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Publishable Executive Summary

This deliverable deals with the assessment of test methods suggested in D3.1. It is
organized per human body segment, i.e. the assessment of novel Helmet test method, the
assessment of thorax protector test method and the new methods for inflatable jacket
testing. Finally, the new test method for pelvis protectors and boots will also be assessed.

The first part focusses on the novel helmet test method and therefore starts with a short
description of the method reported in D3.1. For the assessment of this methodology, first the
repeatability and robustness of the method are investigated by applying the method to a
given helmet and then to conduct a statistical analysis based on the results of 18 impacts. In
order to quantify the repeatability and robustness of the new helmet test method, the
analysis and comparison of the experimental data were performed using CORA
(CORrelation and Analysis). Results indicate an excellent rating for all configurations.

In a second step the new helmet test method was applied to five adult and four children
motorcycle helmets in order to evaluate the feasibility of the method.

The second part related to the thorax protection presents the preliminary development of a
new test procedure for the evaluation of frontal thorax airbag and proposes an initial
assessment method of their protection ability. The testing procedure as well as the
evaluation of the airbag system were conducted on a virtual environment based on FE
simulations of the impact in accordance with the test conditions. The findings and knowledge
obtained from these numerical simulations constitute the theoretical principles for the new
test machine introduced in the deliverable D3.1 — Test procedures for PPE, helmet and full
vehicle and could be the basis of the protection assessment of future thorax frontal airbag
devices.

The inflatable motorcyclist’s protector is a specific device that will automatically inflate in the
event of an accident. This test design is a preliminary stage of proposal which aims to
evaluate the device under the test conditions similar with the realistic accident scenarios and
to finally serve as a standard test procedure in the long term.

Coming to pelvis an initial protection assessment method of the frontal pelvis soft tissue by
the possible modification of the friction between the rider and the fuel tank is proposed. The
effect of the friction coefficient was studied in an impact of the rider at 20 km/h against the
motorcycle fuel tank. This impact situation was simulated following the load case indications
reported in the deliverable D2.4 - and considering two options: the absence of friction and
the existence of maximal friction. The numerical simulation of the impact scenario and the
evaluation of the effect of the friction in the protection of the soft tissue was conducted using
a FE model of a representative motorcycle fuel tank together with the improved version of
THUMS V4 Occupant presented in the deliverable D2.3 Improved numerical human body
models.
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The test method for boots introduces the development of a virtual test setup for the
evaluation of motorcyclist boots and submits an initial assessment method of the protective
effect using various conceptual motorcyclist boots as basis for comparison. The assessment
of ankle protection is based on inversion/eversion loading. The assessment is conducted
without axial preload and under neutral flexion and is evaluated in comparison to the
moments and angles of injury given by Funk et al., 2002. The general model description and
information about model validation are explained in deliverable D2.3 — Improved numerical
human body models. Requirements for an appropriate simulation setup to represent a
biomechanical inversion and eversion loading are formulated in deliverable D2.4 — Injury
mechanism load case database.

Legal Disclaimer

The information in this document is provided “as is”, and no guarantee or warranty is given that
the information is fit for any particular purpose. The above referenced consortium members
shall have no liability for damages of any kind including without limitation direct, special,
indirect, or consequential damages that may result from the use of these materials subject to
any liability which is mandatory due to applicable law. © 2018 by PIONEERS Consortium.
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Abbreviations and Acronyms

Acronym Definition

FE Finite Element

H-11l 50M Hybrid 111 50th Male

PPE Personal Protective Equipment

HBM Human Body Model

SUFEHM Strasbourg University Finite Element Head Model
PTW Power Two Wheelers

CORA CORrelation and Analysis

BriC Brain injury criterion
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1 Introduction

In the framework of the development of advanced test methods for motorcyclist’s protection as
planned in Work Package 3, the present Deliverable (D3.2) is a continuity of D3.1, where the
novel test methods have been exposed.

Focus in this report is on the assessment of the advanced test methods by investigating the
repeatability, robustness and applicability of the new test methods.

Another aspect of this assessment is the evaluation of existing protection systems with the
suggested method in order to check its feasibility.

In D3.1 advanced test methods have been suggested for three main protective systems, i.e.
the Head (UNISTRA, BASt, Dainese), the Thorax (UGE and LMU), inflatable jackets (UGE) the
pelvis (LMU) and the ankle (LMU).

Therefore, the present report will be organized in four key chapters, dealing respectively with
Helmet, Thorax, Inflatable Jacket testing and finally boots testing.
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2 Methodology

The suggested approach for the different test methods developed within PIONEERS is to
briefly re-call the novel test method related to head, thorax, chest, pelvis and lower leg and
then to try a verification of repeatability and robustness of the test method eventually followed
by a Round Robin test.

Important is also the testing of several protective devices according to the new test method in
order to check its feasibility.

Finally, it is suggested also to expose the limitations and further developments expected for
each of the novel test method.
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3 Background

Background for this deliverable is the presentation of the different test methods developed
within Task 3.1 of PIONEERS project reported in Deliverable D3.1 and entitled “Test
Procedures for PPE, helmet and full vehicle.

In fact, the most finalized test methods are further considered in task 3.4 in order to assess the
potential of the proposed test to become recognized test methods and to progress towards new
regulations.

Among the protection systems considered helmet as well as thorax protectors, inflatable
jackets, pelvis protector and boots will be subjected to novel test methods with the end goal of
test method evaluation.
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4 Assessment of New Helmet Test method

4.1 Introduction

In this section a part of the new helmet test method proposed in D3.1 which consists in adding
obligue impacts tests and the use of an instrumented Hybrid 11l headform capable of measuring
angular and linear motion along the three anatomical axes X, y and z will be assessed. To start,
a brief reminder about the new helmet test method itself is proposed in the following section.
Then, in order to assess quantitatively the repeatability and the robustness of the new helmet
test method, a description of the statistical method used will be presented (CORA: CORrelation
and Analysis statistical method).

Experimental results as well as numerical computation of the brain response with a predictive
finite element head model and the assessment of the brain injury risk for each impact will be
presented based on the AGV K6 helmet model provided by DAINESE.

Finally, in order to go further, a total of nine motorcycle helmet models available on the market
will be tested with this test method (five motorcycle adult helmet models and four motorcycle
child models). Statistical analysis will also be performed on all results in order to evaluate the
feasibility of the method based on different helmet models (different mass, shape, size...).

4.2 Reminder of the test method

A part of the new helmet test method proposed and presented in D3.1 which consists in adding
obligue impacts tests and the use of a Hybrid Ill headform instrumented with linear
accelerometers as well as angular velocity sensors and capable of measuring angular and
linear motion along the three anatomical axes x, y and z, will be assessed. Indeed, as the
“Linear” impacts, the impacts against horizontal flat anvils, are not purely linear, it is appeared
important to control the angular movement of the headform. More precisely, it is proposed to
conduct linear impacts against a flat horizontal anvil at a 7.5m/s impact velocity against
FRONTAL, OCCIPITAL and LATERAL impact points (Figure 1). The oblique impacts, reminder
in Figure 2, are proposed to be conducted, at an initial velocity of 8.0 m/s, against a 45° angles
anvil, to the Front, in order to induce rotation around the Y-axis (YRot), and two lateral impacts,
one leading to X rotation (XRot) and one leading to Z rotation (ZRot).

This part of the proposed helmet test method involves a total of eighteen experimental impact
tests per helmet type, followed by the numerical computation of the brain response with the
finite element head model and the assessment of the brain injury risk for each impact. The
innovative aspect of this proposed test method is the consideration of more realistic head
impact conditions as well as the assessment of the protection level via biomechanical based
brain injury criteria.
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FRONTAL OCCIPITAL LATERAL

Velocity=7.5 m/s Velocity=7.5 m/s Velocity=7.5 m/s
No Sand Paper No Sand Paper No Sand Paper

()

Figure 1. lllustration of the three impact configurations against a horizontal anvil.

ZRot

Velocity=8.0 m/s Velocity=8.0 m/s Velocity=8.0 m/s
Sand Paper P40 Sand Paper P40 Sand Paper P40

Figure 2. lllustration of the three oblique impacts against an inclined anvil.

For all experimental impact tests an advanced headform is used in order to record the linear
and the rotational headform acceleration versus time at the time of impact. The headform used
is the Hybrid Il 50" dummy head instrumented with PCB tri-axial linear accelerometer sensors
and ATA angular velocity sensors as illustrated in Figure 3. The impacts are conducted under
free fall conditions.

Z

| 2z
Y

ARS-06 and 06S Triaxial 7
MHD Angular Rate Angular rate sensor Y Accelerometer

Sensor Arrays from ATA
Sensors

PCB PIEZOTRONICSinc. accelerometers
356B21 7500 g with a sensitivity of 10.00
mV/g, 10.02 mV/g and 10.05 mV/g
respectively for x, y and z axes.

Figure 3. Representation of linear and rotational sensors used in the Hybrid 11l 50™
dummy headform.
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The experimental device used to carry out the impact tests is an AD ENGINEERING drop test
and consists of an aluminium column and a concrete base. It allows to guide a free fall
instrumented helmeted headform on an anvil with speeds up to 9 m/s.

The above experimental helmet drop tests lead to results in terms of three headform’s linear
accelerations and three rotational velocity curves for each impact. The coupled experimental
versus numerical test method then considers these head loadings as the initial condition of the
head impact simulation with the numerical head model in order to compute the intracerebral
shearing stress and to assess the injury risk according to the injury risk curves as illustrated in
Figure 4. In the following parts, assessment of this part of new proposed helmet test method is
presented in terms of repeatability and robustness as well as through an evaluation of helmets

available on market.
IMPROVED MODEL BASED HEAD INJURY CRITERIA

TESTS
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Figure 4. lllustration of the coupled experimental versus numerical helmet test method.

The experimental headform acceleration curves are considered as the initial condition

of the numerical head impact simulation followed by the assessment of brain injury risk
(AIS2+).
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o
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4.3 Repeatability and Robustness

4.3.1 Introduction

To evaluate repeatability of results and the robustness of the new proposed test method,
several experimental tests have been carried out with an AGV K6 helmet model provided by
DAINESE and illustrated in Figure 5. The size of the tested helmet is M (57-58 cm) with a mass
of 1400 g.

()] — -

L ‘

" %
Y 20 DN

Figure 5. lllustration of the AGV K6 helmet model provided by DAINESE.

The tests consisted in 18 impacts (9 against a horizontal flat anvil and 9 against an oblique flat
anvil), as shown in Figure 1 and Figure 2.

The helmeted head is positioned on the trolley as shown in Figure 6 with an inclinometer
device to control the right position for each tested configuration.

In order to control the repeatability of the experiments, each impact configuration is reproduced
three times according to the test matrix reported in jError! No se encuentra el origen de la
referencia..

Figure 6. Head guide carriage specially designed for oblique impact tests.
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Summarize of impact test conditions
* Head form : Hybrid Il 50th

*  Velocity: 7.5 m/s | 8 m/s

+ Condition: room temperature (23 + 5°C)

*  Number of repetitions: 3

65-70 mm

* Helmet position from head nose to EPS liner: 65-70

mm

Helmet ID First Impact Second Impact  Third Impact
H1 FRONTAL OCCIPITAL LATERAL
AAEY REY H2 LATERAL FRONTAL OCCIPITAL
Impacts
H3 OCCIPITAL LATERAL FRONTAL
H4 YRot XRot ZRot
QIS (e H5 ZRot YRot XRot
Impacts
H6 XRot ZRot YRot

Table 1. Test matrix for the three linear and three oblique impact tests involving six different
helmets.

In order to quantify the repeatability and robustness of the new helmet test method, the
analysis and comparison of the experimental data was performed using CORA (CORrelation
and Analysis) statistical method (Thurnet, 2017).

Correlation is calculated using two different metrics: the corridor metric and the cross-
correlation metric. These two metrics provide a complete objective assessment. As illustrated
in Figure 7, CORA combines corridor rating and Progression rating, size rating and phase shift
rating based on cross-correlation evaluation between two signals: a reference signal and the
signal to be compared. The interval time window for the evaluation is defined either
automatically or fixed as a parameter. In the present study the interval time window was fixed
between 0 i Goo ot O
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| Overall CORA rating |

Cross-correlation Corridor
Phase shift rating Size rating Progression rating Corridor rating

4 /\/}\f\

Figure 7. CORA structure for comparing signal characteristic.

/jf \\ ///\’ﬁ‘\ // \

The corridor method assesses the difference between two curves by means of a corridor
adjustment. Four curves around the reference curve define the inner and outer corridors. The
width of the inner and exterior corridor is defined based on the maximum value of the reference
signal and coefficient values. In this study, the coefficient value for the inner corridor is 0.05
and the one for the outer corridor is 0.5. If the curve to be compared is in the inner corridor, the
rating is 1, in the opposite, if the simulation curve is outside the outer corridor, the rating is O.
Otherwise, a quadratic interpolation is performed. The rating is computed to each time step in
the evaluation interval. The final rating of the corridor method (6 ) is the average of all the
ratings per time step and is between 0 and 1, as illustrated in Figure 8. The disadvantage of
this method is that it compares the values of the two curves at each time step, a distortion of
the phase can lead to a very bad note.

Signal 1 if ly(t) —x(t)| <6
k
6o — |y(t) — x(t;
Experimental data & = ( 2 b(;( ]_) 5 (J)|> withk € N*
— Simulation data ° '
0 [ ti) —x(t)| >,
}1 1 Inner corridor if |y( J) x( 1)| 4
Outer corridor -
. B w N .
. > 0 . With € the nomber of points
0 Time €

Figure 8. Presentation of the corridor method. In this study k=2.

The cross-correlation method analyses three characteristics of a curve: progression, phase
shift, and size. The result of each sub rating ranges from “0” (no correlation) to “1” (perfect
match). For these evaluations, the maximum cross correlation (0) is computed.

For the progression rating, the computation is derived from 0 by the equation (eq. 1). In the
present study ‘Qis equal to 1.

o) -0 p OO’ eq. 1

The phase shift rating is calculated to the maximum of the cross correlation by giving the time
offset] between the two curves. As with the corridor method, two extreme values are defined,
I and] . If the shift is less than ,the 6 rating is equal to 1 and if it is greater than
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) the 0 rating is equal to 0. Otherwise 0 is between 0 and 1 and calculated with
linear regression as defined in equation eq. 2. In the present study, the following values are
used,] p® 1 Gand ogti O
| $ 20 0 xE®E mdru
1 $ 20 0 xE®Q®E ™ T
p Qs 1
6 —=22 o aB 67 eq. 2
m ORI

With k=1 in the present study.

The size rating is calculated by comparing the square of the areas between the curves and the
time axis. The ratio between the two values gives the rating 6  with a value comprised
between 0 and 1, as defined in the equation eq. 3 with "Gx1 for the present study.

O B ®» 0 1 Y0 and 'O B & 0 (Yo with Yo is the constant time

interval andq is the time offset.

— QO ©
6 O " 6
— QO ©

eqg. 3

The overall evaluation rating 0 is a combination of the three cross correlation sub-ratings
and corridor rating as written through the equation eq. 4. In the present study, all ratings have
been considered with the same weight.

0 1 D ] D ] 18)) ] D
T UL

) can be characterized by grade ranges reported in Table 2.

eq. 4
With 1 1 1
Overall rating (0

In the current study, the reference signal is the mean curve obtained from the three repeated
impacts in the same impact configuration. Thus, for each impact the resultant linear
acceleration and angular velocity were compared to the mean ones.

Grade Overall Rating

Excellent ™ 6 p
Good ™®u 0 T @
Fair M1 0 @ v
Marginal ] ¢ 0 ™ 1
unacceptable m 0 ] @
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Table 2. Grading characterization of overall rating defined by the technical report ISO/TR 9790.
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4.3.2 Results

Eighteen impacts have been done with the AGV K6 helmet model, nine against horizontal flat
anvil and nine against an inclined flat anvil under room temperature condition. Three impacts
for a same configuration accordingly to the test matrix given in jError! No se encuentra el
origen de la referencia. have been performed.

lllustrations of experimental kinematic of the impact recorded with a high speed camera and
resultant linear/rotational head accelerations as well as head rotational velocity time history
curves recorded have been reported for the six impact configurations (frontal, occipital, lateral,
XRot, YRot and ZRot) from Figure 9 to Figure 14 respectivelyjError! No se encuentra el
origen de lareferencia..

2000 > 6
& | \ & =
£ 1500 1 / \ 2, >
E 1000 1 [\ 3 s
; f A D 3
2’ 500 1 f -: T
; 0 ﬁ—r—ﬁ\‘—‘ﬁ ; 0 - A .
2 0 5 10 15 20 2 0 5 10 15 20 & 0 5 10 15 20
= o

Times (ms) Times (ms) Times (ms)

——H 2 ——H_3 ——H_1

Figure 9. lllustration of experimental impact, resultant linear/rotational head
accelerations as well as head rotational velocity time history curves recorded for the
frontal impact configuration.
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1
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o
|
o

0 5 10 15 20 10 15 20 0 5 10 15 20
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—H 2 =——H 3 ——H_1

Linear Acc. [m/s?]

Figure 10. lllustration of experimental impact, resultant linear/rotational head
accelerations as well as head rotational velocity time history curves recorded for the
occipital impact configuration.

-
Lateral _ 2000 - — 10 : —_
2 1500 - 2 L = | -
¥ £ 3 r T 20 - 7\
1000 - g 5 \ _ = ’ : N
£ s00 - o Y, gty g
— [ Ny O J 4 v . ; | /
> g o+t < 0L P g0
£ 0 5 10 15 20 é 0 5 10 15 20 0 5 10 15 20
|
Times (ms) Times (ms) Times (ms)
—H 2 ———H 3 ——H_1

Figure 11. lllustration of experimental impact, resultant linear/rotational head
accelerations as well as head rotational velocity time history curves recorded for the
lateral impact configuration.
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] A & - ]

| f \ 3 30
| \ ® 20

{ | \ = 10 }/7

+— N g 0+—==
5 10 15 2 .6: 0 5 10 15 20
Times (ms) o Times (ms) Times (ms)

—HE =——HA4 —HS

Figure 12. lllustration of experimental impact, resultant linear/rotational head
accelerations as well as head rotational velocity time history curves recorded for the
XRot impact configuration.

Rot. Acc. [krad/s?)
Rot. vel. [rad/s]

5 10 15 20 10 15

Times (ms) Times (ms)
——H 6 =———H 4 ——HS5

N
o

Linear Acc. [m/s?

0 5 10 15 20
Times (ms)
Figure 13. lllustration of experimental impact, resultant linear/rotational head

accelerations as well as head rotational velocity time history curves recorded for the
YRot impact configuration.
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~ | -
3 30 A 30 - ~—
—_— © [ \ &~
g X 5 | \ — 20
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: O . —r—r—f;“w g O ’ ’YJ \‘.r : 0 ) o R | T
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——H 6 =——H4 ——HS

Figure 14. lllustration of experimental impact, resultant linear/rotational head
accelerations as well as head rotational velocity time history curves recorded for the
ZRot impact configuration.

Table 3 summarizes the results obtained for the eighteen experimental impacts performed in
terms of global parameters, maximum values of head linear/rotational accelerations and
maximum head angular velocity recorded, as well as in terms of tissue level criterion, maximum
brain shearing stress and the corresponding brain injury risk (AlS2+), calculated with the
SUFEHM.

Figure 15 expresses experimental and numerical results obtained, in the form of histograms,
accordingly to the three horizontal impact configurations and the three oblique impact
configurations in terms of maximum head linear and rotational acceleration and velocity, as
well as in terms of brain shear stress and head Injury Risk to AlIS2+ calculated with an
advanced finite element head model (SUFEHM).

Each impact was reproduced three times and for all of these metrics a good accordance
between values obtained/calculated for a same impact is observed.
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Impact Max. Lin. Acc.
| G oo [ o Mgt
1 H1 192

FRONTAL

192
197
180
219
204
186
184
193
176
183
180
158
169
174
116
110
131

5141
5427
4915
4203
3445
2806
6933
7188
9006
8143
9679
9087
9426
9201
9621
11391
11704
12925

Max. Rot. Acc.
rad/s? ra

ot. Vel.
d/s
19

20
20
13
10

8
23
23
23
30
32
31
38
38
38
49
48
52

Max. Von Mises
Risk

Stress [kPa
37.4 52 %
36.7 50 %
36.6 50 %
20.4 20 %
27.0 30 %
23.3 24 %
30.1 36 %
29.1 34 %
33.8 44 %
36.0 49 %
40.6 59 %
36.7 50 %
30.3 37 %
315 39 %
31.6 39 %
49.7 76 %
45,7 69 %
55.0 83 %

Table 3. Results obtained from the experimental campaign accordingly to the three
horizontal impact configurations and the three oblique impact configuration in terms of
linear and rotational acceleration and velocity, as well as in terms of brain shear stress
and head injury risk calculated with a predictive finite element head model (SUFEHM).

=R e

Rot. Acc. [krad/s?]
ONPOOOXOND

Injury Risk [%]

Rot. Velocity [rad/s]

BN W b U
O O O O O o o

M First Impact
M Second Impact

M Third Impact

Figure 15. Histograms of the results according the 3 horizontal impact configurations in
terms of linear and rotational acceleration and velocity, as well as brain shear stress

and Advanced Head Injury Risk.
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O

4.3.3 Statistical analysis

Table 4 reports a synthesis of the results in terms of mean values with standard deviations for
each impact configuration for maximum linear/angular accelerations, maximum rotational
velocity, BrIC and HIC values as well as in terms of brain shear stress and related brain injury
risk (AIS2+) calculated with an advanced human finite element head model (SUFEHM).

The head linear acceleration and head angular velocity time histories recorded experimentally
three times per impact configuration seem to be reproducible as illustrated standard deviations
calculated for different metrics proposed in Table 4. These observations are objectively
confirmed with the CORA scores calculated with the cross-correlation method and the corridor-
method with an average for the six impact conditions higher than 0.98 and 0.93 for linear
acceleration (

: Progression : : Phase shift _ : :
Impact Points i Size rating : Corridor rating  Overall rating
rating rating
FRONTAL 1.00 0.99 1.00 1.00 1.00
LATERAL 1.00 0.99 1.00 1.00 1.00
OCCIPITAL 1.00 0.94 1.00 1.00 0.99
XROT 1.00 1.00 1.00 1.00 1.00
YROT 1.00 0.98 1.00 1.00 1.00
ZROT 1.00 0.91 1.00 1.00 0.98
Impact Points Progression ) ) Phase shift ) ) .
. Size rating i Corridor rating Overall rating
rating rating

Table 5) and angular velocity (

: Progression : : Phase shift _ : _
Impact Points : Size rating ; Corridor rating  Overall rating
rating rating
FRONTAL 1.00 0.99 1.00 1.00 1.00
LATERAL 1.00 0.99 1.00 1.00 1.00
OCCIPITAL 1.00 0.94 1.00 1.00 0.99
XROT 1.00 1.00 1.00 1.00 1.00
YROT 1.00 0.98 1.00 1.00 1.00
ZROT 1.00 0.91 1.00 1.00 0.98
Impact Points Progression . ) Phase shift ) ) i
P d . Size rating i Corridor rating Overall rating
rating rating
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Table 5. CORA rating results for each impact configuration on the head resultant linear
acceleration data recorded experimentally for the six impact configurations.

) respectively.

Moreover, the global rating scores, reported in jError! No se encuentra el origen de la
referencia., are higher than 0.98 which indicates an excellent rating and so a reproducibility
and robustness of the results coming from the new proposed helmet test method.

Maximum  Maximum  Maximum Brain
Lin. Acc. Rot. Acc.  Rot. Vel. HIC injury risk
[q] [rad/s?] [rad/s] (AIS2+)
194 5161 20.0 0.35 1643 36.9 51%
FRONTAL
+3 + 257 +0.5 +0.01 +17 +04 +1%
201 3485 10.3 0.19 1623 23.6 25%
OCCIPITAL °
+19 + 699 +24 +0.04 +144 +3.3 + 5%
188 7709 233 0.36 1581 31.0 38%
LATERAL
+5 +1131 +0.1 +0.00 +18 +25 + 5%
180 8970 31.2 0.49 1634 37.8 53%
XROT
+4 +774 +1.1 +0.02 +23 +25 + 5%
167 9416 37.9 0.67 1324 31.1 38%
YROT
+8 +210 +0.4 +0.01 + 35 +0.8 + 2%
119 12007 49.7 1.10 612 50.1 76%
ZROT
+11 +811 +24 +0.07 +99 +4.7 + 7%

Table 4. Results according the 3 oblique impact configurations in terms of mean values of
linear and rotational acceleration and velocity, HIC and BriC values as well as brain shear
stress and Advance Head Injury Risk.

: Progression : : Phase shift _ _ _
Impact Points ) Size rating ) Corridor rating  Overall rating
rating rating
FRONTAL 1.00 0.99 1.00 1.00 1.00
LATERAL 1.00 0.99 1.00 1.00 1.00
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OCCIPITAL 1.00 0.94 1.00 1.00 0.99
XROT 1.00 1.00 1.00 1.00 1.00
YROT 1.00 0.98 1.00 1.00 1.00
ZROT 1.00 0.91 1.00 1.00 0.98

Impact Points Prorirtegszion Size rating Ph?:;:gift Corridor rating Overall rating

Table 5. CORA rating results for each impact configuration on the head resultant linear
acceleration data recorded experimentally for the six impact configurations.

Impact Points Progr(-assion Size rating Phase. shift Corridor rating  Overall rating
rating rating

FRONTAL 1.00 0.93 1.00 1.00 0.98
LATERAL 1.00 0.89 1.00 1.00 0.97
OCCIPITAL 1.00 0.79 1.00 0.92 0.93
XROT 1.00 0.89 1.00 1.00 0.97
YROT 1.00 0.98 1.00 1.00 0.99
ZROT 1.00 0.94 1.00 1.00 0.99

Table 6. CORA rating results for each impact configuration on the head resultant
angular velocity data recorded experimentally for the six impact configurations.

Page 30 of 85 30/11/20



() PIONEERS

INNOVATION FOR RIDER SAFETY

Impact Points Progre_zssion Size rating Phasg shift Corridor rating  Overall rating
rating rating

FRONTAL 1.00 0.96 1.00 1.00 0.99
LATERAL 1.00 0.94 1.00 1.00 0.99
OCCIPITAL 1.00 0.87 1.00 0.96 0.96
XROT 1.00 0.94 1.00 1.00 0.99
YROT 1.00 0.98 1.00 1.00 0.99
ZROT 1.00 0.92 1.00 1.00 0.98

Table 7. Global CORA rating results for each impact configuration.

4.3.4 Conclusions

To assess the new proposed helmet test method, experimental tests have been carried out
with an AGV K6 helmet model provided by DAINESE. A part of the proposed new helmet test
method consists of a helmeted HIIl headform impacting horizontal and inclined anvil. Eighteen
tests have been done under six different configurations at room temperature. In order to
quantify the repeatability and robustness of the new helmet test method, the analysis and
comparison of the experimental data were performed using CORA (CORrelation and Analysis).
Results indicate an excellent rating for all configurations. To go further, following section will
present an assessment of the proposed test method on existing protective systems available
on the market: five adult motorcycle helmet models and four child motorcycle helmet models.
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4.4 Evaluation of existing protective systems

An evaluation of existing protective systems available on market has been carried out by
UNISTRA on five adult motorcycle helmets and four child motorcycle helmets. It consisted for
each model in eighteen impacts (9 on a horizontal flat anvil at a 7.5m/s impact velocity against
FRONTAL, OCCIPITAL and LATERAL impact points and 9 on an oblique flat anvil at 8.0 m/s
XROT, YROT and ZROT).

Figure 16 and Figure 17 present experimental results in terms of head linear accelerations and
head rotational velocity time curves recorded at the CG of the HIll headform for the five adult
motorcycle helmet models tested for the three impacts on a horizontal flat anvil and three
others on an oblique flat anvil respectively. A small standard deviation defined for each curve
highlight the good reproducibility of tests.

250 40
Frontal v
_= ) 200 % 30
g 150 =
— 20 A
< 100 2
[ .
z S 50 - £ 101
X -3
] 0 0 - . . . i
0 5 10 15 20 25
Time [ms]
Occipital 250 40
ccipita -
5 200 E 30
g 150 = -0
< 100 g
[ .
S 50 & 10
-3
0 0 4
0 5 10 15 20 25
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W
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= 50 A -
e
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25
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s MAQL e MJAQ2 s MIAO3 MAO4 MAO5

Figure 16. Experimental results in terms of head linear accelerations and head
rotational velocity time curves recorded at the CG of the HIll headform for the five adult
helmet models tested (mean curves and standard deviation) for the three impacts on a

horizontal flat anvil.
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Figure 17. Experimental results in terms of head linear accelerations and head
rotational velocity time curves recorded at the CG of the HIll headform for the five adult
helmet models tested (mean curves and standard deviation) for the three impacts on an

inclined flat anvil.

Figure 18 and Figure 19 present a synthesis of results obtained in terms of maximum global
parameters as well as brain shear stress and related brain injury risk (AIS 2+) calculated with
an advanced finite element head model (SUFEHM) for the five adult motorcycle helmet models
tested in this project respectively. Configurations that induce high risks of brain injuries are
lateral impacts as well as ZRot oblique impact whatever the helmet model tested.

In order to highlight the robustness and repeatability of the new proposed helmet test method,
Table 8 summarizes global CORA rating results calculated for each impact configuration for the
five adult helmet models tested. Overall ratings are higher than 0.92 for all impact
configurations that is an excellent rating. This result demonstrates a very good reproducibility
and robustness of the results coming from the new proposed helmet test method by assessing
it on five totally different adult helmet models available on the market, i.e. different masses,
shapes, materials...
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Figure 18. Synthesis of results obtained in terms of global parameters for the five adult
motorcycle helmet models tested.
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Figure 19. Synthesis of the adult helmets results calculated in terms of brain shear
stress as well as the brain injury risk (AIS 2+) with an advanced finite element head
model (SUFEHM) for the five adult motorcycle helmet models tested.
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Progression Size Phase Corridor Overall
Helmet number Impact Points gre . shift . ;
rating rating rating rating rating

FRONTAL
LATERAL
OCCIPITAL
XROT
YROT
ZROT

FRONTAL

LATERAL
OCCIPITAL
XROT
YROT
ZROT

Table 8. Global CORA rating results calculated for each impact configuration for the five
adult helmet models tested.

Page 35 of 85 30/11/20



() PIONEERS

INNOVATION FOR RIDER SAFETY

In order to go further, four motorcycle helmet models small size (51-52), useful for children,
were tested with the new proposed helmet test method. For this the HIIl headform 50™
percentile used previously was replaced by the 6YOC HIIl headform and the same
experimental test matrix was used which consists of 18 impact tests for a same model following
by 18 numerical simulations with an advanced finite element head model. Figure 20 and Figure
21 present results obtained in terms of head linear accelerations and head rotational velocity
time curves recorded at the CG of the 6 YOC HIIl headform for the four child helmet models
tested for the three impacts on a horizontal flat anvil and the three others on an inclined anvil
respectively. Once again, small standard deviations can be observed.
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Figure 20. Experimental results in terms of head linear accelerations and head
rotational velocity time curves recorded at the CG of the HIIl headform for the four child
helmet models tested (mean curves and standard deviation) for the three impacts on a

horizontal flat anvil.
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Figure 21. Experimental results in terms of head linear accelerations and head
rotational velocity time curves recorded at the CG of the HIll headform for the four child
helmet models tested (mean curves and standard deviation) for the three impacts on an

inclined flat anvil.

Figure 22 and Figure 23 present a synthesis of results obtained in terms of maximum global
parameters with standard deviation as well as brain shear stress and related brain injury risk
(AIS 2+) calculated with SUFEHM for the four small size (“child”) motorcycle helmet models
tested respectively. Again, configurations that induce high risks of brain injuries are lateral
impacts as well as ZRot oblique impact.

Table 9 presents global CORA rating results calculated for each impact configuration for the
four “child” helmet models tested. Overall ratings are higher than 0.93 (MCO03) for all impact

configurations, an excellent rating, that demonstrates the robustness of the new proposed
helmet test method.
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Figure 22. Synthesis of results obtained in terms of global parameters for the four “child”
motorcycle helmet models tested.
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Figure 23. Synthesis of the child helmets results calculated in terms of brain shear
stress as well as the brain injury risk (AIS 2+) with an advanced finite element head
model (SUFEHM) for the four “child” motorcycle helmet models tested.
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Progression Size Phase Corridor Overall
Helmet number Impact Points gre . shift . :
rating rating rating rating rating

FRONTAL
LATERAL
OCCIPITAL
XROT
YROT
ZROT

FRONTAL
LATERAL

OCCIPITAL

XROT
YROT

ZROT

Table 9. Global CORA rating results calculated for each impact configuration for the
four “child” helmet models tested.
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4.5 Conclusions

In this section a part of the new helmet test method proposed in D3.1 which consists in adding
oblique impacts tests and the use of an instrumented Hybrid Il headform capable of measuring
angular and linear motion along the three anatomical axes x, y and z was assessed. A total of
eighteen experimental impact tests were performed on an AGV K6 helmet model provided by
DAINESE, followed by the numerical computation of the brain response with a predictive finite
element head model and the assessment of the brain injury risk for each impact. The
innovative aspect of this test method is the consideration of more realistic head impact
conditions as well as the assessment of the protection level via biomechanical based brain
injury criteria.

In order to assess quantitatively the repeatability and the robustness of the new helmet test
method, the analysis and comparison of the experimental data was performed by using CORA
(CORrelation and Analysis) statistical method. Results indicate an excellent rating for all
configurations tested that demonstrates the robustness of the new helmet test method.

In addition to this proposed test method results based on one helmet model, a total of nine
motorcycle helmet models available on the market were tested (five motorcycle adult helmet
models and four motorcycle child models). Statistical analyses were performed on all results in
order to assess the repeatability and the robustness of the new helmet test method based on
different helmet models (different mass, shape, size...). Results demonstrate an excellent
rating with values higher than 0.93 that highlights again the repeatability and the robustness of
the new helmet test method.
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5 Assessment of Thorax protection system: a

numerical approach

5.1 Introduction

This section presents the preliminary development of a new test procedure for the evaluation of
frontal thorax airbag and proposes an initial assessment method of the protection ability of
those systems.

The development process of the testing procedure as well as the evaluation of the airbag
system here exposed were conducted on a virtual environment based on Finite Element
simulations of the impact and test conditions. The findings and knowledge obtained from these
numerical simulations constitute the theoretical principles for the new test machine introduced
in deliverable D3.1 — Test procedures for PPE, helmet and full vehicle and could be the basis
of the protection assessment of future thorax frontal airbag devices.

5.2 Definition of the test impact conditions

The starting point for the definition of the test conditions of the new test procedure was the
accident data. In contrast to the standard EN1621-4, where there is no clear evidence of the
origin and foundations of the test impact conditions applied, the new test procedure conditions
for frontal airbag thorax should be as close as possible to the impact conditions occurring
during a real accident. Based on the accident analysis and the findings of Work Package 2, two
main scenarios were identified as representative of numerous thorax impacts in motorcycle
accidents. These two scenarios could define our new test conditions (Table 10).

Impact conditions for frontal thorax protection

Velocity (m/s) Geometry Moving mass (kg)

Test A 3ml/s Rigid plane = 75 kg (50" percentile male)

Rigid cylinder with a radius from

= th il
5to 10 cm 75 kg (50" percentile male)

Test B 7 m/s

Table 10. Impact conditions for frontal thorax protection obtained from the accident
analysis.

The determination of these two impact conditions could be the basis for the definition of two
different impact tests for the protection assessment. The first one, Test A, could be considered
a low severity test oriented to guarantee a minimal protection effect from products more
comfort oriented. Test B, more severe in its impact conditions, could be chosen as a
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representative impact scenario of a real accident and could be a test oriented to those products
developed to provide more safety in possible accident scenarios.

The simulation of Test B, using the FE human body model GHBMC pedestrian v1.6 and the
injury load case described in D2.4 (see Figure 24a), could be understood as a reference of the
possible injuries that could occur as a consequence of such an impact. The values obtained
from the calculation displayed that a thorax deflection of 83 mm and a Viscous tolerance of
1.64 m/s could be expected. In addition, the strain-based analysis of the ribs cortical bone
showed also that the fracture of the 2", 3@ and 4" ribs on both sides could occur (see Figure
24b).

Contour Plot CORTICAL
Strain(P1 (major), Max)
Analysis system
Simple Average
Value Filter <= 0.01800

1.800E-02
[ 1.600E-02
1.400E-02
— 1.200€E-02

0.000E+00

Figure 24. a) Simulation of the Test B load case using a FE HBM. a) Maximal strain
contour plot at the HBM rib cage after the impact.

As it was mentioned, the main object of the development of a new test procedure within this
activity was to stay as close as possible to the reality. This initial statement set out two
difficulties for the translation of the real conditions exposed before to a laboratory or test
environment. Firstly, the necessity of a thorax surrogate was observed. The impossibility due to
project resources and timing, of the construction and validation of a new surrogate, implied the
selection of the dummy Hybrid 1Il 50" or 95" percentile thorax as surrogate for the testing.
Secondly, an object-to-rider test configuration where a movable object would impact a fixed
thorax representing the rider, despite its less closeness with the real situation, was preferred
instead of the inverse configuration (rider-to-object configuration) where a movable body would
impact a fixed obstacle because of its more repeatability and technical simplicity.

Considering these requirements, the load case situation corresponding with Test B was
simulated using a FE model of a Hybrid Il dummy without airbag protection in order to obtain a
reference value of deflection, 101.8 mm, and to calculate the Viscous tolerance, 1.85 m/s. To
translate the real impact rider-to-object impact conditions into the object-to-rider a sensitivity
analysis to determine the equivalent effective mass during the impact was conducted. After this
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analysis it was found that, for this impact situation, testing with an object mass of 33.75 kg
would bring the same thorax deflection (101.8 mm) for the object-to-rider configuration as for
the rider-to-object one with a similar Viscous tolerance, 2.03 m/s. Figure 25 shows the
deflection-time curves for both configurations. Because of during the process design of the new
test machine, 5 kg steps for the object mass were agreed, a final mass of 35 kg was
determined as equivalent mass for the tests.

Thorax Deflection

Rider-to-Object
Object-to-Rider_33.75kg

-20

Deflection [mm]
& A
ol 2

)
i

-100-

-120

Time [ms]

Figure 25. Thorax deflection comparison for the rider-to-object and the object-to-rider
impact configurations with an object mass of 33.75kg.

The value of deflection expected at the dummy thorax for an impact with a mass of 35 kg at 25
km/h was found too dangerous for the equipment and it could destroy the dummy. In order to
not damage the dummy thorax, a limit of a maximal 60 mm of deflection was imposed for the
testing conditions. For that reason, the test condi9itions finally applicable were reduce to two
options: a maximal impact mass test condition (35 kg) at a reduced impact velocity of 3.5 m/s
and a maximal velocity (7 m/s) impact velocity with a reduced impact mass (10 kg). The
following Table 11 shows the values of deflection and the maximal viscous tolerance for both
impact conditions which would determine the reference values for the evaluation of protection
effect of the frontal thorax airbag devices. For the case of Test A, impact conditions are below
the 3.5 m.
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Impact conditions for frontal thorax protection

Velocity (m/s) Moving mass (kg) De{:ﬁ;:r%on VC max (m/s)
Test B1 3.5m/s 35 kg 56.7 0.47
Test B2 7 mls 10 kg 53 0.83

Table 11. Reference values of deflection and VC max for the two final test conditions.

5.3 Protection assessment

Once the reference values were established, some simulations were conducted applying the
test conditions described before to demonstrate the sensitivity of the new test procedure. For
that purpose, two different FE models of frontal airbag protectors representing two different
concepts were considered: a first model (Airbag 1) was inflated with a pressure of 3 bars and
modelled with a thickness of 3.5 cm and second one (Airbag 2) modelled with a higher
thickness (8.5 cm) and lower pressure 0.65 bars. Both models were used for the simulation of
the impact conditions of Test B1 and Test B2 respectively. Figure 26 shows the initial state of
the simulations with Airbag 1 and Airbag 2.

In D2.2 - Report on injury risk assessment procedures several thorax injury risk criteria were
collected and summarized. In this case where a dummy Hybrid Il is used, to assess the
protection effect of a frontal airbag device was proposed the use of the Compression Criterion
(Kroell et al., 1971, 1974) and the Viscous Criterion (Viano et al., 1988). Measuring the thorax
deflection and applying the Compression Criteria would be possible to obtain an estimation of
the severity of the possible skeletal injuries as it Figure 27 displays. Also with the obtained
deflection value the viscous tolerance can be calculated and, after its normalization (Viano et
al., 1986), it would be possible to estimate the probability severe soft tissue injuries (Viano et
al., 1986) (see Figure 28).
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AIRBAG 1 AIRBAG 2

Figure 26. Initial state of the simulation of the new test procedure using two different
airbags.
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Figure 27. Probability of thorax injury depending of Hybrid 11l dummy deflection
(Sommers et al., 2014).
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Figure 28. Probability of severe soft tissue injury depending on the viscous tolerance
value (Viano et al., 1988).

The results obtained from the simulation of the Test B1 and B2 with both airbags regarding
these injury criteria for the protective assessment are presented respectively in Table 12 and
Table 13 in comparison with the reference values (no airbag impact scenario). In both test
conditions, the airbags were able to reduce the severity of the impact in relative terms with the
reference simulation. In addition, the test procedure showed sensitivity to distinguished
different airbag performance. Attending to the values obtained, for instance, a deflection of 50
mm and a Viscous response of 1 m/s could be considered acceptable values for the frontal
airbag protection assessment.

Test B1

Deflection (mm) VC max (m/s)
Reference 56.7 0.47
Airbag 1 48.1 0.37
Airbag 2 39 0.17

Table 12. Deflection and Viscous response of Airbag 1 and Airbag 2 in Test B1.
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Deflection (mm) VC max (m/s)
Reference 53 0.83
Airbag 1 44.4 0.76
Airbag 2 36.4 0.29

Table 13. Deflection and Viscous response of Airbag 1 and Airbag 2 in Test B2.

5.4 Conclusions

In this section, the process of development of a new test procedure together with a method for
the protection assessment of thorax frontal airbags was explained. Starting for a frequent real
impact situation obtained from the accident analysis, the presented method translated those
real impact conditions into a laboratory test procedure considering possible equipment and
repeatability limits and requirements, in which the evaluation of the protection effect would be
conducted based on biomechanical parameters like thorax deflection and the Viscous
response. In comparison to the standard EN1621-4, reference values from a no airbag
situation were given which could make possible to assess the protective effect of a frontal
airbag device not only by staying below some prescribed values, like the EN1621-4 does, but
also by establishing a protection evaluation in relative terms respect to the reference values.

In addition, a numerical study using two different airbag models were conducted to show the
feasibility of the test and to demonstrate that the new procedure could be a sensitive test to
different airbag concepts

6 Test procedures of inflatable motorcyclist’s

protector for frontal chest protection

The inflatable motorcyclist's protector is a specific device worn by motorcyclists and will
automatically inflate in the event of an accident. In this section of the deliverable, the test
design of inflatable device for frontal chest protection will be introduced. This test design is a
preliminary stage of proposal which aims to evaluate the device under the test conditions
similar with the realistic accident scenarios and to finally serve as a standard test procedure in
the long term.
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6.1 Introduction

Powered two-wheeler (PTW) rider is one of the most vulnerable road users because PTWs
provide little protection against injuries during accident. The rider can be injured at all body
regions, among which the thorax was found in 50% and 44% of the potentially fatal injuries
(Abbreviated Injury Scale (AIS) 24) (Serre et al., 2012). However, few advances have been
made in reducing PTW-related thoracic injuries. The current passive safety devices for PTW
rider chest protection can be generally categorized into two types: non-inflatable and inflatable
protectors. A pad cushion is usually fitted over the chest area of the jacket for the non-inflatable
protector while the inflatable protector can be deployed like an airbag during accidents. Both
kind of protectors aim to absorb and distribute the impact energy to the rider chest.

The inflatable protectors can meet the performance requirements of the European Standard
EN 1621-4:2012. The current standard EN1621-4:2012 mainly evaluates the protection
performance of the inflatable device triggering with a mechanical system (cable linked between
the motorcyclist and the motorbike) from 3 perspectives: 1) the intervention time, 2) the
duration of inflated status and 3) the impact force attenuation. The intervention time is
calculated as the sum of the activation time and inflation time. The activation time is
mathematically calculated with a formula consisting of the trigger cable length and the PTW
travelling speed (13.33m/s). In other words, only the cable-triggering inflatable device is
considered by the current test standard. However, other than the cable-triggering ones, the
inflatable devices for PTW riders also include autonomous-triggering devices which detect the
accident happening with the sensors installed on the devices or on the PTW and can be
inflated automatically. Moreover, the impact attenuation is carried out by releasing a 5-kg bar
impactor to strike the device, which is put on a metal anvil, with a kinetic energy of 50+1.5J on
impact. The protection performance is determined according to the impact force measured
under the anvil. However, it remains uncertain, from the biomechanical point of view, why the
impact energy level of 50J (considerably less than realistic accident impact energy levels
(Ballester et al., 2019, Wei et al., 2020) was chosen as the test loading condition, or why the
impact force thresholds (Level 1: overall mean value < 4.5kN, single strike < 6kN; Level 2
overall mean value <2.5kN, single strike < 3kN) were chosen as the performance evaluation
criteria. The protection performance of the device might not be directly concluded from the
impact force measured in the standard tests since no human surrogate (e.g. crash test dummy)
is yet used in the test for injury evaluation.

In addition, the first impact usually happens between the PTW frontal wheel and other objects
(e.g. vehicle, PTW and obstacle) while the PTW rider collides with other objects later on in
most of the accident scenarios involving thorax injuries (Serre et al., 2010, Serre et al., 2019).
However, the impact condition in the standard test EN1621-4 is that the striker hit the device,
namely another object collides with the thorax (other-to-thorax). Different injury levels could
result from the impact conditions thorax-to-other (realistic scenario) and other-to-thorax (test
standard scenario) even under the same impact energy levels according to our previous
research (Wei et al., 2020).

Therefore, Gustave Eiffel University aims to develop a new test setup which can be applied to
evaluate both cable-triggering and autonomous-triggering inflatable devices under test
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conditions close to realistic accident scenarios. The test setup should also provide some
metrics directly relevant with human injury levels for device performance evaluation.

6.2 Test setup design

6.2.1 Test setup proposal

A drop tower system displayed in Figure 29 was designed in this task to evaluate the
performance of inflatable devices for frontal chest protection. The drop tower system was
mainly made up of a mobile platform, vertical trail, braking system. A human thorax surrogate
(with or without an inflatable device) could be suspended to the mobile platform through a steel
cable, a steel bar and an electro-magnet as displayed in Figure 30. The suspension point of the
steel cable was well adjusted so that the frontal thorax profile was oriented horizontally. The
mobile platform was anchored to an electromotor through a steel cable and could be lifted
along the vertical trail to different height up to 4.0 meters high. When unhooked, the mobile
platform would drop from the height along the vertical trail under gravity. When the platform
reached the height approximately 1.0m from the floor, the braking system came into effect and
the platform began to decelerate. When the platform reached the height corresponding to the
desired impact speed, the electro-magnet of the releasing system was shut down and the
human thorax surrogate would drop freely under gravity to finally hit the striker fixed on the
floor.

The Humanetics harmonized Hybrid Il 50th Male crash test dummy (H-1ll 50M) is the most
widely used anthropomorphic test device in the world for the evaluation of automotive safety
restraint systems in frontal crash testing. The thorax response of the H-Ill 50M is also
calibrated and validated to conform with the biomechanical responses recorded in human
cadaver tests in terms of chest deflection vs impact force (Rhule et al., 2005). Therefore, H-1lI
50M was chosen in this task as the human surrogate to provide metrics for device protection
performance evaluations. The assemblies of head, lower torso and limbs were dissembled
from the H-11l 50M dummy, and only the upper torso assembly as displayed in Figure 31 was
used in this task. The upper torso assembly has a total mass of about 19kg, mainly consisting
of chest flesh, rib, sternum and bib components. Under impacts, the sternum could move with
the rib deformation. The thorax deflection is measured from the rotation of the chest
potentiometer arm which connects the sternum and rear rib support.
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Figure 30. The human thorax surrogate suspended to the mobile platform.

78051-169
78051-215
Bib Assembly Chest Flesh
(6) 78051-304
Rib Rear Support
78051-9

12) 78051-118 Sternum Stop

Screw, BHCS
10-32x 1/2

LY

at - .

X

a s -k

a s l o X
78051-RS 1 .
Rib Set Complete s B
(2) 78051-234 d
Front Rib End
Strip Threaded 78051-232 (2) 78051-356

Sternum Sternum Stop (2) 78051-233

Front End Stiffener Plate

(24) 78051-117 78051-316
Screw, BHCS 10-32 x 5/8 Transducer Arm Slider

Figure 31. Upper torso assembly of H-IIl 50M crash test dummy.
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The striker used in the test was a flat steel plate with the size of 215mm*275mm*15mm
(width*length*thickness). The striker was fixed on the floor through a loading cell (7347C,
Kistler, measuring range +30kN) which measures the impact force of the thorax to the striker.
The center of the striker was vertically aligned with the center of the dummy sternum
component. A triaxial accelerometer (EGAS-S403A-250-/L1.5M, TE Connectivity, measuring
range +250g) was rigidly attached to the center of the thoracic spine component of the
surrogate. The x-axis of the accelerometer was oriented to the sternum (forward), with the y-
axis oriented to the left and z-axis to the neck (upward). A single-axis accelerometer (EGAS-
S403A-250-/L1.5M, TE Connectivity, measuring range +250g) was also rigidly attached to the
mobile platform with the accelerometer axis oriented to the platform travelling direction
(vertically). A high-speed camera (Fastcam SA3 120k, Photron model, 1024*1024 pixel) was
set with a frame rate of 1000fps in frontal of the vertical trail (see Figure 29) to record the
function of the inflatable device and the impact of the surrogate to the striker.

6.2.2 Regarding the drop height and test repeatability

Ballester et al., 2019 estimated the frontal thorax impact velocity of PTW riders in various
accident scenarios by using multi-body (MADYMO) simulations and based on an
epidemiological study. They found that 75% of the frontal thoracic impacts occurred below
6.9m/s (24.8km/h) and thus they proposed to assess the frontal chest safety devices under a
first impact level of 7.0m/s (25.6km/h). Most automotive companies recommend using H-IlI
50M dummy while designing their vehicles under the condition that the dummy chest deflection
is below 63mm [Edwards et al., 2005]. Therefore, a drop height should be determined in this
task which would produce not only a chest impact velocity close to the proposed impact
severity (Ballester et al., 2019) but also a chest deflection below the recommended
serviceability limit [Edwards et al., 2005].

To do so, the mobile platform was firstly lifted to a height of 2.5m, resulting in an initial height of
2.0m (hereafter referred to as Test-20) between the frontal chest and the striker. The mobile
platform with the surrogate (without inflatable device) was then released from the height. Three
trials were performed for this release height (i.e. Test-20). Similarly, the mobile platform was
then lifted to a height of 3.0m, resulting in an initial height of 2.5m (hereafter referred to as
Test-25) between the frontal chest and the striker. The mobile platform with the surrogate was
then released from the height. Three trials were also performed for this release height (i.e.
Test-25). The acceleration, deflection and impact force of the thorax were directly recorded in
the tests. The impact velocity was estimated and obtained by integrating the thorax
acceleration. The durations of the decelerating phase (due to braking engagement) and the
thorax-striker impact phase were measured according to the high-speed video and the thorax
acceleration curves. The corresponding results were summarized in
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. Some painting was put at the centre of the chest and the distribution of the painting (i.e.
location of impact) on the striker was recorded after impact (displayed in Figure 32).
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Vil V2
(m/s) (m/s)

1 4.6 60 | 120 | 612 | 514 | 131 | 168 | 157

Tzzt' 2 4.8 6.2 84 | 992 | 524 | 127 | 161 | 151
3 4.9 6.3 74 | 674 | 570 | 112 | 157 | 151

1 5.3 6.6 91 | 1378 | 558 | 300 | 146 | 137

TZ?' 2 53 66 | 102 | 760 | 538 | 172 | 145 | 137
3 5.3 66 | 101 | 1421 | 58 212 | 146 | 138

Table 14. Summary of experimental results for Test-20 and Test-25.

* V1 - thorax velocity at magnet triggering; V2 - thorax velocity at impact; Acc-1: thorax
resultant acceleration at magnet triggering; Acc-2: thorax resultant acceleration at
impact; Def: peak value of chest deflection; Force: peak value of chest impact force; TO:
the duration from the braking triggering to the moment of impact; T1: the duration from
the magnet triggering to the moment of impact.

Test-20-1 Test-20-2 Test-20-3 Test-25-1 Test-25-2 Test-25-3

\

Striker |8

Figure 32. Distributions of painting on the chest and striker to indicate the impact
locations. The red cycles indicate the locations of impact on the striker. The painting is
invisible on the striker for Test-20-1.

The impact velocity of the thorax-to-striker was up to 6.3m/s (22.7km/h) in Test-20 and 6.6m/s
(23.8 km/h) in Test-25. The peak values of the chest deflection were well below the
recommended limit of 63mm [Edwards et al., 2005]. Since the impact velocity in Test-25 is
closer to the proposed impact level [Ballester et al., 2019], the lift height (3.0m) of the mobile
platform as in the Test-25 would be always applied for the following tests of inflatable device
evaluation.

In addition, the experimental recordings were very close among the three trials of Test-25 (see

Val V2 Acc-1  Acc-2 Def Force TO T1

(m/s)  (m/s) (9) (9) (mm)  (kN) (ms)  (ms)

Page 53 of 85 30/11/20



O

PIONEERS

INNOVATION FOR RIDER SAFETY

1 4.6 60 | 120 | 612 | 514 | 131 | 168 | 157
Tzzt' 2 4.8 6.2 84 | 992 | 524 | 127 | 161 | 151
3 4.9 6.3 74 | 674 | 570 | 112 | 157 | 151
1 5.3 6.6 91 | 1378 | 558 | 300 | 146 | 137
T;Zt' 2 5.3 66 | 102 | 760 | 538 | 172 | 145 | 137
3 5.3 66 | 101 | 1421 | 58 212 | 146 | 138

Table 14 and Figure 32), in terms of the thorax velocity at the moment of magnet triggering
(V1) and at the moment of impact (V2), the peak chest deflection (Def), the duration between
the braking triggering to the moment of impact (t0), the duration between the magnet triggering
to the moment of impact (t1), and especially the impact location on the striker (see Figure 32).
Therefore, the test procedure was considered to be experimentally repeatable to some extent.
To be noted, the peak values of thorax acceleration at impact (Acc-2 in

V1 \ Acc-1  Acc-2 Def Force
(m/s)  (mls) ), (¢)) (mm) ()
1 4.6 60 | 120 | 612 | 514 | 131 | 168 | 157
Tzzt' 2 4.8 6.2 84 | 992 | 524 | 127 | 161 | 151
3 4.9 6.3 74 | 674 | 570 | 112 | 157 | 151
1 5.3 6.6 91 | 137.8 | 558 | 300 | 146 | 137
Tzzt' 2 5.3 66 | 102 | 760 | 538 | 172 | 145 | 137
3 5.3 66 | 101 | 1421 | 58 212 | 146 | 138

Table 14) were considerably different among the trials for Test-20 and Test-25. The cause of
the different acceleration levels remains to be studied in our future works and it should be
highly cautious of deducing the device protection performance according to the measured
thorax accelerations at impact.

To highlight:

1 The lift height (3.0m) of the mobile platform as in the Test-25 would be always applied
for the following tests of inflatable device evaluation;

1 The repeatability of the test procedure was considerable to some extent.
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6.3 Inflatable device evaluation

6.3.1 Cable-triggering inflatable device

6.3.1.1 Device test setup

Three cable-triggering inflatable devices of the same model (c-protect air, Bering, France) were
evaluated with the test procedures described in section 6.2.1 and 6.2.2. The device was
deployed by a canister filled with compressed CO2 (50cc, 509). In the test, the device was
worn on the thorax surrogate (Figure 31). A pulley was fixed on the bottom of the spinal
component of the surrogate and the cable of the inflatable device passed through the pulley to
be suspended to the mobile platform. In this way, the cable would be pulled from a posterior-
inferior direction to the thorax (Figure 33) at the moment of triggering, which was similar to the
real accident conditions. The length of the triggering cable was well adjusted so that the initial
force of tension was always 10.0N. The platform with the surrogate was lifted to the height of
3.0m. Before lifting and releasing the platform, the orientation of the surrogate frontal chest
surface was insured to be horizontal. The inflatable device triggering phase and its function
during impact were well recorded with the high-speed camera (Fastcam SA3 120k, Photron
model, 1024*1024 pixel) of a frame rate 1000fps. The thorax acceleration, deflection and
thorax-to-striker impact force were measured with the protocols described in section 6.2.1 and
6.2.2. These data were also compared with those recorded in tests without inflatable device
(section 6.2.2) so as to evaluate the performance of the cable-triggering inflatable devices.

- -5

Triggering cable

Triggering
cable knot

Pulley

Triggering cable

Striker

Triggering
cable knot

e T e
\

~

Figure 33. Test setup for cable-triggering inflatable device evaluation. The red dash line
and arrow indicate the pull direction of the cable at the moment of triggering.

6.3.1.2 Results and device performance

The process of device deployment was recorded for all the three cable-triggering devices
(displayed in Figure 33). To keep the device integrity and to avoid any artificial damage, no
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pressure gauge was inserted into the devices during the tests. The device “full deployment”
was roughly judged from the high-speed video and was assumed to be at the moment after
which the device size or shape would not change any more. According to the high-speed video
(Figure 34), all the three cable-triggering devices were fully deployed before hitting the striker.
The duration of the device deployment was less than 117ms (namely T1-T2, see

V1 V2 Acc-1 Acc-2 Def Force
(m/s)  (m/s) (¢)) (¢)) (mm)  (kN)
1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137 | --
T;Zt' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -
3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --
1| 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12
Cazt;'e' 2 | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13

Table 15). The accelerations of three independent axes/ directions were recorded on the
surrogate thorax and were used to compute the thorax resultant acceleration (displayed in
Figure 35). The peak thorax accelerations during the braking engagement and before the
electro-magnet releasing were within the range 8.0~10.7g (see Figure 35 and

Vil V2  Acc-l Acc-2 Def Force T0
(m/s)  (m/s) (9) (9) (mm)  (kN)
1 5.3 6.6 91 | 1378 | 558 | 300 | 146 | 137 | -
Tzzt' 2 5.3 66 | 102 | 76.0 | 53.8 | 172 | 145 | 137 | -
3 5.3 6.6 | 10.1 | 1421 | 58.0 | 212 | 146 | 138 | -
1 5.6 6.7 89 | 706 | 419 | 136 | 135 | 130 | 12
Czt;e' > | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 5.3 6.6 | 10.1 | 142.1 | 58 212 | 146 | 130 | 13

Table 15) for the three cable-triggering devices. The peak values of thorax resultant
accelerations during the first impact to the striker were within the range 70.6~75.9g. The thorax
resultant acceleration up to 176g (see Figure 35) in cable-triggering device-2 test was caused
by the impact of the pulley (fixed on the metal spine component) to the floor after the first
impact of the thorax to the striker. Consequently, this value (176g) of thorax resultant
acceleration was not considered for the device performance evaluation.
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Device-1

Device-2

Device-3

Figure 34. The deployment of inflatable devices during the surrogate drop phase. t0: the
moment of electro-magnet releasing. t1: the moment of cable triggering. t2: inflatable
device full deployment. t3: the first moment of thorax-to-striker impact.
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Figure 35. Time-history of thorax resultant acceleration recorded in the tests with cable-

triggering inflatable devices.
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The thorax resultant velocity was 5.6m/s and 6.7m/s at respectively the moment of electro-
magnet triggering and the first impact for all the three devices (see

V1 V2  Acc-l Acc-2 Def Force 10
(m/s)  (m/s) 9) 9) (mm)  (kN)
1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137 | -
ngt' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -
3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --
1| 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12
Caztge' > | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13

Table 15). The durations from the electro-magnet triggering to the first impact moment were
always 130ms for the devices (

V1 V2  Acc-1 Acc-2 Def Force T0
mis) mis) @ @ (mm) kN (ms)
1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137 | --
T;:t' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -
3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --
1| 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12
Cazt:e' 2 | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13

Table 15). The durations from the braking triggering to the first impact were quite close
(135~136ms, in

V1 V2 Acc-1

(m/s) (m/s)  (9)

1 5.3 6.6 9.1 137.8 | 55.8 30.0 146 137 --

Test-

25 2 5.3 6.6 10.2 76.0 53.8 17.2 145 137 --

3 5.3 6.6 10.1 142.1 58.0 21.2 146 138 =

Cable- 1 5.6 6.7 8.9 70.6 41.9 13.6 135 130 12

25 2 5.6 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
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3 5.3 6.6 10.1 142.1 58 21.2 146 130 13

Table 15) for the three devices. This phenomenon was also observed for the duration from the
electro-magnet triggering to cable triggering (12~13ms, in

V1 V2  Acc-l Acc-2 Def Force 10
(m/s)  (m/s) 9) 9) (mm)  (kN)
1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137 | -
T;Zt' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -
3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --
1| 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12
Caztge' > | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13

Table 15) among the three devices. These highly similar values (e.g. thorax velocities and time
durations) among the three device tests proved again the repeatability of the test procedure.

The peak thorax deflections were within the range 41.9~52.9mm (displayed in Figure 36 and

Vil V2  Acc-l Acc-2 Def Force T0
(m/s)  (m/s) (9) (9) (mm)  (kN)
1 5.3 6.6 91 | 1378 | 558 | 300 | 146 | 137 | -
T;:t' 2 5.3 66 | 102 | 76.0 | 53.8 | 172 | 145 | 137 | -
3 5.3 6.6 | 10.1 | 1421 | 58.0 | 212 | 146 | 138 | -
1 5.6 6.7 89 | 706 | 419 | 136 | 135 | 130 | 12
Czt;e' > | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 5.3 6.6 | 10.1 | 142.1 | 58 212 | 146 | 130 | 13

Table 15) while the peak forces of thorax-to-striker were within the range 4.1~13.6kN
(displayed in Figure 37 and

V1 V2 Acc-1 Acc-2 Def Force T0 T1 T2

mis) (mis) (@ @ (mm) N (ms) (ms) (ms)
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2 | 5 | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -

3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --

1| 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12

szt;:e- 2 | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13

Table 15) for the three cable-triggering devices.

Compared to the surrogate responses in Test-25 (without inflatable devices), the peak values
of thorax acceleration, deflection and impact force were relatively lower in the tests with the
cable-triggering devices (Cable-25, see

V1 \ Acc-1 Acc-2 Def Force
(m/s)  (m/s) (¢)) (¢)) (mm)  (kN)
1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137 | --
T;Zt' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -
3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --
1| 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12
Cazt:e' 2 | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13
3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13

Table 15). The average value of peak thorax accelerations in the tests with devices (Cable-25)
was 73.9g, versus the value of 118.6g in Test-25. The average value of peak thorax impact
forces in Cable-25 tests was 10.2kN, versus the value of 22.8kN in Test-25. The average value
of peak thorax deflections in Cable-25 tests was 49.1mm, versus the value of 55.9mm in Test-
25. According to the injury risk curves against H-lll 50M chest deflection [Hollowell et al., 1999],
the cable-triggering inflatable devices test in this task could reduce a risk of 7.3% for AIS 2+,
6.0% for AIS 3+ and 2.1% for AIS 4+ injuries (see Figure 38). However, the risk of injury in the
tests with cable-triggering inflatable devices still remained approximately 60% for AIS 2+, 20%
for AIS 3+ and 12% for AIS 4+. Since the injury risk curves against H-l1ll 50M thorax
acceleration or impact force were absent in literature, the device performance was not
evaluated against injury risk reduction in terms of thorax acceleration or impact force in this
task.
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Figure 36. Time-history of thorax deflection recorded in the tests with cable-triggering
inflatable devices.
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Figure 37. Time-history of thorax-striker impact force recorded in the tests with cable-
triggering inflatable devices.

Val V2  Acc-1 Acc-2 Def Force TO

(m/s) (m/s)  (9) (@  (mm)  (kN)

1 5.3 6.6 9.1 137.8 | 55.8 30.0 146 137 --

Test-

25 2 5.3 6.6 10.2 76.0 53.8 17.2 145 137 --

3 5.3 6.6 10.1 142.1 58.0 21.2 146 138 =
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1 5.6 6.7 8.9 70.6 41.9 13.6 135 130 12

Cable-

25 2 5.6 6.7 10.7 75.2 52.6 12.8 136 130 13

3 5.3 6.6 10.1 142.1 58 21.2 146 130 13

Table 15. Summary of experimental results for cable-triggering device (Cable-25),
compared with the results of Test-25 (without inflatable device).

* V1 - thorax velocity at magnet triggering; V2 - thorax velocity at impact; Acc-1: thorax
resultant acceleration at magnet triggering; Acc-2: thorax resultant acceleration at
impact; Def: peak value of chest deflection; Force: peak value of chest impact force; TO:
the duration from the braking triggering to the moment of impact; T1: the duration from
the magnet triggering to the moment of impact; T2: the duration from magnet triggering
to cable triggering.
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Figure 38. Injury risk estimation according to the risk curves against thorax deflections
for different injury severities (adapted from [Hollowell et al., 1999]).

6.3.2 Autonomous-triggering inflatable device

6.3.2.1 Device test setup

Two autonomous-triggering inflatable devices of the same model (D-AIR STREET SMART
JKT, Dainese, Italy) were evaluated with the test procedures described in section 6.2.1 and
6.2.2. The D-AIR STREET SMART JKT is controlled by electronics that trigger inflation of the
system whenever one of the pre-set conditions arises. The inflatable device incorporates an
airbag that contains a high pressure gas canister for inflation of the airbag. However, the gas
volume or mass filled in the canister is not indicated in the product manual. When triggered, the
device provides airbag protection to the chest area and covers the central area of the back with
an airbag.
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In the test, the device was worn on the thorax surrogate (Figure 39). The switch-on button
should be firstly closed to make the electronic control system operate correctly (not yet
activated). The system operating correctly was indicated by a steady blue LED light on the
device. Since the system needs to detect vehicle or environment vibrations so as to get
activated (indicated by a steady green LED light on the device), the platform with the surrogate
was continuously lifted along the vertical trail. Once arriving at the height of 3.0m, the platform
was released to drop along the trail. A high-speed camera (Fastcam SA3 120k, Photron model,
1024*1024 pixel) of a frame rate 1000fps was set in front of the test system (Figure 39) to
record the inflatable device function during the surrogate drop and impact phases. The thorax
acceleration, deflection and thorax-to-striker impact force were measured with the protocols
described in section 6.2.1 and 6.2.2. These data were also compared with those recorded in
tests without inflatable device (section 6.2.2) so as to evaluate the performance of the
autonomous-triggering inflatable devices.

Surrogate
with device

Stead green
LED (system
operating,

not activated)

Striker

Figure 39. Test setup for autonomous-triggering inflatable device evaluation.

6.3.2.2 Results and device performance

The process of device deployment was recorded for both the autonomous-triggering devices
(displayed in Figure 40). Similar with the procedures in cable-triggering device tests, no
pressure gauge was inserted into the devices during the tests so as to keep the device integrity
and to avoid any artificial damage. The device “full deployment” was roughly judged from the
high-speed video and was assumed to be at the moment after which the device size or shape
would not change any more.

According to the high-speed video (Figure 40), neither of the two devices were triggered during
the braking engagement phase before hitting the striker. Instead, device-1 was triggered 31ms
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after the first moment of thorax-striker impact and was fully deployed 87ms (i.e. t2-t1, in Figure
40) after the first impact moment. Device-2 was triggered 200ms after the first moment of
thorax-striker impact and was fully deployed 259ms (i.e. t2-t1, in Figure 40) after the first
impact moment. To be noted, the two devices were fully deployed within 56~59ms after being
triggered.

Similar with the procedures in cable-triggering device tests, the accelerations of three
independent axes/ directions were recorded on the surrogate thorax and were used to compute
the thorax resultant acceleration (displayed in Figure 41). The peak thorax accelerations during
the braking engagement and before the electro-magnet releasing were within the range
11.3~16.3g (see Figure 41 and Table 16) for the two autonomous-triggering devices. The peak
values of thorax resultant accelerations during the first impact to the striker were within the
range 65.0~72.5g (see Figure 41 and Table 16). The peak thorax resultant accelerations
during the autonomous-triggering device tests (referred to as Auto-25) were considerably lower
than those in the tests without inflatable devices (Test-25, see

\Val V2  Acc-1 Acc-2 Def Force TO

(m/s) (mls)  (9) (@  (mm)  (kN)

1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137 | -
T:Zt' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137 | -

3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138 | --

1 | 56 | 67 | 89 | 706 | 419 | 136 | 135 | 130 | 12
Caztge' > | 56 | 67 | 107 | 752 | 526 | 128 | 136 | 130 | 13

3 | 53 | 66 | 101 | 1421 | 58 | 212 | 146 | 130 | 13
Table 15).

The thorax accelerations of the three independent axes/ directions were respectively integrated
over time to compute the thorax velocities for the three independent directions which were
finally used to compute the thorax resultant velocities. The thorax velocity was 5.5~5.6m/s and
6.7~6.8m/s respectively at the moment of electro-magnet triggering and the first impact for the
two devices (see Table 16). The durations from the electro-magnet triggering to the first impact
moment were 129~135ms for the two devices (Table 16). The durations from the braking
triggering to the first impact were quite close (138~145ms, in Table 16) for the two devices.

The peak thorax deflections were 57.6~63.4mm (displayed in Figure 42 and Table 16) while
the peak forces of thorax-to-striker were within the range 4.1~13.6kN (displayed in Figure 43)
and Table 16) for the two autonomous devices. Compared to the surrogate responses in Test-
25 (without inflatable devices), the peak values of thorax deflection were even slightly higher in
the tests with autonomous-triggering devices. This could be caused by the fact that the
inflatable devices were not triggered during the braking engagement phase with a peak linear
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acceleration up to 16.3g (Figure 41). Subsequently, the devices did not provide sufficient
protection during the coming impact in terms of thorax deflection. Regarding the impact force,
the results in Auto-25 were considerably lower than those in Test-25, the reasons of which
remain to be investigated. More samples of this model (D-AIR STREET SMART JKT, Dainese,
Italy) can be evaluated with the test procedures to identify whether this phenomenon would be
consistent in future works.

Device-1

Device-2

Figure 40. The function of autonomous-triggering inflatable devices during the surrogate
drop and impact phases. t0: the moment of electro-magnet releasing. t1: the first
moment of thorax-to-striker impact. t2: inflatable device full deployment (during rebound

phase).
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Figure 41. Time-history of thorax resultant acceleration recorded in the tests with
autonomous-triggering inflatable devices.
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Figure 43. Time-history of thorax-striker impact force recorded in the tests with
autonomous-triggering inflatable devices.

V1 V2 Acc-1 Acc-2 Def Force
(m/s)  (m/s) (¢)] (¢)] (mm)  (kN)
1 | 53 | 66 | 91 | 1378 | 558 | 300 | 146 | 137
T:Zt' > | 53 | 66 | 102 | 760 | 538 | 172 | 145 | 137
3 | 53 | 66 | 101 | 1421 | 580 | 212 | 146 | 138
1 | 56 | 68 | 163 | 725 | 634 | 40 | 145 | 135
A;?' 2 | 55 | 67 | 113 | 650 | 576 | 120 | 138 | 129
2 | 53 | 66 | 102 | 760 | 538 | 17.2 | 145 | 137

Table 16. Summary of experimental results for Autonomous-triggering device (Auto-25),

compared with the results of Test-25 (without inflatable device).
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* V1 - thorax velocity at magnet triggering; V2 - thorax velocity at impact; Acc-1: thorax
resultant acceleration at magnet triggering; Acc-2: thorax resultant acceleration at
impact; Def: peak value of chest deflection; Force: peak value of chest impact force; TO:
the duration from the braking triggering to the moment of impact; T1: the duration from
the magnet triggering to the moment of impact.

6.4 Conclusions

This task aimed to design test procedures to evaluate the frontal chest protection performance
of the inflatable motorcyclist’s device under the test conditions similar with the realistic accident
scenarios.

1. A drop tower system was designed in which the H-Ill 50M thorax wearing cable-
triggering or autonomous-triggering inflatable devices could be released to hit a flat

striker with a velocity 6.6~6.8m/s (close to the proposed impact severity);

2. The test protocol was considered of a good repeatability in terms of impact velocity,

impact location on the striker, and the duration of different drop phases;

3. The cable-triggering inflatable devices were fully deployed before the first impact, but

the reduction of injury risk was not obvious in terms of thorax deflection levels;

4. The autonomous-triggering inflatable devices were not correctly deployed during the
deceleration (braking) phases with the deceleration magnitude up to 16.3g and
subsequently their effects of thorax protection were not observed in this task.

This task was limited, to some extent, in terms of the number of samples evaluated in the tests.
Different models and higher numbers of the inflatable devices can be considered in future
works to further validate the test procedures and the device protection performances. Another
limit was the approach that was used to trigger the autonomous-triggering inflatable devices.
Even though the magnitude of the peak acceleration during platform braking phase was up to
169, the autonomous-triggering inflatable devices were not activated. Other triggering
algorithms (e.g. angular acceleration and rotation) than linear acceleration could be probably
considered by the autonomous-triggering devices and should be reproduced in future test
designs as well.

7 Assessment of pelvis protection

7.1 Introduction

An initial protection assessment method of the frontal pelvis soft tissue by the possible
modification of the friction between the rider and the fuel tank is in this section exposed. The
effect of the friction coefficient was studied in an impact of the rider at 20 km/h against the
motorcycle fuel tank. This impact situation was simulated following the load case indications
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reported in the in deliverable D2.4 - Injury mechanism load case database to generate an
anterior — posterior loading of the pelvis considering two different options: the absence of
friction and the existence of maximal friction. The numerical simulation of the impact scenario
and the evaluation of the effect of the friction in the protection of the soft tissue was conducted
using a Finite Element model of a representative motorcycle fuel tank together with the
improved version of THUMS V4 Occupant presented in the deliverable D2.3 Improved
numerical human body models.

7.2 Pelvis acceleration and contact force

The simulation results showed that the friction between the frontal pelvic region and the
motorcycle fuel tank influences the pelvis acceleration and contact force during the impact. The
relationship between these parameters and possible soft tissue injuries is still unclear but both
of them could be use as indicators of the impact load supported by the pelvis bone and both of
them would be able to measure in an experimental environment.

The effect of the friction is perceptible at the peak of the resultant linear acceleration measured
at the pubic symphysis. As Figure 44 displays, the peak value obtained for the case of 100%
friction is bigger than of the value measured for the case without friction showing a difference of
300 g.

In addition, the variation of the friction coefficient generated also a remarkable difference at the
impact force measured. The contact force obtained from the impact simulation showed that the
absence of friction implies a reduction of the impact force between the rider and the fuel tank of
more than 2 kN. Both measured forces are presented in Figure 45.

Pelvis acceleration
50

No friction
100% friction

Acceleration (g)

-100

0 10 20 30 40 50 60 70 80 %0 100
Time (ms)

Figure 44. Pelvis acceleration during a fuel tank impact.
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Figure 45. Fuel tank contact force.

7.3 Soft tissue compression

The anterior-posterior loading of the pelvic region due to an impact against a motorcycle fuel
tank has been reported as the most common cause of urogenital injuries (Terrier et al., 2017).
For that reason and facing the lack of experimental data analysing this type of injuries and the
lack of injury criteria, it was proposed in D2.2 — Report on injury risk assessment procedures
the measurement of the testicular soft tissue compression as possible indicator for the
protective assessment and optimization of frontal pelvis region protectors.

The analysis of the pubic soft tissue region displayed also an influence of the friction in the
compression of the soft tissue located at this body part. The following Figure 46 shows
respectively for both friction coefficients how the testicular soft tissue would be compressed at
the same fuel tank position at impact of 20 km/h against the fuel tank.
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Figure 46. Compression of the soft tissue at the testicular region.

Regarding the soft tissue compressed by the pubic symphysis (indicated in red at Figure 46),
no significant difference was noticed measuring just 1 mm difference between the maximal
friction the no friction cases. However, the influence of the friction was significant for the
compression of the bottom part of the pubic soft tissue (which could represent the testicles of
the rider) showing a compression of 12 mm lower for the case of a 100% friction than for the no
friction one. This difference can be visually perceived at the green indication of Figure 46.

7.4 Conclusions

In this section was presented an initial method for the protection assessment of the testicular
soft tissue by the variation of the friction coefficient between the rider and the motorcycle fuel
tank when occurring a crash which generates an impact between them at 20 km/h. The
conclusions obtained from the results are that a higher friction coefficient would reduce the
compression of the pubic soft tissue especially at its bottom part. However, a higher friction
coefficient would also generate a higher acceleration peak of the pelvis bone which would rise
the contact force against the fuel tank and therefore it would increase the load supported by the
pelvis bone during the impact.
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8 Assessment of ankle protection

8.1 Introduction

This section introduces the development of a virtual test setup for the evaluation of motorcyclist
boots and submits an initial assessment method of the protective effect using various
conceptual motorcyclist boots as basis for comparison.

The assessment of ankle protection is based on inversion/eversion loading. Funk et al. in 2002,
identified in his experimental setup with PMHS, described in the deliverable D2.2 — Report on
injury risk assessment, critical moments and angles of injury in inversion and eversion loading.
Without axial preload and in neutral flexion the ankle tends to be prone to injury at lower levels
of moments and angles in comparison to axial preload or in dorsal flexion. Therefore, the
assessment is chosen to be done in this configuration and is evaluated in comparison to the
moments and angles of injury given by Funk et al., 2002. The evaluation is conducted using the
ankle-foot model within the FE human body model GHBMC. The general model description
and information about model validation are explained in deliverable D2.3 — Improved numerical
human body models. Requirements for an appropriate simulation setup to represent a
biomechanical inversion and eversion loading are formulated in deliverable D2.4 — Injury
mechanism load case database.

8.2 Protection assessment

To establish and evaluate the assessment method, FE models of conceptual motorcyclist boots
are tested in inversion/eversion. To apply inversion/eversion loading, prescribed motions
around the biomechanical vectors for inversion and eversion respectively are implemented via
a rigid ground plate (cf. D2.4. Injury mechanism load case database). The motion is applied
with a rotational velocity of £1 deg/ms accordingly to Shin et al., 2013.

Three versions of motorcyclist boots are modeled with various reinforcement systems (Figure
47).

A\ ~\

Figure 47. Conceptual Motorcyclist Boots: a) Generic leather boot (VO0), b) Lateral and
medial reinforced boot (V1), ¢) Advanced reinforced boot (V2) in accordance with
current reinforcement systems
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The basic model (VO) represents a leather boot without further reinforcement. Version V1 is a
medial and lateral reinforced boot. This generic support aims to gain a high bending stiffness. A
second boot (V2) is modelled closer to a possible real product prototype with an advanced
reinforcement. V2 emphasis the support of hindfoot and has a broad support at the middle tibia
segment. The material properties as well as the thickness of leather and reinforcement parts
are summarized in Table 17. In this initial evaluation of the assessment method, leather and
reinforcement components are modeled as isotropic elastic materials.

Material properties of conceptional motorcyclist boots

Material Density Young’s Poisson’s Thickness
(kg/mm3) Modulus (GPa) Ratio (-) (mm)
Leather 1.130e-06 1.00 0.40 1.8
Reinforcement 2.000e-06 7.00 0.37 2.4

Table 17. Material properties of conceptual motorcyclist boots

8.2.1 Resultant subtalar moment

Main parameters and evaluation basis are the resultant moment in the subtalar cross section
and the corresponding angle. The cross section includes all solid and shell elements of bony
and soft tissue. Ligaments are not included in this cross section. The protective effect can be
determined by the difference between the resultant moment of boot and the resultant moment
of the foot without support at the corresponding angle. In Figure 48 the resultant moments of
the conceptual boots are plotted in inversion and eversion.
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Figure 48. Resultant moment in subtalar cross section for inversion and eversion.
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For inversion and eversion, the resultant moment can discriminate the reinforcement systems.
V2 shows the highest bending stiffness, followed by V1 and the leather boot (VO) with least
resultant moments among the boots for both inversion and eversion.

The loading curves of V1 and V2 are mainly influenced by their buckling behavior. The
reductions of bending stiffness, e.g. a lower slope in the diagram, for example between 4-
5 degrees, correlates with the emerging of buckling. In contrast to the reinforced boots the
leather boot exhibits only one bulge around 4-5 degrees. V1 and V2 show in inversion further
buckling. In eversion, however, only V2 shows further buckles. The emphasized support of the
hindfoot in boot version V2 seems to rise the resultant moment for eversion loading compared
to V1 and VO.

Considering the injury angles defined by Funk et al., 2013. all boot versions show increased
resultant moments to reach the angle of injury. The difference between the reference resultant
moment of the GHBMC without a boot and the boot variants can be used to sufficiently
evaluate the protective effect of motorcyclist boots. Table 18 shows the calculated resultant
moments at injury angles 34 deg and 30 deg respectively in inversion and eversion. High
differences between the various support system can be obtained. Therefore, the resultant
moment is a favorable output parameter for experimental test setups.

Resultant moments (Nm) at injury angles (deg)

Injury angle No boot VO V1 V2
Inversion 34 26,22 144,75 295,49 379,75
Eversion 30 66,48 144,66 230,56 402,44

Table 18. Resultant moments within the boots in Nm with the corresponding injury angle
(deg) in comparison to the reference of the unsupported foot simulation.

The evaluation at the injury moments defined by Funk et al.,, 2013 and the corresponding
angles for the boot variants has a lower degree of distinctiveness, since all boots for the
moments of injury of 24 £ 6 Nm and 42 + 15 Nm respectively in inversion and eversion differ in
their corresponding angle with less than 1 deg. Therefore, this parameter is more complex to
be captured in an experimental setup.

The resultant moment of boot and foot in the subtalar region shows a high distinctiveness for
the evaluation of protective efficiency. To gain further insight in the relative loading Figure 49
and Figure 50 show the relative loading on the boot and respectively on the foot in relation to
the total loading of boot and foot in the subtalar cross section. For inversion, there is no
distinctive change in the relative loading between the boot variations. In eversion, however, the
relative loading of the boot V1 is approximately 5 % higher than for VO. The boot V2 supports
5-10% more relative loading than V1 while following the prescribed motion. Hence, depending
on the support system the foot faces vice versa 5-10% less relative loading.
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Figure 50. Load on the foot in relation to total load.

8.2.2 Ligamental failure mechanism

Since the resultant moment does not evaluate the loading of ligaments. This section focuses
on ligamental failure mechanism of the lower ankle. In Figure 51 and Figure 52, the bony
structure and reinforcement structures are plotted for an angle of 30 deg in both inversion and
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eversion. The various reinforcement systems change the kinematics of boot and foot.
Therefore, the ankle-foot model results in different failure mechanism. Hence, the
corresponding angle or moment for a certain ligament failure changes and partly the order of
ligamental failure differs (cf. Appendix section).

No Boot VO Vi V2

Figure 51. Failure mechanism for 30 deg inversion.

In inversion, the unsupported lower ankle slides laterally out of its fibular and tibial support. The
supported ankle models show less sliding. However, for V2 the buckling does have a visible
impact on the inversion kinematics. The gap between the fibular and tibial support and the talus
is enlarged compared to the other boots. In eversion, there is a similar effect for boot V2. This
changed kinematics influences the angle of injury for certain ligaments and can cause bone
failure due to high loadings of the reinforcement structure on the distal fibula. Nevertheless, this
injury angles are obtained with significant higher external loading conditions, e.g. resultant
moments (cf. Table 18).

No Boot VO Vi V2

Figure 52. Failure mechanism for 30 deg eversion.
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8.3 Conclusions

This section presented an initial method for the protection assessment of motorcyclist boots in
inversion and eversion loading. The results indicate that the resultant moment at the injury
angle is a sufficient parameter to evaluate and compare the protective effect of motorcyclist
boots in a virtual as well as in an experimental test setup. A stiffer reinforcement increases the
external loading to reach an angle of injury. The study showed an influence of the buckling
behaviour on the slope of the resulting moment and on the kinematic of the ankle-boot system.
Hence, this changes the failure mechanism within the ankle. For further evaluation of this
effect, a more detailed material model of the boot is needed. However, this could be the basis
of innovative boot protectors that aim for high stiffness and biomechanically optimized ankle
protection with less stress on ligaments and bony structures.
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9 Conclusions

In the present report, the most finalized test methods reported in D3.1 are assessed in order to
evaluate their quality and feasibility before pushing them further towards regulation.

The new helmet test method that consists in adding oblique impacts tests and the use of an
instrumented Hybrid Il headform capable of measuring angular and linear motion along the
three anatomical axes was assessed. A total of eighteen experimental impact tests was
performed on an AGV K6 helmet model provided by DAINESE, followed by the numerical
computation of the brain response with a predictive FE head model and the assessment of the
brain injury risk for each impact. In order to assess quantitatively the repeatability and the
robustness of the new helmet test method, the analysis and comparison of the experimental
data was performed by using CORA (CORrelation and Analysis) statistical method. Results
indicate an excellent rating for all configurations tested that demonstrates the robustness of the
new helmet test method. In addition to these results based on one helmet model, a total of nine
motorcycle helmet models available on the market were tested. Statistical analysis was
performed on all results in order to assess the repeatability and the robustness of the new
helmet test method based on different helmet models. Results demonstrate an excellent rating
with values higher than 0.93 that highlights again the repeatability and the robustness of the
new helmet test method.

In the second part of this deliverable, related to the thorax protection, the development of a
new test procedure together with a method for the protection assessment of thorax frontal
airbags was explained. Starting for a frequent real impact situation obtained from the accident
analysis, the method translated those real impact conditions into a laboratory test procedure
considering possible equipment and repeatability limits and requirements, in which the
evaluation of the protection effect would be conducted based on biomechanical parameters like
thorax deflection and the Viscous response. In comparison to the standard EN1621-4,
reference values from a no airbag situation were given which could make possible to assess
the protective effect of a frontal airbag device not only by staying below some prescribed
values, like the EN1621-4 does, but also by establishing a protection evaluation in relative
terms respect to the reference values. Finally, a numerical study using two different airbag
models was conducted to show the feasibility of the test and to demonstrate that the new
procedure could be a sensitive test to different airbag concepts.

For the inflatable jacket test method assessment, the test procedures to evaluate the frontal
chest protection performance of the inflatable motorcyclist’s device under test conditions similar
to the realistic accident scenarios have been conducted. This test procedure includes the
construction of a drop tower system in which the H-Ill 50M thorax wearing cable-triggering or
autonomous-triggering inflatable devices could be released to hit a flat striker with a velocity
6.6~6.8m/s. A repeatability check in terms of impact velocity, impact location on the striker, and
the duration of different drop phases were done. In these preliminary tests, the reduction of
injury risk was not obvious in terms of thorax deflection levels and the autonomous-triggering
inflatable devices were not correctly deployed during the deceleration phases with the
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deceleration magnitude up to 16.3g and subsequently their effects of thorax protection were
not observed in this task.

In the section dedicated to the pelvis protector test method, an initial method for the protection
assessment of the testicular soft tissue by the variation of the friction coefficient between the
rider and the motorcycle fuel tank when occurring a crash which generates an impact between
them at 20 km/h was conducted. The conclusions obtained from the results are that a higher
friction coefficient would reduce the compression of the pubic soft tissue especially at its
bottom part. However, a higher friction coefficient would also generate a higher acceleration
peak of the pelvis bone that would rise the contact force against the fuel tank and therefore it
would increase the load supported by the pelvis bone during the impact.

The section focusing on new boot test method presents an initial method for the protection
assessment of motorcyclist boots in inversion and eversion loadings. The results indicate that
the resultant moment at the injury angle is a sufficient parameter to evaluate and compare the
protective effect of motorcyclist boots in a virtual as well as in an experimental test setup. A
stiffer reinforcement increases the external loading to reach an angle of injury. The study
showed an influence of the buckling behavior on the slope of the resulting moment and on the
kinematic of the ankle-boot system. Hence, this changes the failure mechanism within the
ankle. For further evaluation of this effect, a more detailed material model of the boot is
needed. However, this could be the basis of innovative boot protectors that aim for high
stiffness and biomechanically optimized ankle protection with less stress on ligaments and
bony structures.
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10 Appendix: Ligamental failure
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10.2 Ligamental
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