
 

This project has received funding from the European Union's Horizon 2020 research 

and innovation programme under grant agreement No 769054. 

 

Grant Agreement Number: 769054 

Project acronym: PIONEERS 

Project full title: Protective Innovations of New Equipment for 

Enhanced Rider Safety 
 

D3.3 Test results 
 

Due delivery date: M36 

Actual delivery date: M37 

Organisation name of lead participant for this deliverable: DUCATI 

 

 

Project funded by the European Commission within Horizon 2020 

Dissemination level 

PU Public X 

CO 
Confidential, only for members of the consortium (including the 

Commission Services) 
 

Type 

R Document, report X 

DEM Demonstrator, pilot, prototype  

ORDP Open Research Data Pilot  

ETHICS Ethics Requirement  

OTHER   

 

  



 

D3.3 Test results Page 2 of 98             4/5/21 

 

Document Control Sheet 

 

Deliverable number: D. 3.3 

Deliverable Title: Test results 

Deliverable date: April 2021 

Written by: Simone Di Piazza 

Checked by: Simone Di Piazza 

Approved by WP leader name: Enric Soriano 

Coordinator name: Marta Tobar 

Status Final 

 

Author(s) and contributing partners 

Name Organisation E-mail 

Simone Di Piazza DUC Simone.dipiazza@ducati.com  

Enric Soriano IDIADA Enric.soriano@idiada.com  

Maria de Odriozola IDIADA Maria.odriozola@idiada.com 

Simona Rokova IDIADA Simona.rokova@idiada.com 

Karl Morgans IDIADA Karl.morgans@idiada.com 

Michal Veselý IDIADA Michal.vesely@idiada.com 

Fabio Colombo MOTOAIRBAG fabio.colombo@motoairbag.com 

Jasper den Decker REVIT JdenDekker@revit.eu  

Michiel Bangels REVIT mbangels@revit.eu  

Niccolò Baldanzini UNIFI niccolo.baldanzini@unifi.it  

Andrea Bracali UNIFI andrea.bracali@unifi.it  

Thomas Pallacci UNIFI thomas.pallacci@unifi.it  

Marco Pieve PIAGGIO marco.pieve@piaggio.com  

Daniel Huster BAST huster@bast.de  

Florian Scherer TUDA 
Florian.scherer@tu-

darmstadt.de  

 

 

mailto:Simone.dipiazza@ducati.com
mailto:Enric.soriano@idiada.com
mailto:Maria.odriozola@idiada.com
mailto:Simona.rokova@idiada.com
mailto:Karl.morgans@idiada.com
mailto:Michal.vesely@idiada.com
mailto:JdenDekker@revit.eu
mailto:mbangels@revit.eu
mailto:niccolo.baldanzini@unifi.it
mailto:andrea.bracali@unifi.it
mailto:thomas.pallacci@unifi.it
mailto:marco.pieve@piaggio.com
mailto:huster@bast.de
mailto:Florian.scherer@tu-darmstadt.de
mailto:Florian.scherer@tu-darmstadt.de


 

D3.3 Test results Page 3 of 98             4/5/21 

 

Document Revision History 

Version Date Modifications Introduced 

  Modification Reason Modified by 

V0.1 2020-11-26 Draft version Simone Di Piazza 

V0.2 2021-04-01 Draft version including cash test data Maria de Odriozola 

V0.3 2021-04-15 

Harmonization of first round of 

contribution (Thorax, Lower 

extremities, Skin, On board systems) 

Marco Pieve 

V0.4 2021-04-20 
First revision of the on-board system 

section 
Maria de Odriozola 

V0.5 2021-04-22 General revision Simone Di Piazza 

V0.6 2021-04-23 General revision Simone Di Piazza 

V0.7 2021-04-23 

General revision + skin section 

revision (REVIT) and references + 

comments from E Soriano 

Marco Pieve 

V0.8 2021-04-23 Final general revision Simone Di Piazza 

V0.9 2021-04-27 First WPL review Enric Soriano 

V10 2021-04-28 First coordinator review 
Marta Tobar and Nuria 

Cayuela 

V10 2021-04-29 Final version Simone Di Piazza 

V10.1 2021-04-30 Final version with conclusions Simone Di Piazza 

V11 2021-04-30 Final coordinator review Marta Tobar 

V11.1 2021-05-03 Final version review Simone Di Piazza 

V11.2 2021-05-03 Final version review Simone Di Piazza 

V11.3 2021-05-03 Final version review Simone Di Piazza 

V11.4 2021-05-04 Final version review Simone Di Piazza 

V11.5 2021-05-04 Final WPL review Enric Soriano 

 

Document Distribution Log (Before submitted, to members of Advisory Board or 

Associated Partners) 

Name Organisation E-mail 

   



 

D3.3 Test results Page 4 of 98             4/5/21 

 

Publishable Executive Summary 

The present report includes a detailed description of the activities carried out in Task 3.5 ï 

Rider Protection - focused on the implementation of the test and assessment of the methods 

developed in Tasks 3.1 and 3.2 with two main objectives: 

¶ validate the test procedures 

¶ assess the performance of the developed systems 

Experimental tests are described, from the set-up to the equipment used for the activity to 

the results. The deliverable ends with a deviation analysis between the expected and the 

obtained results. 

In order to validate the test procedures, firstly a set of methodology validation tests has been 

carried out to ensure the appropriateness regarding the assessment objectives and a certain 

degree of repeatability. 

In order to assess the performance of the developed systems different tests have been 

performed with and without safety systems to compare the crash dynamics and 

consequences of using the new and improved developed safety systems. 

The safety systems are divided in:  

¶ PPE (Personal Protection Equipment): airbag jacket, boots and fabrics 

¶ On Board systems: lateral airbags and leg cover 

The first systems were analysed mainly with an experimental approach, trying to improve 

their effectiveness also through innovative testing procedures. 

For the latter it was extensively used simulation tools aimed at designing the systems and at 

preliminarily assessing their effectiveness; it was then evaluated the correlation between 

simulation and experimental results in order to confirm the predictive capability of the 

methodology. 

The results obtained confirm the possibility to design a safety system that is capable of 

mitigating the effects of a crash on a rider using the aid of numerical simulation. 

 

Legal Disclaimer 

The information in this document is provided ñas isò, 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 

AART Adaptive Abrasion Resistance Tester 

AE-MDB Advanced European Mobile Deformable Barrier 

CFC Channel Frequency Class 

CoG Center of Gravity 

Dx.y Project Deliverable x.y 

H2020 Horizon 2020 

IMU Inertial Measuring Unit 

MATD Motorcycle Anthropomorphic Test Device (motorcyclist crash test dummy) 

Micro-CT  Micro- Computer Tomography 

PPE Personal Protective Equipment 

SAE Society of Automotive Engineers 

VIN Vehicle Identification Number 

WP Work Package 
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1 Purpose of the document 

Task 3.5 is dealing with the implementation of the test and assessment methods developed in 

Tasks 3.1 and 3.2 with two main objectives: to validate the test procedures and to assess the 

performance of the developed systems. 

Firstly, a set of methodology validation tests have been carried out aimed at ensuring their 

repeatability and the appropriateness regarding the assessment objectives. 

The performance of the developed systems has been assessed through several tests with and 

without safety systems in order to compare the crash dynamics and consequences of using the 

new and improved developed safety systems. 
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2 Test results 

In this chapter, the main results for the different PPEs developed within the project will be 

presented.  

2.1 PPE 

In this section, the contribution provided by the proposed PPEs for injuries reduction per body 

region are reported. 

2.1.1 Impact on thorax  

Related to the machine designed to carry out impacts on the chest, introduced in D3.1 (1), it is 

intended to represent an impact in such a way that allows the evaluation of the different proposals 

presented in this project. In this way, it will also serve as an improvement proposal to the existing 

test method in the current regulations. 

2.1.1.1 Test execution setup 

Through a list of simulated tests, it was possible to detect the most representative ones that did 

not jeopardize the machine and its instrumentation due to their non-high-severity level. 

Once the impact conditions were identified, previous impacts were carried out under different 

conditions to check the reproducibility and repeatability of the test. 

Finally, two types of impacts were selected, one for each striker, in Table 1 and Table 2 below it 

is possible to see the correlation of the results for each case. 

 

Mass 

(Kg) 
Speed (m/s) Height (m) 

Potentiometer 

(mm) 

High speed 

camera (mm) 

25 3.20 0.60 38.04 48 

25 3.20 0.60 37.69 48 

25 3.20 0.60 37.33 49 

25 3.20 0.60 37.69 49 

25 3.20 0.60 37.33 48 

Table 1. Flat striker, 0º. Physical test data 
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Mass 

(Kg) 
Speed (m/s) Height (m) 

Potentiometer 

(mm) 

High speed 

camera (mm) 

25 3.24 0.60 37.69 56 

25 3.23 0.60 38.04 55 

25 3.24 0.60 38.05 55 

25 3.21 0.60 38.05 53 

25 3.22 0.60 38.04 55 

Table 2. Cylindrical striker, 0º. Physical test data 

 

As it can be seen in the two previous tables, it is decided to add an alternative reading such as 

the high-speed camera. In this way there is a second reference value to the one provided by the 

potentiometer. The potentiometer reads the value of the compression of the rib cage, and 

through the camera it is possible to observe the reaction of the whole dummy. 

As indicated in Table 1 and Table 2, the results shown for the impacts can be consider as good 

ones, since it is confirmed that the conditions are repeated throughout the test. 

 

Figure 1. Test execution setup 

Therefore, the prototypes will be subjected to two types of impacts (see Figure 1. Test execution 

setup): 

- Flat striker, 0º of orientation, mass of 25 Kg and a height of 0.6 m. 

- Cylindrical striker, 0º of orientation, mass of 25 Kg and height of 0.6 m. 

2.1.1.2 Analysis of the results 

This section shows the results obtained in the different tested samples from the two 

manufacturers, MOTOAIRBAG and REV'IT!. 
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2.1.1.2.1 Experimental 

The tests carried out on the MOTOAIRBAG prototype are detailed in Table 3 and Table 4 bleow. 

 

Test 

nº 
Version Kg 

Speed 

(m/s) 

Height 

(m) 

Potentiometer 

(mm) 
Camera 

Initial 

pressure 

(Bar) 

Max. 

pressure 

(Bar) 

1 S11MYA 25 3.19 0.60 33.76 33 0.2558 0.2785 

2 S11MYA 25 3.18 0.60 34.84 30 0.2444 0.2790 

3 S11MYA 25 3.19 0.60 34.84 26 0.2444 0.2790 

4 S11MYA 25 3.2 0.60 34.11 25 0.2553 0.2881 

5 S11MYA 25 3.2 0.60 35.55 20 0.2500 0.2811 

6 S11MYA 25 3.2 0.60 35.55 23 0.1830 0.2308 

7 S11MYA 25 3.2 0.60 34.11 23 0.3730 0.3943 

8 S11MYA 25 3.2 0.60 34.11 20 0.5008 0.5295 

9 S11MYA 25 3.2 0.60 35.55 23 0.1425 0.1853 

Table 3. Flat striker. MOTOAIRBAG physical test data 

 

Test 

nº 
Version Kg 

Speed 

(m/s) 

Height 

(m) 

Potentiometer 

(mm) 
Camera 

Initial 

pressure 

(Bar) 

Max. 

pressure 

(Bar) 

1 S11MYA 25 3.17 0.60 33.03 33 0.2394 0.2771 

2 S11MYA 25 3.17 0.60 33.39 33 0.2498 0.2777 

3 S11MYA 25 3.17 0.60 33.39 35 0.2406 0.2707 

4 S11MYA 25 3.18 0.60 33.75 34 0.2464 0.2855 

5 S11MYA 25 3.18 0.60 33.75 35 0.2509 0.2770 

Table 4. Cylindrical striker. MOTOAIRBAG physical test data 

Regarding the actual impact machine, it is considered that the impact energy increases from 50J 

(5kg from 1 meter - EN1621) to around 130J (25kg from 0.6 meter). 
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Using an additional camera, more deformations/deflections than dummy ribs cage are detected. 

Deformation of the structure that holds the dummy is visible together other deformation of the 

impactor (when flat) or from skin and soft material of the dummy.  

Potentiometer reads the deformation of the ribs only. With the camera is possible to read the 

total deformation by a meter connected to the ground. Future improvement of the machine could 

focus on avoiding other deformations than chest and make the reading data from potentiometer 

more accurate. Alternative is including the camera in the apparatus in order to increase the level 

of reproducibility of the results for future different impact machines. 

Taking in consideration the impact results from MOTOAIRBAG prototype (see Figure 2 and 

Table 5), MAB decided to concentrate on data from total deflection because potentiometer data 

could be partial. 

Test type Impact on dummy 
Impact on dummy + 

(MOTOAIRBAG Mod: S11MYA) 
% impact absorption 

Flat 48.4 mm 24.78 mm 48.8% 

Round 54.8 mm 34.00 mm 38.0% 

Table 5. MABôs prototype results 

 

Figure 2. Test execution 

MOTOAIRBAG S11MYA ï PIONEERS is a high-volume airbag (high thickness) and works at 

low pressure. The protection offered by MOTOAIRBAG S11MYA ï PIONEERS Prototype seems 

very good considering that the new test method is very severe. Results are in line with EN1621/4. 

The tests carried out on the REV'IT! prototypes are detailed in Table 6 and Table 7. 
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Test 

nº 
Version Kg 

Speed 

(m/s) 

Height 

(m) 

Potentiometer 

(mm) 
Camera 

Initial 

pressure 

(Bar) 

Max. 

pressure 

(Bar) 

Notes 

1 V.9.19 25 3.22 0.60 37.33 40 1.5050 1.5200 * 

2 V.9.19 25 3.21 0.60 37.69 35 1.5150 1.5400 * 

3 V.9.20 25 3.2 0.60 37.34 36 1.5050 1.6500 *  

4 V.9.20 25 3.19 0.60 37.69 35 1.5050 1.5550 * 

5 V.9.20 25 3.2 0.60 37.34 35 1.5050 1.5100 * 

6 V.9.20 25 3.2 0.60 36.98 46 0.5000 0.5250 * 

7 V.9.20 25 3.2 0.60 37.33 43 0.5250 0.5550 * 

8 V.9.20 25 3.2 0.60 38.04 41 1.0200 1.0250 * 

9 V.9.20 25 3.2 0.60 37.33 37 0,9950 1 * 

10 V.9.28 25 3.18 0.60 37.34 48 1.4750 1.4850 ** 

11 V.9.28 25 3.19 0.60 37.34 48 1.4500 1.4550 ** 

12 V.9.28 25 3.18 0.60 36.98 45 1.4900 1.4950 ** 

13 V.9.28 25 3.18 0.60 36.26 45 1.4750 1.5000 ** 

14 V.9.28 25 3.19 0.60 36.27 47 1.5150 1.5200 ** 

15 V.9.28 25 3.18 0.60 35.18 42 0,505 0.565 ** 

16 V.9.28 25 3.19 0.60 36.27 42 0,5250 0.5900 **  

17 V.9.28 25 3.18 0.60 35.91 38 0,3300 0.4150 ** 

18 V.9.28 25 3.19 0.60 36.63 40 0,3050 0.4000 ** 

Table 6. Flat striker. REVôIT! physical test data 
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Test 

nº 
Version Kg 

Speed 

(m/s) 

Height 

(m) 

Potentiometer 

(mm) 
Camera 

Initial 

pressure 

(Bar) 

Max. 

pressure 

(Bar) 

Notes 

1 V.9.19 25 3.22 0.60 36.63 33 1.5050 x * 

2 V.9.19 25 3.23 0.60 37.33 29 1.5000 1.5100 * 

3 V.9.19 25 3.22 0.60 36.98 32 1.5000 1.5050 * 

4 V.9.19 25 3.22 0.60 37.69 38 1.500 1.5200 * 

5 V.9.19 25 3.23 0.60 38.04 35 1.5000 1.5000 * 

Table 7. Cylindrical striker. REVôIT! physical test data 

(*) Mounted inside the vest and the elastic strip on it (Airbag was not in horizontal plane while the impact) 

(**) Tested completely horizontal (without vest) 

REVôIT! tested the airbag model (V9) in two different variants. The tested models V9.19 and 

V9.20 are equal in design, whilst model V9.28 differs in baffle height as it is 1 cm higher. Models 

V9.19 and V9.20 inflate to a mean height of 55mm, whereas model V9.28 inflates to a mean 

height of 65mm. In addition, V9.19 and V9.20 were tested inside a garment vest, whilst the model 

V9.28 was tested without any garment and laid flat on top of the HYBRID lll dummy in order to 

cover more area of the torso when impacted by the striker. This change in approach during the 

tests was decided upon due to the airbag - being designed for a HYBRID III 50th percentile 

dummy and when inside the vest could not fully cover the rib cage of the HYBRID III 95th 

percentile dummy used in this test setup. The model V9.28 was not tested with the cylindrical 

striker. Hence, there is a lack of data to compare it to the exact same impactôs conditions 

performed with the flat striker to see what possible deviations could occur.  

Overall and with regards to how REVôIT!ôs airbag variants can mitigate chest deflection, the 

outcome results from the initial tests on this setup do not seem to provide enough insights to 

understand how model V9 can affect the torso deflection, either positively or negatively, when 

impacted by the flat or cylindrical striker with the conditions shown in Table 6 and Table 7. The 

impact results derived from the calibration checks for both strikers are very similar to the impact 

results when using any of V9 airbags over the torso. This phenomenon is particularly curious 

since considerably different pressures were investigated and yet no significant changes were 

observed on chest deflection, whether for better or worst.  

The most significant improvement when using one of V9 models can be seen in test number 15 

(see Table 6). In this test, the bladder reduced the chest deflection by 2.86 mm when compared 

to the same impact conditions of the most severe result derived from the calibration tests (see 

Table 1). In contrast, test number 8 (see Table 6) registered the exact same value as recorded 

during the worst impact in the calibration tests. Following this rational, it seems that none of the 

V9 airbag variants, whether the inflatable has 0.3 bars or 1.5 bars of pressure, results in a 

significant impact reduction in these impact conditions. 
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Even though less tests were performed with the cylindrical striker, the results indicate a similar 

trend as with the flat striker. 

An important remark, with respect to what is mentioned above, is that the test setup during all 

tests was lacking stability in its construction. High speed footage recorded during the tests 

showed that the complete HYBRID III 95th percentile was moving approximately 2mm 

downwards upon impact at the expense of chest deflection, resulting in at least a data disturbing 

factor in relation to the absolute values recorded on the potentiometer.  

Despite this lack of constructive stability, and therefore distorted absolute data, the test setup 

has initially proven its relative repeatability. 

REVôIT! believes that besides the constructional improvements on the test setup, more tests still 

need to be performed to draw any proper conclusions whether any of the V9 models tested are 

beneficial for impact protection to the torso in relation to this test setup.  

These extra tests would have to diversify on parameters such as striker height and weight, hence 

influencing impact energy, as well as exploring air pressure values inside the bladder.  

By adjusting the test setup as well as bladder parameters, better insights and more concrete 

results can be obtained to investigate the relation between bladder characteristics (e.g. pressure 

and thickness), impact energy (adding mass and / or drop height) and the eventual chest 

deflection of the HYBRID III dummy.  This information would be crucial to manufacturers, during 

the PPE development process, while at the same time, it would provide insights on how to create 

a new test protocol to assess thorax protectors being more in line with the biomechanics of 

humans compared to current test methods. 

Finally, one of the main positive outcomes that can be taken from this experiment is that the 

values retrieved from the potentiometer prove consistency and repeatability to further develop 

this test setup. 

2.1.1.2.2 Correlation using video frame comparison 

Due to the maladjustment of the base of the dummy and taking into account that the 

potentiometer does not consider the skin of the dummy, this test trusts on video more than 

potentiometer data.  

The new impact machine detects the real improvement of a chest protection by measuring the 

chest deformation. Even if some improvements are needed, the new machine seems to be a 

great improvement for chest protector testing method in comparison to the actual EN1621 

apparatus. 

2.1.2 Lower extremities 

Following the test description and the impact conditions explained within D3.1 (1), it is aimed to 

ensure that new generation of PTW boots will be reinforced in the weakest parts for the coming 

models produced by the manufacturers.  
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2.1.2.1 Test execution setup 

The tests were carried out on three different models from the manufacturer Alpinestars, defined 

in Figure 3: 

 

Figure 3. Bootôs models 

From left to right (Figure 3) is shown WEB GTX which from this point onwards it will be called 

Model 1, PROTO from now on called Model 2 and SUPERTECH R from now on called Model 3. 

2.1.2.1.1 Inversion and eversion mode 

Within this section it is defined the inversion and eversion set-up for the bootôs testing method. 

Figure 4 shows two lines; the blue line represents the initial position and the red line the final 

one. The maximum vertical distance, without the boot on it, from initial to final position is 

considered 37 mm. 

The striker test speed chosen for this test is 25 mm/min and the applying force selected was up 

to 600 N. During the test the applying force and the vertical distance is measured (see Figure 4). 

 

 

Figure 4. Test execution for inversion and eversion mode 

2.1.2.1.2 Flexion and extension mode 

Within this section it is defined the flexion and extension set-up for the bootôs testing method. 
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Figure 5. Test execution for flexion and extension mode 

Figure 5 shows the test set-up preparation. In the figure from the right is presented the 

perpendicularity of the boot just before the test. The maximum vertical distance, without the boot 

on it, from initial to final position is considered 80 mm up for flexion and 100 mm down for 

extension. 

The striker test speed chosen for this test is 50 mm/min and the applying force selected was up 

to 600 N. During the test the applying force and the vertical distance is measured. 

2.1.2.2 Analysis of the results 

In this section, the test results are presented in order to show the performance of the models 

within the different tests procedures.  

2.1.2.2.1 Experimental 

The test was performed at IDIADAôs facilities, and all the data was registered in order to compare 

the models and its performance. In Figure 6 inversion and eversion tests results are shown. 
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Figure 6. In the left figure inversion in Model 2 and on the right one eversion in Model 3 

In Table 8 it is shown the data extracted from the test report graph for inversion mode. 

Model Force (N) Vertical distance (mm) 

1 162 37 

1 154 37 

2 385 37 

2 310 37 

2 270 36,9 

3 215 37 

3 194 37 

3 176 37 

Inner 

boot 
112 37 

Table 8. Inversion data 

In Table 9 it is shown the data extracted from the test report graph for eversion mode. 

Model Force (N) Vertical distance (mm) 

1 190.6 36.4 

1 158.7 37 

1 159.3 35.7 

2 231 37 

2 210 36.9 

2 227 36.9 

3 163.7 37 
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3 166 37 

3 160.6 37 

Table 9. Eversion data 

In the inversion case, the most rigid model has been the PROTO and the least one the WEB 

GTX. For eversion, the stiffest one has been the PROTO model, being the WEB GTX and 

Supertech R models very similar in their performance. 

As a conclusion is set PROTO model as a well-designed boot for the two cases explained before. 

Figure 7 shows a graph comparing the results of the different modes and its models. 

 

 

Figure 7. Results comparison of inversion and eversion tests 

To continue with the experimental test, flexion and extension tests results are shown in the next 

page (see Figure 8). 

 

Figure 8. In the left figure flexion in Model 2 and on the right one extension in Model 1 
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In Table 10 it is shown the data extracted from the test report graph for extension mode. 

Model Force (N) Vertical distance (mm) 

1 31 70 

1 37 70 

2 48 70 

2 53 70 

3 49 70 

3 50 70 

Table 10. Extension data 

In table Table 11 it is shown the data extracted from the test report graph for flexion mode. 

Model Force (N) Vertical distance (mm) 

1 41 58 

1 43 58 

2 114 58 

2 112 58 

2 60 58 

3 57 58 

Table 11. Flexion data 

In the extension case, the most rigid model has been the PROTO and the least one the WEB 

GTX. For flexion, the stiffest one has been the PROTO model, and the least one the WEB GTX. 

In flexionôs case the PROTO model is representing a lot of resistance in comparison with the 

other two models. It means that on the ankle movement there is a good improvement in order to 

avoid possible injuries in comparison to the other ones. 

Figure 9 shows a graph comparing the results of the different modes and its models. 
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Figure 9. Results comparison of extension and flexion tests 

2.1.3 Skin 

This chapter presents the results from investigations with the measurement methods presented 

in Task 3.1, which can be found in D3.1 ï chapter 3.1 (1). A method was developed for measuring 

the temperature change during the test procedure according to the test method described in EN 

17092. Two test setups were engineered: an óin-tileô setup, to measure the temperature of the 

face side of the fabric, and an óin-podô setup, to measure the temperature of the back side of the 

fabric during an abrasive slide. An exploratory study was performed to investigate the correlation 

between mechanical properties of fabric and fabric temperature. 

Furthermore, Task 3.1 focused on the impact during a motorbike crash and for this purpose an 

additional device was developed for the targeted amplification of the impact without changing 

the remaining sliding phase. In parallel, a system for measuring the acceleration during the 

impact and slide was developed. 

The test setup used to measure the temperature change and acceleration during an impact-

abrasion process is presented. A distinction is made between measurements on the Adaptive-

Abrasion-Resistance-Tester (AART) test apparatus and investigations on a test site near 

Darmstadt for validation of the acceleration measurement systems.  

The following section presents a validation using the test tool developed within Task 3.5 to 

compare measurement results from test site investigations with those from the AART test 

standard. The effectiveness of the extra impact system is discussed and compared with real 

world test results. 

In the final section, the performance of the measurement results from the acceleration sensors 

is presented by means of comparison with various other measurement concepts and different 

testing speeds. 
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2.1.3.1 Description of test setups 

The aim of the developed test setups was to establish the measurability of the temperature curve 

and accelerations during an impact-abrasion test. Special emphasis was placed on not changing 

the existing procedure for testing protective clothing materials according to EN 17092 and on 

gaining additional understanding of the correlations between the current test method and the 

corresponding measurement results. For this purpose, various sensor systems were examined 

for performance and reliability, the best possible solutions were selected in D3.1 Chapter 3.1 (1). 

Correlation between mechanical properties of fabric and fabric temperature 

To explore the possible correlation between the mechanical properties of fabrics and fabric 

temperature a new test setup was developed. The purpose of this test setup was to heat up a 

fabric to a certain predefined temperature before performing a mechanical strength test on the 

fabric. The fabric was heated up on both sides by using two heating elements without contact, 

hereby increasing the temperature of the test sample by adding radiation heat and convective 

heat (Figure 10). Another form of heat transfer was also researched by contacting the test sample 

with a hot electric iron which was set to a predefined temperature, hereby testing conductive heat 

transfer.  

In both experiments the temperature of the test sample or electric iron was constantly monitored 

by an infrared sensor (MLX90621) coupled to an evaluation board (EVB90621). With this sensor 

and the provided software, a precise heat map was created to monitor the temperature of the 

sample fabric or electric iron before performing a mechanical test or before touching the test 

sample with the electric iron. As extra check the temperature was also periodically measured 

with a spot thermal camera (FLIR TG167). The temperature measuring was also performed as 

a validation of the work done in D3.1 - chapter 4.1.1 (1) with the same infrared sensors and test 

samples.  

 

Figure 10. Heat transfer between environment, fabric, and skin (2) 

An add-on to the mechanical tensile tester (Zwick Zwiki 1120, grey colour) was created in CAD 

software for the tests with convection and radiation heath transfer. The parts were 3D printed 

(white colour in Figure 11) or laser cut out of MDF wood (black colour in Figure 10) and 

assembled with hardware store parts. The test sample is represented by the colour blue and the 

heating elements are represented by the colour red in Figure 11. 
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Figure 11. 3D renderings of the convective and radiation heat transfer test setup (perspective, front view, 
side view) 

After heating up the test sample to a predefined temperature a tensile test is performed with a 

test speed of 800 mm/min, the maximum setting on the tensile tester to mimic a motorcycle 

crash, and a pre-load of 0,5 N. The final test result is the maximum force recorded according to 

EN ISO 13934-1:2013 (see Figure 12). 

 

 

Figure 12. Overview of test setup - Detail view of test sample between heating elements and positioning 
of infrared sensor - Thermal view of test setup with FLIR 

For the conductive heat transfer test, the sample was shortly touched (circa half a second) with 

an electric iron that was heated to a predefined temperature. The iron leaves a mark on the 

sample, but the sample was checked before performing the tensile test to check for holes or 

excessive damage (see Figure 13). 

Referring to experiments and research performed in D3.1 ótemperature rising during an abrasive 

slideô (1), the same two materials were tested during these experiments (a nylon ripstop fabric 

and performance leather). 
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Figure 13. Conductive heat transfer with electric iron - Nylon ripstop during tensile strength test - 
Performance leather during tensile strength test 

Acceleration 

Two sensors were used to measure the acceleration: the acceleration sensor ADXL346 with a 

measuring range of ±16 g and a sensitivity of 4 - 35 mg/LSB and the acceleration sensor 

H3LIS331DL with a measuring range of ±400 g and a sensitivity of up to 49 - 195 mg/LSB. The 

larger measuring range was therefore accompanied by a poorer resolution. In the final setup, the 

sensor with the larger measuring range was used to synchronise the acceleration data in the 

radial direction with the rotational speed of the AART test stand. The more sensitive sensor was 

used to measure the actual load on the material in the direction of acceleration due to gravity. 

The test setup consists of a Raspberry Pi, to which the acceleration sensors are attached, and 

a battery that supplies power to the Raspberry Pi including the sensors. The electronic 

components are attached to the rotor support with a bracket, see Figure 14. The advantage of 

the system is that it can be used variably on different AART test rigs. In addition, an unchanged 

test stand is left behind in the event of dismantling by removing the measuring module. An 

additional reason for choosing such a mobile system is that it can also be used in other test 

environments and, as described below, also during validation testing on a test site. 

Figure 14. Acceleration measurement at the AART machine 
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The measuring unit for measuring temperature also contained a sensor for measuring the 

acceleration. This is used in section 2.1.3.2 to verify the results from the measuring unit during 

the tests on the test site. 

In addition, a sensor system from the company Xsens was used to verify the measurement 

results. This is an Inertial Measuring Unit (IMU), which also records accelerations in x, y and z 

directions and can be read out wirelessly. The readout rate is 120 Hz and a measuring range of 

+- 160 m/s² is specified by the manufacturer (see Figure 15). 

 

Figure 15. IMU MTW Awinda 

Real World Test System 

For the verification and validation investigations described below, a system was developed in 

Task 3.5 to compare an impact-abrasion process on the AART test rig and a comparable fall 

simulation under real conditions.  

For this purpose, the focus was particularly on adhering as closely as possible to the boundary 

conditions prescribed by EN17092 and thus enabling comparable results between the test bench 

and slides on real asphalt. For this reason, in the developed system, as in the test stand, a cut-

out of a protective clothing material is clamped in a device. The circular test surface with a 

diameter of 50 mm and the elastomer buffer underneath the test material comply with the size 

and Shore hardness specifications of the standard. The total mass of the system was chosen to 

ensure the same surface pressure as on the test bench of 1.875 N/cm². Also, additional guiding 

elements at the sides and rear of the unit, as well as the location of the centre of mass of the 

entire system in the middle of the sliding surface, ensure that slippage occurs mainly on the 

material sample. Several iteration steps and a series of preliminary tests were necessary for the 

final system. 

Figure 16. Real-world-test setup, view from the bottom - View from the top with sensor system mounted. 
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The test setup is accelerated on a boom attached to a motorcycle, in this case a Honda NC700X, 

to the desired longitudinal launch speed comparable to the rotational speed on the AART test 

apparatus. Before triggering, the system must be held at a constant speed for at least 3 seconds 

in order to exclude any influence by the acceleration process of the towing vehicle. The test is 

triggered by a radio signal when a marker on the test track is passed. From this point the test 

setup slides to a standstill. Afterwards, the sliding distance is measured and documented with a 

tape measure. 

Figure 17. Real-world test setup, mounted on a motorcycle (TU Darmstadt test track) 
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2.1.3.2 Validation 

The aim of this chapter is to proof the measurability and comparability of results from the 

developed test apparatuses in Task 3.1 between the test methods and real-world scenarios. 

Correlation between mechanical properties of fabric and fabric temperature 

For both the convective/radiation heat transfer test and the conductive heat transfer test the 

sample material or electric iron was heated in the temperature ranges that were observed during 

the tests in Task 3.1. For further exploration of the possible correlation between fabric 

temperature and tensile strength the temperature range was also exceeded till the maximum 

possible temperature by the heating elements/electric iron (circa 240°C).  

Acceleration 

The described test site investigations were carried out on an asphalt road surface with a friction 

value that is higher compared to average road surfaces. This is due to the fact that the test site 

is an airfield runway. In addition, carrying out the real-world tests involved an effort in preparing 

and carrying out the tests compared to the test bench tests. The tests were each carried out at 

the same initial speed and comparable drop height. An important remark, the drop height of 10 

mm, as with the AART test standard, is difficult to implement in the real-world testing. 

Figure 18. Acceleration in z-direction, comparison real world and AART machine, speed = 25 km/h 

Figure 18 shows an exemplary time record of a measurement at an initial speed before dropping 

the test setup of 25 km/h with leather as the protective clothing material. The acceleration values 
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in the direction of gravity (z-direction) were evaluated and compared. In both cases, 

measurements were taken with the ADXL346 sensor.  

Particularly striking here is the difference in the absolute amplitude of the measured acceleration 

in the z-direction between the real world and the AART test bench. The accelerations are many 

times higher than on the test bench. At the same time, the actual sliding process takes longer 

than on the test stand. 

 

Figure 19. Comparison of max. acceleration, sliding distance and time at 25 km/h test speed. 

For better clarity, Figure 19 shows the value for the maximum acceleration in the z-direction, the 

sliding time and the measured sliding distance. The tests were each repeated three times and 

the results were averaged accordingly. The standard method according to EN17092 is shown in 

red, with the additional impact system in orange and the results of the real-world tests in brown. 

While the values for the slip distance are relatively comparable, the slip time and maximum 

acceleration are significantly greater in the real-world tests. 

In the test results at a starting speed of 40 km/h, the difference between the real-world results 

and those from the AART test rig becomes even more apparent. In all three categories (sliding 

distance, maximum acceleration and sliding time) the real-world tests values were higher (see 

Figure 20). 
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Figure 20. Comparison of max. acceleration, sliding distance and time at 40 km/h test speed. 

A correlation was expected between impact energy, which is synonymous with high acceleration 

in the z-direction, and a shorter slide path or a shorter slide duration due to the additional 

dissipated energy.  

Exactly the opposite behaviour can be observed in the real-world experiments. From this it can 

be deduced that a high maximum acceleration does not lead to a reduced sliding distance or a 

shorter sliding time in reality as initially expected. While this phenomenon shows exactly the 

opposite (i.e. initially expected behaviour) when comparing the tests with and without the 

additional impact system on the test stand.  

One explanation for this is an observation made when evaluating video recordings generated 

during the real-world trials. The test tool does not slide evenly over the surface as it does during 

a AART test run, but repeatedly lifts slightly off the road surface. This is also the cause of the 

measured high accelerations. Since the material does not dissipate energy through abrasion 

during the short flight phases, the actual slide path and the slide time are extended. However, a 

comparison of the materials after the test shows higher damage in the materials from the real 

tests, regardless of the measurement results shown in Figure 21.  
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On the AART test stand, the use of the additional impact system leads to a reduction in the 

sliding distance and time, with slightly higher accelerations at the same time. However, a 

difference in damage to the material could not be determined. This means that a mere 

readjustment of a stronger first impact is not sufficient for a realistic test. Rather, it would make 

sense to further develop the system into a unit which would make multiple impacts and renewed 

lifting of the material sample possible. 

Figure 21. Comparison of test result without (left) and with (right) extra impact speed. up: 25 km/h; down: 
40 km/h 
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2.1.3.3 Test results and discussion 

Correlation between mechanical properties of fabric and fabric temperature 

The results of experimental tests to explore the correlation between tensile strength of fabric and 

the fabric temperature can be found in Figure 22 and Figure 23. 

The first figure displays the tensile strength in relation to the temperature of fabric when the fabric 

was heated with heating elements without contact. This form of heat transfer is called 

convective/radiation heat transfer. At every temperature five measurements were performed, the 

mean of those values without outliers is display in the graph.  

Here it can be seen that leather has a very volatile tensile strength because of its non-uniform 

nature. It is also noted that leather keeps its tensile strength throughout the temperature range, 

the mean tensile strength of leather over its entire temperature range would be around 1300 N 

in this experiment. Convection/radiation heat transfer does not compromise the mechanical 

tensile strength property of leather. For nylon ripstop it can be observed a decline in tensile 

strength around 140°C with a clear minimum at the end of the temperature range (above 180 

°C). 

Figure 22. Tensile strength results with convective/radiation heat transfer 

For conductive heat transfer (Figure 23) it can be seen a similar behaviour in respect to 

convective & radiation heat transfer for performance leather as for nylon ripstop. What is 

remarkable is that the cut-off point for the decline in tensile strength for nylon ripstop is lower in 

temperature, around 125°C. The decline is also clearer and more defined with a steep drop in 

tensile strength.  

 

 

Figure 12: Comparison of test result without (left) and with (right) extra impact speed. up: 25 km/h; 
down: 40 km/h 
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Figure 23. Tensile strength results with conductive heat transfer 

When examining the glass transition region of nylon, it will be found that the lower limit is -50°C 

and the upper limit is around 70°C (2). Between these two temperatures nylon will react as a 

ductile material. Above 70°C it will behave like a rubbery material because the hydrogen bonds 

become sufficiently weak (see Figure 24). This information can explain the behaviour of the nylon 

fabric in our tests by hypothesizing that an outer fabric temperature above 140°C will result in a 

core temperature inside the fabric of at least 75°C.  

Same results were found by Greco and Nicolais in their study (3) with the Tobolsky-method for 

finding the glass transition region (Nylon-6 54°C and Nylon-6,6 58°C). 

The melting point of Nylon-6 is circa 224°C and 265°C which can explain the markings on the 

nylon ripstop after touching with the electrical iron and the drop in tensile strength below 200 N. 

Figure 24. Relationship for plastics between temperature and Young's modulus 
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Leather is a natural product, which implies a high possibility of variations in tensile strength. The 

work of Wilson John Arthur et al. (5) also relates the thickness of leather to its tensile strength. 

Because the outer layer of leather, the thermostat layer, is very thin it does not contribute to its 

strength. Almost all strength of leather comes from the reticular layer, the inner layers of leather. 

The micro-structure of leather does also explain the fact that extensive heat does not influence 

the tensile strength of leather because the heat will mostly affect the outer, non-strength-inducing 

layers of leather. The stronger inner layer of leather are not negatively affected by the heat 

transfer, not by convective/radiation heat transfer nor with conductive heat transfer. The 

thickness of leather is the most important parameter for its strength characteristics according to 

the work of Greco, L. et al. (4). 

 

Leather has natural fire resistance properties. The type of leather, the tannage, retannage and 

fatliquor all play an important role in the heat resistance of leather. The type of leather will 

determine the compactness of the fibres, bovine leather has the best fire resistance followed by 

goatskin. The type of tannage and retannage are other important factors in fire resistance 

because it will influence the fibrous structure of the leather (5). 

 

An additional experiment was performed to investigate the influence of a plastic waterproof 

backing material. From the data shown in Figure 25, it can be concluded that a backing material 

will not provide additional tensile strength to a fabric. Neither has it an effect on the tensile 

strength when the fabric is heated.  

Figure 25. Tensile strength results (Convective & Radiation heat transfer),  
with and without backing material 
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It can be concluded that leather will not be negatively affected by heat transfer because of its 

thickness and microstructure. For nylon ripstop it could be seen a drop in tensile performance 

above 125°C, which correlates to its chemical properties. The drop in tensile strength is more 

profound in conductive heat transfer than in convective-radiation heat transfer because of the 

higher energy transfer. During a crash a material will be subjected to conductive heat transfer 

rather than convective or radiation heat transfer from the frictional heat created between the 

material and the road surface during a slide.   

 

Because of the limited time in this task and the double focus of REVôIT! on this section and on 

its consulting role in airbag testing more materials need to be tested in future work to substantiate 

the findings during these first experiments. A parameter study on thickness of leather in 

respective to heat resistance and tensile strength would be an interesting research in future work.  

Acceleration 

To evaluate the performance, impact abrasion tests were carried out both on the AART test 

bench and in real-world tests at different starting speeds. To compare the reliability of the sensor 

data, the sensor systems presented in section 2.1.3.1 were used in combination. 

 

Figure 26. Comparison of different acceleration sensor data from real- world and AART machine, test 
speed 25 km/h 
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The absolute values of the measured accelerations in the z-direction at a initial speed of 25 km/h 

are again plotted in Figure 26. The differences in the maximum values between the test bench 

and the real-world tests already described in section 2.1.3.2 are also shown here. The blue box 

shows the data points from the 25 % to 75 % percentile values and the mean value of the 

measurement results. The red crosses mark the outliners. Three measurements were 

considered for the evaluation. A similar distribution of the 75 % quantile can be seen in all sensor 

systems, with an outlier of the acceleration sensor, integrated in the temperature measurement 

unit. Here it also becomes clear that the measuring range is cut off at +- 20 m/s². This sensor 

was therefore no longer considered for further investigations, because the measuring range is 

not sufficient to represent the accelerations present. The difference in the test stand 

measurements with and without the additional impact system are relatively small, only one 

measured value shows significantly higher accelerations with the additional system. 

The measurement data of the acceleration sensor ADXL346 shows the highest acceleration 

values. This can be explained by the higher dynamics of the measurement system compared to 

the MTW Awinda sensors. 

Figure 27 shows test results evaluated in the same way at an initial speed of 40 km/h. For the 

reasons mentioned above, the acceleration sensors of the temperature unit are not considered 

anymore. Here it is noticeable that the difference between the measured values of the MTW 

Awinda sensors and the ADXL346 sensors behaves inversely to those at lower speeds. In 

addition, it becomes clear that the range of the 75 % quantile is larger in comparison to all other 

measuring instruments. This is due to the fact that the sensors used were developed for 

measuring body movements and therefore show a more sluggish behaviour with correspondingly 

fast acceleration changes.  

Figure 27. Comparison of acceleration sensor data (real-world & AART machine), test speed 40 km/h 
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When comparing the measured values between real-world tests and those on the test bench, it 

also becomes clear that the greatest similarity of the acceleration distribution, neglecting the 

largest outliers is between the real-world tests and those with the additional impact system. 

Higher test speeds in the real test do not simultaneously lead to higher acceleration values. This 

is due to the fact that in an impact-abrasion test there are always stochastic lift-off and flight 

phases between the actual sliding phases. This again confirms the currently valid test procedure 

according to EN17092, which only prescribes a global friction value to be achieved for the road 

surface with a reference material, but not individual micro and macro surface conditions. 

In summary, the comparative tests at different speeds and environmental conditions (test bench 

and real-world road surface) show a similarity, especially at higher speeds. By using a system to 

apply additional impact energy acceleration values can be generated on the test bench similar 

to those in the real-world test. Carrying out realistic tests to test protective clothing material 

involves a great deal of effort and poor comparability under different test conditions. This shows 

that the current standard procedure according to EN17092 provides significantly improved test 

conditions and thus better comparability of results for similar loads on the protective clothing 

material. 
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2.2 On-board systems for lateral injury mitigation 

In Task 3.5 test procedures and methods were implemented, aimed at assessing on-board 

systems demonstrators that were developed in Task 5.4 for lateral impact injury mitigation (safety 

leg cover and motorcycle lateral airbag). A series of physical full-vehicle crash tests were 

conducted at IDIADA facilities and were reproduced by UNI FI in simulation environment by 

means of detailed FE models of the vehicles (motorcycle and scooter) and on-board systems as 

well as the deformable barrier used for lateral impact. The full-vehicle crash test results serve 

are used to validate virtual simulations. Furthermore, the overall performance and possible 

benefits of the on-board protection systems have been assessed by comparing results of 

physical crashes (with vs. without on-board protection system). The following topics are 

described in the sub-sections found below:  

¶ Virtual simulation setup 

¶ Crash test execution 

¶ Results 

¶ Main findings 

2.2.1 Virtual simulations setup 

Virtual simulations of full-vehicle crash tests were performed for both on-board safety systems 

(DUCATI on-board side airbag and PIAGGIO safety leg cover). 

First, a simulation environment was set up with FE models and impact conditions aimed at 

reproducing the test conditions, described in the section 2.2.2. The complete simulation 

environment is visible in Figure 28. 

 

 
 

(a) (b) 

 

Figure 28. Full simulation environment for the airbags on Ducati Multistrada (a) and safety leg cover on 
Piaggio MP3 (b). 
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The simulation environment was comprised of finite element models of: 

1. the main vehicle models used in the finite element simulation activities of Task 5.4 

ñLateral Impact Mitigationò equipped with on-board safety systems 

2. Test dummy (Figure 29).  

3. Deformable barrier  

Virtual sensors were created at the same locations, where IDIADA installed the sensors for the 

experimental tests, and the same orientation was implemented. 

 

1a. Motorcycle with on-board side airbag 

As shown in Figure 29, a Ducati Multistrada FE model was used, with a Hybrid III 50th percentile 

adult male dummy sitting on it. 

 

 

 Figure 29. FE model of the Ducati Multistrada, with sitting Hybrid III and airbags (grey boxes). 

¶ The environment was complemented by FE models developed by third parties, i.e. 

two airbags  of the same type and model (Figure 30 and Figure 31) and the Advanced 

European Movable Deformable Barrier (AE-MDB), Version 1.0 specification, released 

on 26.02.2013; 

 

Figure 30. FE model of the airbag in closed configuration. 
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Figure 31. FE model of airbag in open configuration (overhead view ï left ï and lateral view ï right ï). 

Since it was not possible to produce prototypes of the airbags developed in Task 5.4 the tests 

were performed using two knee airbags, designed for car applications. The airbags and their 

finite element models were provided by ZF to Ducati, and the models were integrated by UNIFI 

in the virtual environment on the basis of information provided by Ducati and IDIADA (Figure 

32). 

   

Figure 32. Airbags installed on the Multistrada in open configuration (front view ï left ï, lateral view ï 
centre ï and rear view ï right ï). 

The simulation environment (Figure 28) has two limitations, which needs consideration for a 

proper interpretation of the results: 

1) the motorcycle was modelled as a rigid body, as in the development phase of the 

airbags (Task 5.4) the primary concern was on leg protection and avoidance of its 

crushing between the car and the motorcycle. Since the motorcycle components that 

interact with the leg are much stiffer than the leg itself, the rigid body approximation 

was acceptable. 

The rigid body approximation allows to have a correct representation of the inertia 

matrix of the vehicle, but: 

¶ the front and rear suspensions are rigid. 

¶ the steering degree of freedom of the handlebar is suppressed. 

The latter approximations may influence the kinematics of the motorcycle. 
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2) the dummy used in the simulations, as motivated below in Test Dummy description. 

 

1b. Scooter with safety leg cover 

In Figure 33, the Piaggio MP3 500 FE model is shown, with Hybrid III dummy sitting on.  

 

 

 

Figure 33. FE model of the Mp3 scooter, with sitting Hybrid III and safety leg cover. 

Vehicle FE model is equipped with the final version of the safety leg cover which was designed 

and developed in Task 5.4 (Figure 34). 

 

Figure 34. FE model of the safety leg cover: foam blocks of the protecting bars highlighted in alternated 
colours. 

 

2. Test dummy 

As already reported in D5.3 (7), Hybrid III dummy was selected for the simulations since there 

was no numerical finite element model of the MATD. As MATD has frangible bones and in 

literature (8) it is reported that different rider kinematics was observed after a bone fracture, the 

analysis of results has to factor these previous findings. 
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3. Deformable barrier 

A model of the Advanced European Movable Deformable Barrier (AE-MDB) Version 1.0 

specification, released on 26.02.2013 (Figure 35) was used in the simulations. 

 

Figure 35. FE model of the AE-MDB. 

 

2.2.2 Crash test execution 

This section summarizes the main features of the full-vehicle crash test series performed at 

IDIADA. Thus, the most relevant elements and test conditions are described, including the test 

matrix and layouts for each test type showing the vehicle and barrier relation, the camera 

positions, etc. Furthermore, the vehicle sled designed for the purpose of the tests, the vehicle 

and dummy instrumentation and the dummy positioning are highlighted to provide a detailed 

description of the test preparation and execution. 

 

- Test condition 

In Task 3.5, four full-vehicle crash tests were conducted at IDIADA. Two tests were conducted 

using a DUCATI Multistrada and the other two tests were conducted using a PIAGGIO MP3 500. 

For each vehicle model, one crash test was conducted where no countermeasure was included 

(baseline) and the other crash test did include an on-board safety system. The on-board safety 

systems considered for this project were, respectively, the DUCATI on-board side airbags and 

the PIAGGIO safety leg cover. The overall test matrix used in this test series is shown in Table 

12. 

 

Table 12. Test matrix showing the four side barrier tests performed 

 

- Test layout 
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The test layout was very similar for the four crash tests. In all cases, as specified in the test 

protocol reported in D3.1 (1), a side impact crash test in which the motorcycle travelled in a 

straight line at a target speed of 30 km/h was conducted. For all cases, the motorcycles were 

impacted on the right side by an AE-MDB (Advanced European Mobile Deformable Barrier) as 

defined in (9). In the DUCATI tests, the barrierôs target impact speed was 30 km/h while in the 

PIAGGIO tests it was 15 km/h. The schematic of the overall test layout is shown in Figure 36. 

 

Figure 36. Images showing the two different layouts for the full-vehicle tests 

 

- Actual vs. target test conditions 

The four crash tests were successful from a testing point of view. The vehicle and barrier speeds 

were inside the target tolerance in all cases, as shown in Table 13. 

 

Table 13. Target and actual vehicle and barrier speeds and lab conditions during the tests 

 

- Test vehicle 

The overall vehicle specifications, including the manufacturer, body type, Vehicle Identification 

Number (VIN) number and test weight (both by axles and in total) is shown in Table 14. 

 

Table 14. Vehicle specifications for each of the four tests 

 

Test IDIADA Customer Target Actual Target Actual
Temperature 

(°C)

Humidity 

(%)

Pressure 

(mBar)

1 A210409COECWP3.5_1 30 (+/- 1) 29,68 30 (+/- 1) 29,68 21,3 48 1005

2 A210410COECWP3.5_2 30 (+/- 1) 29,8 30 (+/- 1) 29,8 19 70 1005

3 A210415COECWP3.5_3 30 (+/- 1) 30,63 15 (+/- 1) 15,31 21 47 1001

4 A210505COECWP3.5_4 30 (+/- 1) 30,4 15 (+/- 1) 15,18 20,3 42 1000

Test number Vehicle speed (km/h) Lab conditionBarrier speed (km/h)

Test IDIADA CustomerManufacturer Body type VIN Front Rear Total

1 A210409COECWP3.5_1 DUCATI Multistrada ZDM12BWW2GB000042 144 190 334

2 A210410COECWP3.5_2 DUCATI Multistrada ZDMAA07AAJB019225 142 188 330

3 A210415COECWP3.5_3 PIAGGIO MP3 ZAPTA120200001007 168 196 364

4 A210505COECWP3.5_4 PIAGGIO MP3 ZAPTA10W3K5000163 168 197 365

Test number Vehicle Test weight (kg)
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The pre-crash pictures showing the vehicle configuration for all four crash tests may be found in 

Figure 37. 

      Test 1            Test 2 

A210409COEC      A210410COEC 

 

 

 

 

 

 

 

 

 

 

 

 

 Test 3            Test 4 

A210410COEC      A210410COEC 

 

 

 

 

 

 

 

 

Figure 37. Images showing the vehicle configuration before each test 

 

Test 1: Without fuel and all other liquids, without chain, with dummy, with instrumentation, data 

acquisition system located in Top Case and with two lateral airbag modules mounted on the right 

side of the vehicle. 

 

Test 2: Without fuel and all other liquids, without chain, with dummy, with instrumentation and 

data acquisition system located in Top Case. 

 

Test 3: Without fuel and all other liquids, without chain, with dummy, with instrumentation and 

data acquisition system located in the Helmet box under the saddle. 

 

Test 4: Without fuel and all other liquids, without chain, with dummy, with instrumentation, data 

acquisition system located in the Helmet box under the saddle and with safety leg cover mounted 

on the frontal part of the vehicle. 
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- Vehicle sled 

For vehicle propulsion and guidance, a special adaptable sled has been designed and 

manufactured by IDIADA. It allows to fit different types and sizes of motorcycle to be impacted 

in a full-vehicle crash test. 

 

 

Figure 38. Images of the vehicle sled fitting the two types of motorcycle before the tests 

 

- Vehicle instrumentation 

The tested motorcycles were instrumented with triaxial accelerometer sensors in order to obtain 

information for the post-crash in-depth analysis. Table 15 summarizes the vehicle 

instrumentation that was included in both tests. 

 

  DUCATI PIAGGIO 

 Magnitude Direction Channels Direction Channels 

Frame attachment rear 
dumper 

Acceleration X, Y, Z 3 X, Y, Z 3 

Frame under saddle Acceleration X, Y, Z 3 X, Y, Z 3 

Frame left side of footrest Acceleration X, Y, Z 3 X, Y, Z 3 

Steering head middle Acceleration X, Y, Z 3 X, Y, Z 3 

Front right suspension up Acceleration  -  - X, Y, Z 3 
 Total   12   15 

Table 15. Vehicle instrumentation for both vehicles DUCATI and PIAGGIO 

 

The specific location of the most representative sensors for the vehicle kinematics analysis are 

graphically represented later on in this document in sections 2.2.3.1 and 2.2.3.2. 

  



 

D3.3 Test results Page 50 of 98             4/5/21 

 

- Test dummies 

 

Dummy instrumentation 

The dummy was composed of HIII 50th percentile male dummy head, neck, torso, and arms and 

Motorcycle Anthropomorphic Test Device (MATD) abdomen, pelvis and legs with the 

instrumentation found in Table 16: 

 

Sensor location Magnitude Dir. Channels 

Head 
Acceleration X, Y, Z 3 

Angular 
Velocity X, Y, Z 3 

Neck Upper 
Force X, Y, Z 3 

Moment X, Y, Z 3 

Chest 

Acceleration X, Y, Z 3 

Deflection X 1 

Angular 
Velocity X, Y, Z 3 

Lumbar Spine 
Force X, Y, Z 3 

Moment X, Y, Z 3 

Femur 

Left Upper 
Force Z 1 

Moment X, Y, Z 3 

Right Upper 
Force Z 1 

Moment X, Y, Z 3 

   Total 33 

Table 16. Dummy instrumentation for all the tests executed 

Dummy positioning 

The dummy was positioned according to D3.1 (1)  in order to reproduce as much as possible the 

natural human riding position for 50% male riderôs dummy. In addition, in order to stabilize the 

dummy torso, a foam block was used to support the dummy and avoid him leaning backwards 

when the motorcycle movement was initiated. An example of the position of this block in the 

PIAGGIO tests may be found below in Figure 39. This was also done in the DUCATI tests where 

the foam block rested against the top case. 
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Figure 39. Foam block used to increase stability during the crash 

- Camera location 

In addition, the four crash tests were visually reported using eight high-speed cameras. The 

overall position, type, name and description of these camera views is found below in Figure 40 

and Table 17. 

 

 

Figure 40. Position of all the cameras recording the test performance 

No. Type Name Description 

1 
HS Off 
Board 

WP3.5_1/2/3/4_Overhead 
Overhead view of barrier to 
motorcycle impact 

2 
HS Off 
Board 

WP3.5_1/2/3/4_General_Right_Rear 
General right-hand view of 
barrier to motorcycle impact 

3 
HS Off 
Board 

WP3.5_1/2/3/4_Oblique_Left_Rear 
Oblique left-hand view of 
barrier to motorcycle impact 

4 
HS Off 
Board 

WP3.5_1/2/3/4_Oblique_Right_Front 
Oblique right-hand view of 
barrier to motorcycle impact 
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Table 17. List of cameras used to record the test series and their description 

2.2.3 Results and main findings 

2.2.3.1 On board side airbag 

2.2.3.1.1 In-depth crash test analysis 

In addition to the full-vehicle crash test execution explained in section 2.2.1, an in-depth analysis 

of results has been completed by IDIADA. In this analysis of results, the overall barrier and 

motorbike kinematics, dummy kinematics, dummy biomechanical evaluation and PPE damage 

have been studied and compared between the two DUCATI crash tests (one with lateral airbags 

and one without). In addition, a series of preliminary conclusions regarding the safety benefit 

potential of the DUCATI side airbags have also been extracted. The results of this analysis are 

reported in this section in a comparative manner. However, absolute values of the results have 

not been included given the confidentiality of the data. 

Barrier and motorbike kinematics 

Firstly, the main sensor outputs for the barrier and the motorcycle have been compared between 

tests. From a motorcycle perspective, three sensor locations have been considered: the rear 

damper sensor (red), the under-saddle sensor (blue) and the footrest sensor (green). The 

location of each of these sensors on the motorcycle may be found in Figure 41.  

 

 

Figure 41. DUCATI motorcycle sensor position in both full-vehicle PIONEERS crash tests 

5 
HS Off 
Board 

WP3.5_1/2/3/4_General_Right_Front 
General right-hand view of 
barrier to motorcycle impact 

6 
HS Off 
Board 

WP3.5_1/2/3/4_Detail_Oblique_Right_Fron
t 

Detail_Oblique right-hand 
view of barrier to motorcycle 
impact 

7 Real Time WP3.5_1/2/3/4_General_Front_Realtime Real Time Camera 

8 GoPro WP3.5_1/2/3/4_Oblique_Barrier Go Pro Onboard Barrier 

Rear 

damper 

sensor 

Under-saddle sensor Footrest sensor 
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On the other hand, from a barrier perspective, the sensors to be considered were located on the 

barrierôs Center of Gravity (CoG).  

For clarity, all graphs of this sub-section have been colour coded as follows: the black curves 

represent the results from the test with lateral airbags, while the red curves represent the tests 

without airbag. 

Figure 42, shown below, shows the main barrier and motorbike sensor responses for both 

DUCATI crash tests. In this figure, the barrier responses may be found at the left (acceleration 

and velocity in the direction of travel, respectively) while the three lateral accelerations 

corresponding to the motorcycle sensor positions shown in Figure 41 are found at the right. All 

barrier and vehicle sensor outputs were filtered at Channel Frequency Class (CFC) 60 as per 

the Society of Automotive Engineers (SAE) Recommended Practice SAE J211 (9). 

The sensor data shown in Figure 42 leads to the following conclusions: 

Å As defined by Teng et al. in (3) a ñcrash pulse is an acceleration curve measured in the 

car during a crash test. The shape, time duration, and maximum acceleration of crash 

pulse may influence the predicted motion of the occupants. The characteristics of crash 

pulse measured during crash tests can be further used to analyse the crashworthiness 

of a given vehicle design.ò The barrier velocity curves shown at the bottom left of Figure 

42 show the same slope in both crashes. Thus, the same severity of the pulse has been 

obtained in both crashes.  

Å A consistent delay of 10 to 12 ms has been observed throughout all graphs. This is due 

to the different trigger times where, in the case with airbag, the first contact point is the 

lateral airbag. The time delay between both tests is proportional to the airbagôs thickness 

upon impact.  

 

Figure 42. Barrier and motorbike sensor data for the PIONEERS DUCATI full-vehicle crash tests 
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In addition to the sensor data explained above, the AE-MDB deformable barrierôs overall 

deformation has also been evaluated to assess the differences in the barrier intrusion that was 

occasioned by the contact with the motorcyclist dummyôs legs and the motorcycle itself. Figure 

43 shows the comparative pictures between both crashes. Where the barrier marked in green 

corresponds to the crash with airbag and the barrier marked in blue corresponds to the crash 

without on-board safety system. 

 

 

 

 

 

 

 

 

 

 

As significant changes could be observed between both AE-MDB barriers post-crash, the two 

barriers were scanned, and the resulting measured surfaces were overlaid. The graphical 

representation of this overlay may be found below in Figure 44. From the barrier deformation 

shown below, it is clear that the intrusion of the AE-MDB barrier in the femur impact zone is less 

severe in the case of the motorbike with airbag. 

 

Figure 44. Post-crash scan overlay of the two AE-MDB barriers used for  
the DUCATI crash tests 

However, it must be noted that in both tests, the MATD femur inserts did not break or show any 

superficial fractures. Additional frangible bone analysis techniques (such as micro-CT scans / 

micro- computer tomography scans) were discussed during T3.5 in order to extract further 

information from these tests. However, in the end, this idea was discarded as the size of the 

frangible bones, the fact that they have a cylindrical shape and that they contain metallic disks 

Femur impact zone  

Figure 43. Post-crash images of the impactor AE-MDB barrier in the DUCATI crash  
with side airbag (left - green) and without side airbag (right - blue) 
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led experts in the field to believe that the overall image resolution would be too poor for this 

purpose.  

 
Dummy kinematics and biomechanical evaluation 

Next, the overall motorcyclist rider dummy sensors were analysed. Figure 45 (found below) 

shows the comparative dummy channel response for both DUCATI crash tests. The sensor 

outputs shown in this graph include (First column: head acceleration, head angular velocity, neck 

tension and neck moment; Second column: chest acceleration, lumbar spine moment, femur left 

force and femur left moment; Third column: chest angular velocity, lumbar spine force, femur 

right force and femur right moment).  

 

Figure 45. Dummy channel responses for both PIONEERS DUCATI 
 full-vehicle crash tests 

All linear and angular accelerations shown above correspond to the dummyôs Y axis (according 

to SAE J211 (2), as shown in Figure 46). All tension/force curves are in Z direction and all 

Moment curves are in Y direction. This is consistent throughout the analysis of crash test results 

that is reported in sections 2.2.3.1 and 2.2.3.2. In addition, all vehicle and dummy channels have 

been filtered according to a CFC of 60, 180, 600 or 1000 according to this same SAE document. 
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Figure 46. Orientations of standardized dummy coordinate systems for standing and seated postures (2) 

By analysing these graphs, the following remarks can be made: 

Å An overall assessment indicates a delay in the dummyôs response in the test with airbag 

as the airbag absorbed the first impact energy acting as cushion. 

Å Similar amplitudes are shown throughout all injury measurements  

Å In the test with on-board lateral airbags, the dummyôs upper body rotates more due to the 

rotational effect of the airbag. This effect may be seen in Figure 47. However, no negative 

influence on the head or chest readings was observed. 

 

 

Figure 47. Video caption of both DUCATI crash tests at t= 40 ms 

 

Å Lower extremities on the impact side experience slightly less load and moment in the test 

with airbag. Figure 48 shows that the injuries on the lower extremities are similar and a 

slight improvement of the femur force can be seen. The on-board side airbag influence 

on the tibia performance is unknown due to lack of instrumentation in this region. 
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Figure 48. Detailed graphs of motorcycle rider dummy Injury metrics  
in both DUCATI full-vehicle crashes 

 

Å The final post-crash motorcyclist position on the ground was similar between both tests. 

However, the relative distance between the motorcyclist and the motorcycle was much 

greater in the case of the test without airbags (see Figure 49). A possible cause of this 

difference could be that the airbags absorbed part of the energy in the case of the test 

with on-board safety systems.  

 

Figure 49. Post-crash images showing the post-crash relative distance between motorcyclist and 
motorcycle in the test with airbags (left - black) and without airbags (right - red) 

In addition to the dummy sensor analysis and overall kinematics explained above, an analysis of 

the post-crash state of the MATD frangible parts (namely Femurs, Tibias and Abdominal insert) 

has been done. The post-crash images of these parts may be found below in Figure 50.  
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Figure 50. Post-crash images of the MATD frangible parts (top to bottom: Femur, Tibia and Abdomen) in 
the DUCATI crash test with side airbags (left) and without airbags (right) 

As shown in the images, in both tests the impact side femurs maintained their integrity (at least 

superficially), the impact side tibias broke, and the abdominal inserts had some deformation due 

to the contact with other internal dummy parts. The only noticeable difference between the 

breakage of these frangible parts lies in the breakage mode of the impact side tibia bones. In the 

test with lateral airbags, the post-crash breakage shape of the bone leads to believe that this 

could potentially be associated to a spiral tibia fracture (due to more rotation of the dummy). 

However, in the test without airbags the failure mode could possibly be linked to a comminuted 

fracture (due to direct impact of the barrier with bone). However, these are only preliminary 

conjectures made by the authors that should be further evaluated by a specialised expert in 

forensic medicine. In addition, the representativity of the bone breakage mode when compared 

to a human bone has not been validated.  

Finally, regarding the PPE damage during the crash, the helmet did not show any severe damage 

in neither of the tests. Minor helmet damage can be observed in both tests due to the head 

impact with the ground.   

In addition, in the first test (DUCATI crash test with lateral airbags) the broken impact-side 

frangible tibia bone pierced through the leather suit (see Figure 51). However, the same suit was 

used for all four crash tests (two DUCATI tests and two PIAGGIO tests) so no further conclusions 

can be made. The gloves and boots did not show any major damage. 
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Figure 51. Post-crash image of pierced leather suit after first PIONEERS crash test  
(DUCATI with lateral airbags) 

Main test findings 

Overall, the DUCATI full-vehicle crash test execution was successful and the two tests that were 

conducted at IDIADAôs facilities have proved to be comparable and repeatable.   

The test results from the DUCATI crash tests conducted in Task 3.5 led to believe that the use 

of on-board motorcycle lateral airbags has a potential to improve rider safety in the event of a 

motorcycle being impacted laterally by a passenger vehicle.  However, it is important to note that 

these conclusions have been reached exclusively by means of the analysis of the above 

mentioned two crash tests. In order to further study the safety improvement of the proposed on-

board safety system, an optimized airbag should be evaluated (the tested samples were not 

optimized due to supplier unavailability during the COVID-19 pandemic) and an extensive airbag 

deployment strategy analysis should be conducted. 

The conclusions mentioned above have been reached by several means. On one hand, it has 

been seen that the overall deformation of the AE-MDB deformable barrier (representing the 

passenger vehicleôs front-end) is significantly reduced when the lateral airbags are used. Thus, 

the airbags have a cushioning effect, acting as energy absorbers between the passenger vehicle 

and the motorcycle, reducing the severity of the impact and delaying the barrier response. This 

fact may be seen in Figure 43 and Figure 44. On the other hand, a slight reduction in injury 

measurements from the dummy sensors has also been found, together with a significant 

reduction in the dummyôs excursion/free-flight after the impact.   

Unfortunately, due to the MATDôs lower leg characteristics, it is not possible to assess the exact 

level of injury suffered in the tibias as the tibia load cells are not compatible with the use of the 

frangible bones. Because, of this, further research would be required in order to be able to 

quantify this injury and fully evaluate the potential of the on-board side airbag implementation in 

the DUCATI Multistrada. Nevertheless, it must be highlighted that, for this test configuration, the 

crash test dummyôs right frangible tibia bone was completely shattered in both crash tests (See 

Figure 50). The breakage of these bones was pretty aggressive, as it also led to tearing in the 

MATD suit, as shown in Figure 51. 
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2.2.3.1.2 Virtual simulations results 

The comparison was performed at 32 / 74 / 112 / 152ms to align with the comparison of the 

experimental and virtual test results, presented in section 2.2.3.1.3. 

The kinematic comparison is reported in Figure 52 and Figure 53, respectively for the overhead 

and front view. The limited size of the airbags doesnôt influence massively the kinematic 

compared to the crash without the protection system. In the latter configuration, at 112 ms, the 

dummy is separating from the motorcycle and its movement is slightly anticipated compared to 

the configuration with the airbags. At 152 ms the difference is more evident, and it can be noted 

also a different kinematic of the left lower leg (in line with the femur in the configuration with the 

airbags; Figure 52 -right-). 

The post-crash analysis of the barrier reveals that without airbags the leg of the dummy had a 

more direct impact with the barrier and the shape of the leg is visible in the deformed 

configuration (Figure 54a). When the airbags were present, the barrier deformation was more 

uniform and the load was partitioned between the airbags and the leg (Figure 54b). Figure 54c 

summarizes the above observations and reports also the locations of maximum distance 

between the barriers: the distance is respectively 70mm and 63mm at the green and red dots. 

The observation on the effect of the airbags and their interaction with the barriers is in line with 

the results obtained from the experimental tests and reported in the previous section. 
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Figure 52. Comparison of virtual impacts without and with airbags: overhead view 
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Figure 53. Comparison of virtual impacts without and with airbags: front view 
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Figure 54. Barrier models after crashes (a) in configuration without airbags; (b) with airbags. (c) Barrier 
comparison between (a) and (b). Dots represent locations of maximum distance between the barriers. 

Data from the two virtual crashes show that there is a higher energy transfer in the configuration 
with airbags (lower speed of the barrier) and that the pulse is 35ms longer than without airbags ( 

 

 

 

 

 

 

 

 

 

 

 

Figure 55, left). On the motorcycle the presence of the airbags delays the rise of the pulse, but it causes 
higher peak values ( 
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Figure 55, right). 

The response of the virtual dummy shows different load profiles for the femur bending moments, 

but substantially the same maximum amplitude (Figure 56). The axial force of the right leg shows 

a lower peak with the airbag, while the peak is also delayed in time. These data have to be 

considered in the perspective of the limitations introduced in section 2.2.1, and specifically of the 

absence of frangible bones. 
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Figure 55. Barrier and motorbike virtual sensor data for the PIONEERS DUCATI full-vehicle crash tests 
(motorcycle acceleration is measured in Y direction). 

Figure 56. Dummy responses for both PIONEERS DUCATI full-vehicle virtual crash tests (first column: 
head Y acceleration, head Y angular velocity, second column: chest Y acceleration, femur left Z force 
and femur left Y moment; third column: chest Y angular velocity, femur right Z force and femur right Y 

moment). 

 

2.2.3.1.3 Experimental vs.virtual test comparison 

The comparison was performed at 32 / 74 / 112 / 152ms to validate the development process 

implemented within the PIONEERS project. 

Comparison without airbag: the overhead and front views were used for the comparison 

(Figure 57 and Figure 58). Differences between the simulated and experimental crashes can 

be clearly detected: 

¶ motorcycle: the virtual motorcycle has a larger yaw angle at 74ms, which further 

increases during the following phases of the crash. This behaviour can derive both 

from the infinitely stiff material of the motorcycle model and from the missing degree 

of freedom of the handlebar. In fact, the front wheel slightly steers to the left, and the 

motorcycle bends towards the AE-MDB, while the model maintains a more upright 

position. The sensor data show a good agreement in terms of energy exchange 

between the barrier and the motorcycle/rider system, since the two curves of the COG 

velocity are in good agreement (Figure 59). The COG acceleration curves have the 

same trend, and the duration of the pulse is the same, although there are local 

differences to be ascribed to the different kinematics of the motorcycle. The data also 
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show a good agreement between the acceleration curves at the footrest, i.e. 

corresponding to the area of primary interest for the impact. The acceleration of the 

numerical model systematically and increasingly overestimates the experimental one 

as the measurement point is located further from the footrest area: a predictable effect 

of the large yaw rotation of the numerical model (Figure 59). 

¶ dummy: the position of the dummies compared to the AE-MDB is very similar, but it 

differs with reference to the motorcycles (simulated and real). In fact, in the simulation 

the motorcycle rotates more (larger yaw) and moves away from the barrier. Such a 

movement contributes to the ejection of the dummy from the motorcycle. Until 74ms 

the kinematics of the dummies is mostly similar, although it is already noticeable a 

larger movement of the left leg in the simulation data: although there are no means of 

verification, probably the right tibia has already broken. Later in the experimental crash 

the right leg is trapped between the barrier and the motorcycle, and the dummy pivots 

around this position. At 152ms the kinematics of the legs is largely different. The 

sensor data (virtual and real) confirm that also the dynamics of the legs is different, 

while until 25ms there is an acceptable agreement both for the femur axial forces and 

moments (Figure 60). A better agreement can be found between the chest signals. 

The differences may have different and multiple causes: 

1. the dummies have different legs with frangible (MATD) and non-frangible bones 

(Hybrid III), and the tibia broke during the test; 

2. MATD is validated for motorcycle impacts, while Hybrid III is not; 

3. there is a different motorcycle kinematics in the simulation, which facilitates the 

movement of the right leg (lower moment in the simulation), while the left leg 

interacts with the tank (possible cause for the higher moment). 

 

A comparison of the barriers shows differences in their post-crash deformations (Figure 61): 

 the barrier of the experimental test is more deformed at the upper right1 section, where 

a cusp is visible; 

 the virtual barrier is less and more uniformly deformed, a predictable consequence of 

the shorter interaction with the motorcycle. 

The comparison of the barriers confirms the different kinematics behaviour of the two models 

and most probably also a difference in the impact locations. The latter statement is supported 

by the comparison of the positions of the impact areas of the leg: in the simulated crash the 

mark is more shifted toward the right corner of the barrier, i.e. in the direction of movement of 

the motorcycle. The largest differences in the deformations were measured respectively at 

the red and green locations in Figure 61, which correspond to 108mm and 85mm distances 

between the surfaces. 

 
1 left and right are referred to the rider perspective, i.e. to the direction of travel of the vehicle / barrier. 
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Figure 57. Impact without airbags: overhead view 
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Figure 58. Impact without airbags: front view 
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Figure 59. Barrier and motorbike (virtual) sensor data for the PIONEERS DUCATI full-vehicle (virtual) 
crash tests without airbags (motorcycle acceleration is measured in Y direction). 

 

Figure 60. (Virtual) dummy responses for PIONEERS DUCATI full-vehicle (virtual) crash tests without 
airbags. (first column: head Y acceleration, head Y angular velocity, second column: chest Y 

acceleration, femur left Z force and femur left Y moment; third column: chest Y angular velocity, femur 
right Z force and femur right Y moment). 

 




























































