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Investigate the elastoplastic deformation behaviour of a motorcycle frame
under different mechanical load configurations

Markus Fasching (®, Alessio Sevarin and Christian Ellersdorfer

VSI - Vehicle Safety Institute, University of Technology Graz, Austria

ABSTRACT

This study investigates the elastoplastic deformation behaviour of a motorcycle frame under quasi-static
mechanical loading. We present a novel test rig to analyse the mechanical integrity of a motorcycle frame
under four different load configurations. These four load configurations reproduce longitudinal forces,
lateral forces, torques and bending moments that act on the frame in normal operation as braking, accel-
eration or cornering. Additionally, the four load configurations represent loads that act on the frame in
the most frequent crash scenarios in urban areas, such as a motorcycle’s frontal or inclined collision
against a car. We conducted three repetitions of each load configuration with a frame from a motorcycle,
especially for the urban area. The compliance of the measured load-displacement curves is rated by an
objective assessment method. All tested frames show a similar elastoplastic deformation pattern; specific-
ally, the longitudinal tubes are pressed outside, and fractures occur predominantly at areas of welding
spots while the inner part remains scarcely deformed. The load-displacement curves, mechanical failures,
weak points and deformation behaviour of the frames can be used in future to validate a numerical
model of a motorcycle frame and improve the crashworthiness of a motorcycle frame.
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HIGHLIGHTS

e Novel experiments on the elastoplastic characterisation of motorcycle frames

e Multidirection deformation and failure behaviour

e Motorcycle frame as protection for sensitive components such as batteries

e Approach to validate deformation patterns and mechanical resistance of simulation models
e Validation of the test reproducibility by compliance assessment of measurement data

1. Introduction Subsequently, a damaged separator triggers an uncontrolled
exothermic reaction (Thermal Runaway [15,16]) that results
in fire or explosion of the traction battery [9,11,12,17]. The
released gases are extremely dangerous and harmful to
humans and the environment [18]. To Increase the crash-
worthiness of a motorcycle, the frame can be seen as a struc-
ture to absorb deformations and loads [9]. Therefore, the
motorcycle frame is a relevant component that influences the

stability and crashworthiness of the motorcycle.

The stiffness of a motorcycle frame strongly influences the
vehicle’s driving behaviour [1]. The flexional and torsional
stiffness of the motorcycle frame affect the wobble frequency
and damping and can improve the motorcycle's stability
[2,3]. The frame is also one of the main safety components in
durability terms due to its absorption of loads that the motor-
cycle is exposed to during its lifetime [4]. For this reason and
also because of product liability [5], the elastic response of
motorcycle frames is widely analysed to assess the dynamic
response of the vehicle. Furthermore, the fatigue life of the
frame is studied to guarantee a faultless function over the life-
time of a motorcycle [6]. In the event of a crash, high mech-

1.1. Mechanical normal operating loads

Loads generated by normal usage (e.g. acceleration, cornering
or braking) or in non-ordinary driving manoeuvres [19] (e.g.

anical loads act on the motorcycle frame and can lead to
plastic deformations of the frame [7]. These deformations
can penetrate inner placed components of the frame, for
example, a traction battery in the case of an electric-powered
motorcycle. The penetration of a traction battery can lead to
an external or internal short circuit of the battery cells in the
traction battery, and the separator can get damaged [8-14].

passing kerbs, maximum acceleration or straight-line braking)
are referred to as normal operating loads. Fatigue tests investi-
gate the influence of normal operating loads in the form of
high-cycle loads with representative load collectives [20].
These load collectives are derived from the loads occurring in
field tests through the obtained mileage, as Petrone et al. [4,5]
mainly reported for the European market.
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The maximum expectable force acting on the motorcycle
frame in the longitudinal direction in normal usage or non-
ordinary driving scenarios is approximately 40kN in the case
of passing a deep pothole [5]. The maximum expectable verti-
cal force is around 2.8 kN when driving over a kerb [19]. In
addition to the longitudinal and vertical forces reported in the
open literature, lateral forces can also act on the motorcycle
frame (e.g. cornering). However, the open literature does not
propose information about the occurring forces that act on the
frame laterally during normal operation. Nevertheless, the lat-
eral tyre characteristics are well described in different literature.
For instance, Cossalter et al. [21], de Vries and Pacejka [22]
and Pacejka [23] report lateral forces up to 4.1 kN acting on the
tyre during cornering. The lateral tyre forces create forces and
moments on the steering head. Thus, under the consideration
of the equilibrium of the motorcycle in a curve and the motor-
cycle geometry (wheelbase, trail, etc.), the acting forces on the
motorcycle frame can be determined. [2] Additionally, the
motorcycle frame can be loaded by a torque of 1.0 kNm [19] in
motorcycle competition and a bending moment of approxi-
mately 1.8 kNm when driving off-road [4]. For a torque around
the vertical axis, no values could be found in the literature.

Bocciolone et al. [24] and Cossalter [2] describe a test
setup suitable for analysing static together with dynamic
properties of the plain frame and the frame with the installed
engine under loads occurring during normal operation.
Moreover, specific test setups have already been proposed for
investigating the fatigue strength of almost the entire motor-
cycle (assembly of steering fork, frame, swing arm, rear wheel,
rear body and seat structure) either with [5] or without the
engine [4]. Other studies confirm the importance of under-
standing the deformation behaviour also of other motorcycle
components. For example, Cossalter et al. [25] characterise
the static and dynamic deformability of the front fork under
lateral loading, and Tan et al. [26] investigate the deformation
behaviour of front wheel-tyre assembly when it is subjected to
frontal impact loading.

The open literature proposes forces and moments acting
on the motorcycle frame and their influence on the fatigue
life, and the mechanical properties of different motorcycle
frames is investigated with suitable test rigs.

Virtual simulations are just as important as experimental
testing in vehicle development in today’s world. For the cre-
ation of realistic and precise simulation models the studies
of Ballo et al. [19], Bocciolone et al. [24] and Cossalter et al.
[25] pointed out the need for experimental investigations to
validate and prove a realistic deformation behaviour of the
virtual models. In virtual models, the influence of different
parameters (e.g. cross section or wall thickness of a tubular
frame) on the mechanical behaviour like stiffness can easily
be estimated [6,27]. For normal operating loads, the litera-
ture, e.g. [4,5,19,20,24] proposes testing methods and test
rigs to investigate the mechanical behaviour.

1.2. Crash loads

The majority of motorcycle accidents (50% [9] —72.3%
[28]) occur in urban areas, where cars are the most frequent
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collision partner, accounting for 44.2% to 70% [9,28,29]. For
crash scenarios with a car as an opponent vehicle, the
frontal collision of a motorcycle against a car’s side (45%),
the frontal collision of a motorcycle against a car’s front
(20%) and the frontal collision of a motorcycle against a
car’s rear (10%) represent 75% of all crash scenarios in the
urban area [30]. Therefore, the first collision contact results
in the motorcycle’s front wheel with a load introduction in
the longitudinal direction of the motorcycle [9,28,30-32]. If
the motorcycle collides with a car not in a straight-line but
at an angle, then, a lateral force or torque can act on the
frame. Additionally, a lateral force or torque can act on the
frame when a car hits the motorcycle’s side (7.5% in an
urban area [30]) in the front area. For motorcycle accidents
with an opponent vehicle, 78% of all accidents have an
impact velocity below 50km/h [28]. Therefore, the urban
area’s relevant impact velocities are 36km/h [9] and
48km/h [32]. Compared to normal operating loads, crash
loads are generally higher. They can lead to plastic deform-
ation that results in a failure of the frame (see top two pic-
tures in Figure 1) and the whole motorcycle (e.g. wheels,
fork, etc.) [7,33]. However, while statistically frequent crash
scenarios [28,30] and the corresponding impact velocities
for urban areas can be found in the literature [32], the lit-
erature does not propose the loads that act on the motor-
cycle frame in terms of magnitude, direction (e.g. lateral or
longitudinal) or configuration (force or moment) in the
event of a crash.

Tests with full vehicles are performed to investigate the
mechanical behaviour and crashworthiness of a motorcycle
and its components based on crash loads [7]. Ellersdorfer
et al. [10] conducted full vehicle crash tests with an electric
motorcycle to find weaknesses in the traction battery. For
this purpose, 3D scanning techniques are used to find defor-
mations of the traction battery after the crash tests.
However, no external plastic deformations of the traction
battery pack housing were detected when the frame became
deformed (see Figure 1) [34]. This confirms the suitability
of the frame as a protective structure. Under this point of
view, Sevarin et al. [35] and Fasching [36] propose integrat-
ing a battery pack in electric-powered motorcycles as a
structural component by merging the battery pack housing
and the motorcycle frame.

Figure 1 compares an experimental test and a virtual
simulation for the most frequent crash scenario of a motor-
cycle. Longitudinal forces, respectively, a bending moment
that is introduced on the frame over the steering head, lead
to high plastic deformation in the front area of the frame.
The tubes at the steering head buckle under the longitudinal
load and bulge. From Figure 1, it is also evident that the
largest deformation occurs in the front part of the frame
and at the side tubes. No deformation can be obtained visu-
ally at the rear frame. The simulation model is validated by
comparing the deformations and the measured parameters
(e.g. accelerations) from experimental tests to those of the
simulation [9,37]. With simulations, the deformation his-
tory, the material failure and the absorbed energy of the
frame can be analysed in detail for different crash scenarios.
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Thus, simulations show if occurring deformations of the
frame penetrate inner placed components (e.g. a traction
battery as Figure 1 shows) and the crashworthiness can be
analysed and assessed. [27,38]. Virtual simulation can also
be used, to investigate the influence of energy-absorbing
structures or geometrical changes in the frame (e.g. cross
section) on the crashworthiness [6,39]. Therefore, the simu-
lations are used to assess the crashworthiness and improve
it. However, the studies only mention full vehicle tests but
none mention or investigate the elastoplastic deformation
behaviour of the frame as an isolated component under
mechanical loads that can occur during a crash.

Realistic and precise simulation models are necessary to
evaluate the crashworthiness of conventional motorcycles as
well as electric-powered motorcycles. For this, it needs dedi-
cated test rigs to investigate the frame’s behaviour inaccur-
ate experimental tests. Tests of the isolated frame under
high mechanical loads with precise and reproducible bound-
ary conditions are the basis to verify and validate the simu-
lation model according to deformation patterns and
measurement data. [6]

Existing test rigs and procedures investigate the fatigue
behaviour of a motorcycle with representative load collec-
tives of normal operating loads. However, the influence of
higher loads that occur in crash scenarios is only investi-
gated in full vehicle crash tests, but the frame as an isolated

—

Figure 1. Most frequent motorcycle crash scenario (frontal collision of a motorcycle against a car): comparison of the test (top two pictures) and simulation (bot-
tom two pictures) [37].

component is not investigated in the open literature.
Therefore, no appropriate test rig and associated measure-
ment system exist to cause elastoplastic deformations on a
motorcycle frame as an isolated component under quasi-
static mechanical loading. To fill this research gap, in this
study we:

e Investigate the first time the deformation behaviour of a
motorcycle frame as an isolated component.

e DPresent a self-developed novel test rig and apply loads
on the frame with magnitudes multiple times larger than
those occurring in normal operations.

o Investigate the elastoplastic deformation behaviour of a
motorcycle frame to cover the elastic and plastic deform-
ation range within one experiment.

e Conduct, as the first, four different load configurations
which represent loads occurring in normal operation as
well as in the most frequent crash scenarios for on-road
urban areas.

e Propose a new measurement method for the developed
test rig to measure the frame-only deformations without
the influence of the elastic deformation of the test rig.

e DProvide high-quality measurement data and the deform-
ation patterns of the elastoplastic behaviour of the frame
to develop and validate a crash simulation model of a
motorcycle frame in future.



e Show information about the weak points of the frame
due to the elastoplastic deformation range that can be
used to improve the crashworthiness (e.g. changing the
geometry or additional stiffeners).

2. Method

The considered specimen is the frame of the Husqvarna
Vitpilen 401. The Husqvarna Vitpilen 401 has a power of
32kW and an engine displacement of 373 cm’. Therefore, it
represents a medium-power on-road naked bike and is suit-
able especially for an urban area. The plain frame itself has a
complex welded multitube trellis structure and is made of
25CrMo4 steel. The frame’s geometry defines the attachment
points to the swing arm and the steering head. We investigate
the elastoplastic mechanical behaviour of the frame in four
different load configurations with three repetitions each.

2.1. Mechanical load configurations

To investigate the elastoplastic deformation behaviour of the
frame, the load configurations are chosen to represent loads
acting on a frame in everyday usage and crash scenarios of
urban areas. Because the loads on the frame are introduced
over the steering head for normal operating loads and crash
loads, they differ in magnitude, but they can be summarised
in a simplified way in the same load configurations. As afore-
mentioned, longitudinal forces, lateral forces, torques and
bending moments can act on the motorcycle frame in normal
operation and crash scenarios. Therefore, the four load con-
figurations (depicted in Figure 2) are defined as follows:

e VI: A longitudinal force represents normal operation
loads in the longitudinal direction of the motorcycle,

such as accelerating, braking or passing potholes. It also
V1
| s2
Hydraulic ! < z
A cylinder i Force
X y

Hallow shaft
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Load cell { :

!
|
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represents the force introduced over the steering head in
a straight-line collision of a motorcycle against a car.
The specimens are named Frame 1-3.

e V2: A lateral force represents normal operation loads in
the lateral direction of the motorcycle, such as cornering.
In the case of cornering, the force is transmitted from
the tyre over the fork to the steering head. Additionally,
lateral forces can act on the steering head in a simplified
way when a car collides with the front area of the motor-
cycle (e.g. front wheel, fork) or in an inclined collision
of a motorcycle against a car. The specimens are named
Frame 4-6.

e V3: A torque represents normal operation loads in case of
cornering and, in a simplified way, also crash loads (car
collides to the front area of the motorcycle and inclined
collision of a motorcycle against a car). The lateral forces
acting on the tyre or front wheel are transmitted over the
fork to the steering head, resulting in torque due to the
lever arm. The specimens are named Frame 7-9.

e V4: A bending moment represents normal operation loads
such as accelerating, braking or passing potholes and the
force of a straight-line collision. The longitudinal forces
acting on the front wheel introduce a bending moment on
the steering head. The specimens are named Frame 10-12.

2.2. Test setup

To investigate a motorcycle frame’s lateral, longitudinal and
torsional stiffness, Cossalter [2] proposes to lock the swing
arm pivot and introduce the loads over the steering head.
Existing studies investigate only the torsional (V3) and flex-
ural stiffness (V4) for a frame as an isolated component
[24]. Other studies [4,5] propose a test setup to investigate
the longitudinal force in combination with the bending
moment for normal operating loads. However, in the open
literature, no study that investigates all four load

V2

Force

Steel rope

(d)

Figure 2. Schematic sketch of the force introduction, the fixation and the measured displacements of the frame for the four load configurations: (a) V1 (longitu-

dinal force), (b) V2 (lateral force), (c) V3 (torque) and (d) V4 (bending moment).
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configurations for a motorcycle frame or proposes an appro-
priate test rig can be found. Therefore, we developed a dedi-
cated test rig to investigate the elastoplastic deformation
behaviour of a motorcycle frame in the four defined load
configurations under quasi-static loading conditions. In the
construction (dimensions and material selection) of the test
rig, it was proven that none of its parts was plastically
deformed during loading. Quasi-static tests neglect the
strain rate influences. However, they can still be used as
input for virtual crash simulation because the strain rate
dependency is a material parameter that can be evaluated
separately.

2.2.1. Load introduction

Similar to previous studies [2,4,5,24], we introduce the load
over the frame’s steering head with a manually operated
hydraulic cylinder Yale YH-20/250 (Columbus McKinnon
Industrial Products GmbH). Therefore, the hydraulic cylin-
der is connected to the C-Profile that applies the load on
the steering head. The C-Profile is guided in different ways
to ensure the application of a pure translational force,
respectively, moment depending on the load configuration:

e VI1: To ensure a pure translational force introduction in
the longitudinal direction (y-axis), the C-Profile is guided
by profiled rail guides (named as guidance in
Figure 2(a)) with only one degree of freedom in the lon-
gitudinal direction.

e V2: To ensure a pure translational force introduction in
the lateral direction (x-axis), the C-Profile is guided by
two 90° offset rail guides. In this configuration, the
frame’s steering head can move freely in the longitudinal
and lateral directions.

e V3: To ensure a pure torque on the steering head, a
shaft guided by ball bearings introduces a rotation of the
C-profile around the y-axis (Figure 2(c)).

e V4: To ensure a pure bending on the steering head, also
a shaft guided by ball bearings introduces a rotation of
the C-profile, but around the x-axis (Figure 2(d)).

2.2.2. Fixation of frame

The fixation, as shown in Figure 2, is defined by the frame
geometry at the hollow shaft where the swing arm of the
motorcycle is connected to the frame. A rotational move-
ment of the frame is allowed by pivoted fixation. Only for
V1, the frame is additionally clamped to lock a rotation
comparable to Cossalter [2].

The swing arm fixations block any translational move-
ment for V1, V2 and V4 according to the loading condition
‘locked swing arm pivot’, described by Cossalter [2]. For V4,
the swing arm fixations are guided by rail guides to allow
only a movement in the y-axis of the frame. Allowing a
translational movement ensures that the steering head can
rotate freely [24] in V4.

2.2.3. Measurement system

The applied load is measured with a load cell type HBM
C6A 500kN (accuracy 0.05%; Hottinger Briiel & Kjaer
GmbH) for load configurations V1 and V2. For the load
configurations V3 and V4, the load cell type GTM Serie K
63kN (accuracy 0.03%; GTM Testing and Metrology
GmbH) is used.

The test rig will deform elastically during the test due to
the applied loads. To overcome the influence of the elastic
test rig deformation on the force-displacement curve of the
frame, we use a dedicated measurement method (Figure 2).
This measurement method allows us to measure the frame-
only deformation without the influence of the elastic test rig
deformation. The usage of two String Potentiometer ‘S;’
(ASM  WS10-1250-R1K-L10-M4-D8-HG; accuracy 0.04%;
ASM GmbH) and °S,” (ASM WS10-500-R1K-L10-M4-M12-
HG; accuracy 0.08%; ASM GmbH), as well as an angle sen-
sor Gefran PR-65-E-0-103 (accuracy 0.018%; GEFRAN spa)
allow an accurate displacement measurement. The measured
data is monitored with the data acquisition system DEWE
— 2600 in combination with DAQP-STG modules (both
Dewetron) with a measurement frequency of 1kHz.

Figure 2 shows the translational displacements S; and S,
for V1 and V2, as well as the rotation angle o for V3 and
V4. The declaration of the metrics is named regarding the
measurement devices S, S,, respectively, o (angle sensor).

2.3. Pre-and post-measurements

Figure 2(b) shows a schematic sketch of the considered
frame with the measurement points P; to Py that are com-
pared before and after the tests to obtain the plastic defor-
mations. The distance P;P, is the maximum frame width,
and P3Py, P4Ps, PsPs, PgP; define a trapezium that can be
seen in orange in Figure 2(b). The distances of the un-
deformed frame are PP, = 259mm, P;P, = 115mm and
PsPs = 134mm with a tolerance of + 3mm according to
the manufacturing drawing. The distance P;Ps = P4Ps =
320 mm has a tolerance of + 0.506 mm.

The distances of the un-deformed frame before the
experiment and the deformed frame after the experiment
are compared. The relative change is calculated to quantify
the occurring deformations.

2.4. Test procedure

2.4.1. Pre-loading

In the test setup, a clearance can exist due to the manufac-
turing tolerances of the frame and the test rig components.
We execute a pre-loading before each experiment to elimin-
ate the clearance and its influence on the test results. The
range of the possible clearances was determined based on
the manufacturing tolerances of the frame and the test rig
components for each test configuration:

e VI1:0.231-2.061 mm
V2: 0.231-1.161 mm



o V3:0-0.442°
o V4: 0-0.554°

The different clearance ranges arise because different
components are used in the four load configurations. In
pre-loading, a force termination criterion of 5% of the
expected yield load prevents damage to the specimen due to
excessively high loads in case of a smaller clearance [32].
Since the maximum expected load on the frame is
unknown, and the literature suggests no reference values,
we defined the force termination criterion as 10% of the
maximum load occurring in normal operation. We use for
V1 the longitudinal force of 40kN, for V3 the torque of 1
kNm and for V4 the bending moment of 1.8 kNm as refer-
ence for the termination criterion. No values are proposed
in the open literature for the lateral forces acting on the
frame during normal operation. Therefore, we take the lat-
eral tyre force of 4.1kN during cornering as the reference
value in V2. We made this simplifying assumption in the
lateral direction because we need a reference value to calcu-
late the pre-load thresholds. The authors assume that this
simplification does not influence the elastoplastic deform-
ation behaviour because the displacement threshold also
limits the pre-loading to prevent damage to the frame.

The combination of the maximum clearance and the
force termination criterion defines the displacement and
force thresholds in pre-loading, listed in Table 1. The
defined thresholds ensure that the deformation of the frame
remains in the elastic range, in any case, during pre-loading.

2.4.2. Loading thresholds

The motorcycle frame is loaded until the maximum load or
displacement is reached to investigate the elastoplastic
deformation behaviour. A hydraulic cylinder with a max-
imum force of 200kN applies the loads on the motorcycle
frame. Therefore, the test rig was designed and dimensioned
to withstand the loading configurations without any plastic
deformation based on the maximum applicable force by the
hydraulic cylinder. Therefore, the force in the longitudinal
(V1) and lateral (V2) load configuration is limited to
200kN. For configurations V3 and V4, the chosen 63 kN
load cell limits the maximum applicable load to 23.5 kNm.
The maximum applicable torque is for V3 still approxi-
mately 23 times, and the bending moment for V4 is 13
times higher than the maximum load expected in normal
operation.

The test rig’s geometry limits the maximum applicable
displacement to 78 mm in case of translational displacement
in V1 and V2. The rotational displacement is limited to a
maximum rotation angle of 26° for the load configurations
V3 and V4, also pre-defined by the test rig’s geometry.

Table 1. Thresholds for the displacement and force in pre-loading.

1 V2 V3 V4
Force threshold 4.000 kN 0.410kN 0.100 kNm  0.180 kNm
Displacement threshold ~ 2.061mm  1.161Tmm  0.442° 0.554°
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Table 2. Expected maximum force in normal operation for all four conducted
test configurations and the considered limits in the conducted experiments.

Vi V2 V3 7
Load in normal operation 40kN [5] 4.1kN * 1.0kN [19] 1.8kN [4]
Force threshold 200 kN 23.5 kNm
Displacement threshold 78 mm 26°

*For V2, an assumption was made based on lateral tyre forces because no
values could be found in the literature for this scenario.

Table 2 lists the maximum forces acting on the frame in
normal operation and the loading thresholds within the
experiments.

2.5. Compliance assessment of the load-displacement
measurement

The CORAplus tool [40] compares and assesses the repro-
ducibility of the measured load-displacement curves.
CORrelation and Analysis (CORA) method [41] is an
objective comparison method to assess the quality of com-
pliance of two non-ambiguous signals (e.g. force-displace-
ment curves) [41,42]. The CORA method consists of four
independent procedures in which the agreement for the
curves’ size, phase, shape and corridor is evaluated separ-
ately [41]. An overall score R according to ISO/TR-9790 is
calculated by a weighted average and divided into five cate-
gories [41,43,44]:

Excellent 0.86 < R<1.00
Good 0.65 < R<0.86

Fair 0.44 < R<0.65
Marginal 0.26 < R<0.44
Unacceptable 0.00 < R <0.26

A

The manual of the CORAplus tool [45] recommends val-
ues for the parameters. These parameters are applied in the
open literature [44,46]. The CORA method is also imple-
mented in different norms such as ISO/TR-9790 or ISO/TS
18571:2014 [47] or applied in different studies [43]. In the
norms and studies, small adoptions of the parameter values
are made. We evaluated the experiments in this study with
the CORAplus tool with the proposed values from the man-
ual and with the values from the norms. Therefore, we iden-
tified that the different parameter values result only in
negligible influence (<2%) on the total score. For this rea-
son, we used the parameters from the manual [45], with
one exception for b_0. We chose a smaller value, b_0, to
reduce the outer corridor to 0.3 instead of 0.5. The used val-
ues are listed in Table 3.

Table 3. CORA - Parameters based on the user's manual [45].

Parameter Value  Parameter Value Parameter Value Parameter Value
Y Norm extremum a_0 0.05 b0 030 GI1 0.50

G2 0.50 d_min 0.01 d_max 012 G_V 0.50

G_G 0.25 G_P 0.25 K 200 K.V 10.0

K_G 1.00 K_P 1.00 INT_MIN  0.80 WF_Norm YES

MIN_Norm 0.00
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3. Results

The force applied by the manually operated hydraulic cylinder
results in a pulsating force progression. The maximum devi-
ation force caused by this pulsating is at a maximum of 3% of
the applied force. Thus, the force signals were smoothed using
the software ‘Diadem 2020’ (National Instruments).

3.1. Pre-loading

The pre-loading is terminated by the force termination cri-
terion for all experiments because the force threshold is
exceeded before the displacement threshold is reached. For
this reason, we applied the in Table 4 listed force and dis-
placement offsets for the experiments. For all load configu-
rations, the displacement values in pre-loading are well in
the possible range of the calculated clearance.

3.2. Load-displacement curves

From Figure 3, it is apparent that for all four load configu-
rations, the progression of the load-displacement curve can
be divided into a linear part and a nonlinear part. The
change in progression from a linear to a nonlinear slope

Table 4. Offsets of all tests.

occurs at an approximate load of 60 kN for V1, 4kN for V2,
1.5 kNm for V3 and 8 kNm for V4.

In V1, the force-displacement curves of the three tests
have a maximum force difference of only 2% up to a dis-
placement of 4.2 mm. Until the maximum expectable longi-
tudinal load in the normal operation of 40kN, all curves
show a similar and linear progression. An abrupt drop in
force occurs for all three tests at a similar maximum force
of about 90kN. This drop results from a mechanical failure
of the bearings, which lock the rotation of the frame around
the hollow shaft (see Figure 2(a)) on both sides. For Frame
1 and Frame 3, both bearings (on the left and right frame
side) break simultaneously, whereas for Frame 2, one bear-
ing breaks at 18.4mm, and the second bearing breaks at
30.3 mm. After this drop in force, it is visible that the side
tubes are already pressed out, while the force stays almost
constant.

In V2, the force-displacement curves of all tests have the
same progression over the entire displacement with a shifted
magnitude of force. No mechanical failure of any bearing or
frame occurs during the entire test. The maximum force at
a lateral displacement of 78 mm shows a difference of 1kN
between Frame 5 and Frame 6.

In V3, Frame 7 and Frame 8 have the same progression
but, similar to V2, are shifted in terms of magnitude. It is

V1 V2 V3 V4
Frame 1 2 3 4 5 6 7 8 9 10 1" 12
Force offset (kN) or (kNm) 4,00 0.41 0.10 0.18
Displacement offset (mm) or (°) 0.73 0.74 0.54 0.52 0.56 0.37 0.03 0.02 0.03 0.42 0.37 0.33
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Figure 3. Force-displacement curve of V1 and V2 and torque-rotation angle curve of V3 and V4.



observable that Frame 9 shows a different behaviour than
the others, with a force drop at 12° before a further rise of
torque. The maximum torque at a rotation angle of 26°
spreads 0.7 KNm between Frame 7 and Frame 8.

In V4, Frame 11 and Frame 12 have the same behaviour
in the linear part, whereas Frame 10 has a slightly flatter
slope in the linear progression up to 8kN. After 8kN, it is
noticeable that Frame 11 and Frame 12 have a similar pro-
gression while Frame 10 behaves differently. The maximum
torque of all three tests is comparable, but it is shifted by 6°
for Frame 10.

3.3. Deformation behaviour of frame

Figure 4(a) shows a motorcycle frame in V1 in an un-
deformed state before the test compared to the deformed
state in Figure 4(b) after the test. Generally, within a load
configuration, all three tests show the same deformation
pattern. It is also noticeable that the inner part of the frame
(orange-coloured trapezium in Figure 2(b)) is optically
hardly deformed for all performed tests, supported by post-
measurements. The distances of P3Py, P;Ps, P3Ps and P4P;
change at a maximum of 2% for VI, 1% for V2, 2.7% for
V3 and 4.3% for V4. The distance P,P, conversely, behaves
differently for the different load configurations because of
the different deformation behaviours of the frame.

In V1, the frames deform on the sides where the tubes
are pressed outside and in the swing arm pivot area. At
around 5mm displacement, the side tubes begin to deform
visually (red arrows in Figure 4(b)), and after 8 mm, the first
fractures become visible (green cycles in Figure 4(b)). The
fractures occur in the connection areas between the tubes of
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the tubular trellis steel frame. It is noticeable that the frac-
tures do not occur directly at the welding spots, as
Figure 4(f) shows exemplarily for Frame 1 in V1. The dis-
tance P;P, (Figure 2(b)) increases by up to 54% for all three
tests caused by the pressed outside tubes.

In V2, the largest deformations occur in the area where
the swing arm is attached (red arrows in Figure 4(c)). Due
to the moment acting on the shaft at the fixation, the shaft
gets deformed and moves counterclockwise at the area
marked with red arrows in Figure 4(c), which becomes vis-
ible at a lateral displacement of 20-25mm. The geometry of
the deformed shaft is given by the frame geometry. The
shape of the other frame parts scarcely shows deformations
in their entirety, where the distance PP, changes just
around 2.5% for all three tests. After the tests, no fractures
were visible on the frames.

In V3, the largest deformations also occur in the area
where the swing arm is attached (red arrows in
Figure 4(d)). The shaft gets deformed and rotates minimally
counterclockwise. It is also evident that the rear shaft at the
swing arm connection was plastically deformed.
Nevertheless, the remaining frame stays almost completely
un-deformed with a maximum change of distance P,P, of
around 1.9% in all three tests. For Frame 7 and Frame 8,
small fractures occur (green cycle in Figure 4(d)), whereas
for Frame 9 the fracture separates almost the entire tube
except for a 5-7 mm millimetres.

In V4, the frames deform in the first third of the frame
(near the steering head), where the tubes and the sheet
between them buckle (see red arrow and top green circle in
Figure 4(e)). The side tubes are pressed outside, similar to
the deformation pattern in V1. Again, the inner part of the

Figure 4. Exemplary photographs from the tests: (a) Un-deformed frame of V1 (b) deformed frame of V1 (c) deformed frame of V2 (d) deformed frame of V3 (e)

deformed frame of V4 (f) typical areas of fractures.
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frame stays nearly un-deformed while the distance PP,
increases by up to 18.9% for all three tests. Also, fractures
occur at the connection areas between the tubes, marked by
green cycles in Figure 4(e). Although the load-displacement
curve for Frame 10 differs from Frame 11 and Frame 12,
the deformation pattern is similar for all three frames.

3.4. Compliance assessment of test curves

Table 5 shows the results of the CORrelation and Analysis
(CORA) method processed with the CORAplus tool [40]
using the parameter stated in Table 3. The first test of each
configuration was compared with the remaining two curves
as reference data. The results underlie the optical impression
that the tests have good reproducibility. Especially the repe-
titions of V2 and V3 have an excellent rating according to
the score proposed by Gehre et al. [41]. The tests of V1
have similar progressions, but the maximum force differs
between the repetitions and the displacement at maximum
force. Therefore, V1 has good compliance. For the repeti-
tions of V4, the size, phase and shape individually have an
excellent rating. Still, as shown in Figure 3, the curve of
Frame 10 has a different progression, resulting in a fair rat-
ing for the corridor method. The total rating of all load con-
figurations results in a score of 0.855, which means good
compliance, but it has to be noted that an excellent score is
declared as a value of 0.86.

3.5. Limitations

The investigated motorcycle frame is from a medium-pow-
ered naked bike, especially for urban areas. Therefore, only
urban on-road operation and crash scenarios for the urban
area are analysed. Load scenarios in off-road driving or off-
road crash scenarios are not considered.

We consider the most frequent on-road motorcycle crash
scenarios in an urban area proposed by Piantini et al. [30],
ISO 13232-2 [32] and MAIDS [28]. Here, only the frontal col-
lision against a car and the collision of a car with the motor-
cycle’s side are considered. In the future, additional crash
scenarios, such as the collision of a car to the motorcycle’s
rear or single-vehicle accidents, should be accounted for.

We introduce the mechanical loads over the steering
head, whereby not all load scenarios occurring in accidents
can be reproduced. Experiments with an alternative load
introduction should be conducted to consider additional
load scenarios, e.g. flat loads that can occur when a car hits
the motorcycle from the side.

Table 5. Results of CORA rating.

Load configuration Rating method Rating Total rating

Vi Corridor method 0.737 0.781
Correlation method 0.824

V2 Corridor method 0.951 0.959
Correlation method 0.968

V3 Corridor method 0.888 0.930
Correlation method 0.972

V4 Corridor method 0.580 0.751
Correlation method 0.922

Total rating 0.855

The exact load conditions for the investigated motorcycle
frame in normal operations are unknown. Therefore, we
derived load configurations based on load scenarios pro-
posed in the open literature for fatigue tests, stiffness char-
acterisation or a design process of a motorcycle. We used
the presented magnitudes of the normal operation forces
only for the pre-loading to eliminate the clearances.
Afterwards, we load the frame up to the maximum applic-
able load, respectively displacement of the test rig.

The study performs the experiments under quasi-static
test load conditions. In future, the motorcycle frame should
also be investigated under dynamic conditions to evaluate
the dynamic effects of strain rates on mechanical behaviour.

4. Discussion

The presented dedicated test rig allows the investigation of a
motorcycle frame’s elastoplastic deformation and failure
behaviour under four mechanical load configurations. The
four load configurations represent load scenarios acting on
a motorcycle frame in everyday usage (e.g. acceleration, cor-
nering or braking, passing kerbs) and the most frequent
crash scenarios (e.g. frontal collision) for an on-road motor-
cycle in urban areas. To investigate the elastoplastic deform-
ation behaviour of the frame, the magnitude of the applied
loads is multiple times higher than the maximum loads that
occur in normal operation. The chosen force thresholds in
pre-loading are appropriate because the offset does not
affect the overall mechanical behaviour and occurs in the
very first part of loading, where a linear mechanical behav-
iour dominates. The defined CORA parameters are suitable
for the described application in this study, as the curves for
each load configuration show good or excellent compliance
that can also be visually observed. Nevertheless, despite the
good reproducibility, some differences within the load con-
figurations are obtained.

In V1, the bearings in the test with Frame 2 break con-
secutively one after the other and not simultaneously as in
the other two tests. Additionally, it should be mentioned
that the expected loads in normal operation are exceeded by
approximately 50kN. In V2, it can be stated that the
expected maximum force in normal operation is outrun by
two times. The deformation behaviour and the force-dis-
placement curves behave similarly for all tests and do not
show any anomalies. In V3, Frame 9 shows a drop in force
that is not observed in the other tests. This results from a
crack in the frame, which was observed 40-60% smaller
form in the other two frames. Except for this drop in force,
the overall behaviour and progression are comparable within
the three tests. In V4, Frame 10 shows a different torque-
rotation angle curve than the other two frames after around
8 kNm. Noticeably, at this torque, the slope changes from a
linear incline to a more flattened slope. The further progres-
sion of the curves is similar, with the curve of Frame 10
shifted rearwards by 6°. These differences result from the
plastic behaviour of the joints between the tubes, combined
with different crack propagation at the welds.



In normal operation’s expected maximum force range, all
frames behave nearly identically within one load configur-
ation. Furthermore, the progression of the load-displace-
ment curves is very similar in the linear part without any
exceptions. When the slope changes to a less steep incline,
the behaviour of the frames start to differ slightly from each
other due to fractions and plastic deformations. This can be
explained by the complex frame structure consisting of dif-
ferent components, such as tubes with different cross sec-
tions and casting components joined by welding. Also, the
propagation of fractures at the welding spots differs from
frame to frame because of the manufacturing process (e.g.
heat input during welding or tempering). Additionally, the
manufacturing tolerances play a role in the collective behav-
iour since the frame consists of multiple individual
components.

Based on the experiment results, the authors found that:

e In all experiments, the inner part of the frame remains
nearly un-deformed. This un-deformed space could pro-
vide space for sensitive components (e.g. battery packs
for EPTWs), which are essential to be protected from
deformations.

o The deformation of the motorcycle frame in the load
configurations V1 & V4 is comparable to the deform-
ation occurring in full vehicle crash tests [37]. This
shows that the simplifications for the crash scenario are
applicable.

e In all load configurations, the linear part exceeds the
expected maximum force of normal operation loads.
Within the linear part, the load-displacement curves
have a similar progression. After exceeding the linear
part, the load—-displacement curves start to differ for all
load configurations because of the complex frame struc-
ture and the occurrence of plastification and fractures.

e The fractures do not occur directly at the welding points
because of the assembling process. When a tube is
welded to a casting part, a small part of the casting pro-
trudes into the pipe. For this reason, and maybe of the
different material structures in the heat-affected zone,
failure does not occur directly at the welding point.

e The area of occurrence of fractures under elastoplastic
deformation is similar to the one in fatigue tests [4,5].
These weak points are decisive for the crashworthiness
and fatigue life.

e The applied approach of pre-loading shows a necessity
to eliminate the clearance of the test rig and the frame
due to manufacturing tolerances.

5. Conclusion

In conclusion, four different load configurations investigate
the elastoplastic mechanical deformation behaviour of a
motorcycle frame as an isolated component. These load
configurations represent normal operating loads and the
most frequent on-road crash scenario for a motorcycle in
urban areas. A dedicated test rig with well-known boundary
conditions is presented to measure the applied load and the
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resulting frame-only deformations of the frame in the four
investigated load configurations. The pre- and post-meas-
urements of the mechanical deformation of the frames show
that the inner part of the frame remains nearly un-
deformed. The CORA assessment supports the optical
impression of a good reproducibility of the experiments.

The observed load-displacement curves and the deform-
ation patterns of the investigated frames provide the basis
for assessing the frame’s crashworthiness and suitability as a
protective structure for inner-placed components (e.g. a
traction battery). Therefore, the following conclusions can
be drawn:

e The motorcycle frame is suitable as a protective structure
for sensitive components (e.g. battery packs) because the
inner part of the frame remains nearly un-deformed in
all load configurations. These findings correlate with full
vehicle crash tests [10].

o The experiments show that fractures occur, similar to
fatigue tests [4,5], in the area where different compo-
nents are welded together. The information about these
weak points of the frame can be used to improve the
crashworthiness further.

e The observed deformation pattern and failure modes can
be used to prove the mechanical elastoplastic behaviour
of a simulation model.

e The deformation of the motorcycle frame as an isolated
component is comparable to the deformation occurring
in full vehicle crash tests in a frontal collision [37].

e The proposed parameters of the CORA method can be
used to evaluate the quality of simulation models com-
pared to experimental results in the future.

e The well-known boundary conditions, in combination
with the presented measurement method, enable the use
of the load-displacement curves to prove and validate a
future motorcycle frame simulation model. Because the
frame-only deformations are measured without the influ-
ence of the test rig, a simulation model can be validated
without the need to model the entire test environment.

In this research, only quasi-static test configurations are
investigated. Dynamic configurations will also be of interest
for future analysis to establish whether frame behaviour in
dynamic scenarios is comparable with the presented behav-
iour in quasi-static conditions. Furthermore, dynamic tests
will provide information on the loads acting on the motor-
cycle frame in accident scenarios.
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