly,
acceleration/deceleration measured at the engine block and rear of the upper fra:..~ showed a single
deceleration pulse. The engine deceleration predicted from the simulation had gowd agreement with the

experiment in terms of peak value and pulse shape.
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Figure 3.2 - Motion comparison between the computer model (left) and the rigid barrier test (right)



3.2  Full crash test

The PTW hit the OV with the front wheel at time zero, Figure 3.3. Up to 10 ms, neither failure nor p:rma.-ent
deformations were visible on the PTW, while the lateral panel door showed plastic deformatians. 8eiore
15ms from the first contact, the front forks started bending, turning to be the first permane. *lv deformed
parts on the PTW, Figure 3.4 (left). At 20 ms, the back side of the front wheel was reached by .".e engine
bracket, and, in 20 ms more, it broke the wheel rim between two spokes while leaving ther., -t visibly bent
or permanently deformed, Figure 3.5. At 25 ms, the headlamp started touching the rar u. v, first rotating
around its joints, then collapsing between the two vehicles, Figure 3.6. At 30 ms, th » o 'nimy started sliding
on the saddle and pushing the tank for 20 ms. At 40 ms, after the rim failure, onz spo..~ indented the front
pipe of the frame above the engine bracket, Figure 3.4 (right). At the same (ime, “he handlebar started
rotating inside the clamps, pushed forward by the weight of the dummy. AL, ~1i<h the hand grasp differed
from the one in the test, Figure 3.6, the contact was still held way after the contact between the PTW and
the OV. Around 50 ms, the PTW started pitching forward, Figure 3.3. At 60 .. s, tlie handlebar was completely
rotated inside the clamps, and the hands touched the window. At tkis 1ime, the dummy started lifting and
left contact with the saddle. Twenty ms later, the pitch increased, a\.1 the dummy continued its motion
against the OV, with the abdomen contacting the fuel tank and leas e.tending. At 100 ms, the helmet's visor
hit the OV trail, and head contact occurred while the front tir_ seu. “=ted from the panel door. All the same
motions and deformation mechanisms were captured with. tne c. .nputer model. In addition, the fuel tank
was noted to deform after 30 ms when the dummy star.. { sl.ding on the saddle. This deformation also
happened during the test, but the timing was not conf'rrred because cameras and sensors did not catch it.
Figure 3.7 reported the comparison of acceleration c''*ve_ htween the simulation and experiment. The same
as in the rigid barrier test, the first negative peal. ~rizinated from the interaction between the front wheel
and the OV, the first positive peak was caused by the est of the PTW moving forward; the second negative
peak corresponded to the load of the rest of * "e PTW moving against the front wheel. Eventually, the second
positive peak, new in this test, was due to ti:e n. >5s of the dummy pushing forward on the fuel tank and the
handlebar. The engine and the rear upper . ame recorded a consistent trend in magnitude and timing to
those reported in the rigid barrier t-:st. The steering column recorded the smoothest signal without any
peaks. Comparison for acceleratior *im- history between FE simulation and experiment showed an overall
good match of the peaks in amplitude and timing. The engine and steering responses predicted from the
simulation had the best agreement with the experiment. However, the front wheel and the rear frame also
captured the phenomena ai d ¢. ~sely resembled the experiment in terms of peak and timing.



Figure 3.4 — Comparison between test « 1d simulation: the forks bending (left) and the front pipe deformation (right)



Figure 3.6 - Handlebar and headlamp rotation at collision
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4 Discussion

Although computer models have been used wor. wide to simulate crash events for more than fifty years, no
regulations are available to standardize moa. ling them. In addition, different techniques, such as multibody
and finite element, require differer - p. ~c2utions to be efficiently implemented. This study proposed a
modeling guideline for a small-size "T'*' ~bserving which component played a significant role based on video
and signal comparisons reported in rhapter Error! Reference source not found.. Hereafter, they are
discussed in chronological or fer, given their importance in replicating motorcycle dynamics and rider-to-
motorcycle interactions.

The front wheel is the most critical part of a PTW frontal crash. It has been pointed out that the dynamic of
the dummy depends initic!ly on the collapsing characteristics of the front wheel [10]. A motorcycle wheel is
usually made of a tire ai.7 thie rim on which the tire is placed. Even though many cruiser motorcycles still use
wire-spoke rims f r ¢ »nearance reasons [23], the vast majority of PTWs nowadays have alloy wheels fitted,
like the Yamabz YS.75 of this study. Although the rim typically possesses a high stiffness to transmit the
power of the . ~ccorcycle with the lowest possible loss, on the other hand, it must provide, together with the
tire, the maximur (impact energy absorption to reduce the change of momentum imposed on the motorcycle
[59]. The a, 'mi.ium of the rim was calibrated in order to reproduce the failure noticed in both experimental
tests Genersalily, the rim can collapse on the front side, directly after contact with the obstacle, or on the back
sid~ at e beginning of the rebound, when the wheel rises while the motorcycle continues pushing forward.
7 aus, special attention was given to the failure parameter, also because casting aluminum alloys show, in
gene al, brittle behaviors, with strain at failure between 0.03% and 0.07%. The pressure inside the tire is
closely related to the failure of the rim. The implemented airbag formulation allowed catch the pressure
increment caused by the volume reduction during the tire compression, as well as the sudden pressure drop
when the rim failed. Since the tire is tubeless, which means no air chamber is between the carcass and the
rim, the air spills out as soon as the rim breaks, resulting in a sudden drop in the tire pressure. If not
appropriately modeled, the pressure inside can inflate back the tire and vigorously rebound the PTW with
the dummy over it. In this regard, the initial tire profile should consider the effect of the pressure inside. It
was not designed already all rounded as it was after the inflation but initially flatter and smaller. For this
purpose, a proper scan of the carcass during the reverse engineering phase is recommended. Furthermore,
it has been proved that minor modifications in a FE model can significantly affect dummy contact points and
injury outcomes [32]. Therefore, there is a need to develop detailed PTW models that are geometrically
accurate. Eventually, a correct assessment of the wheel orientation is crucial since the stiffness sensibly



changes depending on its first point of contact: e.g., the portion between two spokes will be necessarily
weaker than the part on the top of the spoke. Therefore, after the two crash tests, the initial orientations of
the wheel were changed accordingly to best match the initial test condition.

The second involved component is the front suspension. When riding, it is devoted to maintainir.g the * neel
in contact with the ground and absorbing its asperities, but during a collision, it operates diffe. . 2%.iy. Dverall,
a suspension spans three subsequent phases during a crash: the loading, the bending, and the re bounding
phase. Once the front wheel enters the collision, the front suspensions are loaded. The coi. “3ssion length
depends on the characteristic of the forks and the amount of load they receive. Whetr=r tnic bottomed out
or just compressed a few, the mass of the motorcycle behind the suspension cor inias pushing forward,
causing plastic deformations on the shafts [14,17,60]. Material and thickness, wh. “h loy.ally determine the
stiffness of the shafts, primarily affected this phase. For this reason, one-dimensionai epresentations of the
suspensions [6,17] cannot be judged satisfactory in a frontal collision and sic '~ be rejected despite their
capacity to reproduce the spring/damper response. From this point, the .ehound of the suspensions starts
(if they have not been gripped during the bending), and it tends to push e "TW backward, releasing the
energy stored during the compression. Besides linear and rotational iier i~l forces, the three primary actions
are provided by the spring force, the damping force, and the frictional . ~rce. As usual, the latter is tough to
estimate as they depend on the material properties, geometrice' *ole.ances, and the regime of lubrification.
Therefore, it was decided to assume a coefficient for static fric*ion. The spring forces are the most obvious
in the system, and their contribution is the most importaat amo.ig the three. First, the total spring force
created in telescopic front forks is more involved rather the ~ the simple Hooke law. It is because there is a
volume of air trapped inside the fork tubes that acts lik = &1 additional spring. The more the fork compresses,
the more progressive the air spring becomes. Corz~qu. ~cly, the front forks have two spring forces: the
mechanical and the air spring force. For this reaso. it was decided to compress the whole fork to measure
the resultant spring rate, not dismounting the front suspension. In doing so, it is essential to remember that
a third force is acting on the mechanism, the .'amping force, which, being viscous, depends solely on velocity
rates. Therefore, a quasi-static test was ideal fo. measuring the spring rate without the contribution of the
damping factor. Damping in modern motorc rcle suspension components is created in several ways, but it
almost always involves a fluid. The cznti_''r2¢ion can be as simple as forcing oil through a hole (as with the
old-style damping rod forks in th . =~ aha YS) or as sophisticated as a multi-stage, bending shim stack
configuration combined with externai'v adjustable knobs. These several possible settings make it especially
difficult to have a solid final 2 1.swer on the damper response. For this reason, a range between 0.1 and 1.0
Ns/mm was evaluated in sin.ula.’20s with no substantial difference between the smallest and highest value.
After the front wheel and or.-e tne front forks bend, the third involved part is the headlamp. It can interact
with the OV dependirz on either the PTW pitch or the extent of the fork bent [9,25], but in some cases, it
can directly involve th. rider, which rotates around the handlebar and makes head contact with the
headlamp [6]. Hnc the headlamp should be considered when modeling a PTW [10]. Generally, the
headlamp stiffr.-ss 1_ rzlatively low due to the plastic material in which it is vastly made. On the other hand,
the metal bra ~kzts on which it is bolted can develop a pretty high stiffness, especially if simplified in the
computer model with rigid connections. The stiffening can lead to a different force propagation and make
the PTW su. <k “oward a deformable opponent, like the lateral panel of the OV. Thus, a proper discretization
of th7: b !Its or at least cylindrical joints, such as in this study, can help prevent unreal motions and allow for
the rot.*inn of the headlamp when frontally loaded.

7~e dummy is not attached to the PTW, so the forces between them depend primarily on friction, which was
prov .d to have a relatively large influence on dummy behavior [10]. This peculiarity applies especially to the
fuel tank and the handlebar with which the rider interacts the most; hence they were the fourth and the fifth
critical components in a frontal collision. During the crash, the handlebars typically show signs of rider
contact, such as bending or forward rotation in the clamps [61]. This behavior was hardly replicable in the
simulation since it largely depends on the exact geometry of the tight fit with which the handlebar is held
inside the bolted clamps on the upper fork mount, Figure 2.4 (left). The cause of handlebar rotation is to be
found in the interaction with the hand, and, in turn, their position was affected by the wrist and other joints
till the shoulder; thus, the initial positioning of the dummy was reckoned essential to achieve correct
motions. In the physical test, dummy hands are generally taped on the handlebar; sometimes, there are



different joint stiffnesses along the arms and fingers. As a consequence, the dummy may con’inue t. hold
on to the handle well after the PTW impacts the OV, leading to gaining additional height [16 1, Depending
on the dummy’s characteristics, the hand grip was measured by other authors to vary betw cen 50 \ [36] and
250 N [16]. The Autoliv-Humanetics PTW v1.0.4 includes fingers on the dummy hanr'~ kut 1o joints are
allocated any specific stiffnesses. Nevertheless, the specific initial position (as des.rived i1 paragraph 2)
allowed prolonged contact of the hands on the handlebar in the computer simui. *ion, thus, no further
measures were implemented. Regarding the fuel tank, it is usually not directly inve'vec in the crash against
the OV, but it ends up deformed due to the interaction with the pelvis and the legs. For this purpose, the
material parameters were tuned to visually reproduce the degree of deformau.. reported during the full
crash test.

These five components were judged essential to adequately model a PTW 1~ frontal collisions. Overall, the
general motion, pitch, and rebound were replicated adequately (7.>vie 2.3). Similarly, the deformations
(Figure 3.4, Figure 3.5, Figure 3.6) were consistent in magnitude and tim ng, with good agreement between
the two models. The front wheel failure was replicated in the coi. puter model, as well as the forks bending
and the headlamp and handlebar rotation. Nevertheless, esp=cic'v in the rigid barrier test, some discrepancy
was seen in the acceleration, which was deplorable since “he incsortance of a rigid barrier test, besides the
factitis recommended by the Standard [4], traditionally aY ir ke responses achievable with sensors ignoring
external variabilities (e.g., the stiffness of the opponer.. 'z1ic'e (OV) or the effect of the dummy rider) [1,7,9—
11,17,25,26,31,43,44,62—-64]. The abovementionen « scre pancies can be explained by knowing that, in the
experimental test, a thin metal plate was placed o, the front quarter of the wheel (connected to the hub
laterally and the fender on top) to trigger the sensor acquisition system and to define time zero.
Unfortunately, this implementation turnecd o.t to spoil the measurements made, especially for the peak
values on the forks. In addition, in the test, *Ye transducers were fastened with two bolts whose heads stayed
out of the metal plate. The left one was oarth hit by the front wheel, turning in an acceleration increment.

5 Conclusions

This paper showed how to Jeve'~p an FE model of a small size motorcycle for frontal crashes by detailing
structures that are typicallv critical to be replicated but crucial to produce a reliable motorcycle dynamic and
rider-to-motorcycle irteraction. Therefore, five critical components in the PTW were detailed: the front
wheel, the front suspei.-icns, the headlamp, the handlebar, and the fuel tank. The tire pressure and the
suspension affec* th> way the PTW rebounds; the interaction of the engine bracket with the front rim
determines ths 'ati - to break and the frame to deform; the tire failure and the fork bending affect the
quantity of di.-inated energy and, therefore, the PTW overall motion; the handlebar and headlamp rotation
are the results o1 now the components are connected to the frame, and they affect the PTW pitch; the way
the handle. ar rotates and the fuel tank hinders the pelvis have significant effects on the final dummy height.
In ccacl rsici, it has been shown how to define a predictive PTW computer model for frontal crash
aprlica.'ons from a reverse engineering process base. Observations on its fundamental parts have been
.. Acle, and its predictive capability has been proved by two laboratory tests, which demonstrated high fidelity
in 1. producing accelerations, general motion, and main deformations. From this perspective, the
obsolescence has been highlighted, at least in frontal collisions, of the ISO 13232 requirements in addressing
the critical aspects of modeling vehicles for crash simulation.
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