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Abstract 

 

This deliverable aims to describe a series of test procedures that have been designed 

throughout Tasks 3.1 to 3.3 of the PIONEERS Project. These test procedures intend to 

establish a methodology to assess the effectiveness of the safety systems that have been 

developed in the PIONEERS Project in order to enhance motorcyclist safety.  

 

On one hand, test designs to assess the effectiveness of PPE (Personal Protective 

Equipment) designs have been developed in Section 3. The PPE tests that are included in 

this deliverable are: Impact and Abrasion tests, Ankle Impact Tests, Torso Impact Tests with 

Airbag device, helmet testing and neck protection testing. On the other hand, test 

procedures to evaluate on-board safety systems have also been developed in Section 4 of 

this document. These tests include sub-system tests for pelvis PPE test design and Safety 

leg cover design; and full-scale crash tests.  

 

To increase the safety of PPEs, one of the current impact abrasion test methods was 

improved and adapted to study the risks of soft tissue injuries and failure of fabrics during a 

crash. Sample holders equipped with sensors were engineered to further explore and 

measure the mechanisms of fabric failure during impact abrasion testing with the AART 

machine. Two test setups were developed to measure the temperature rise of a fabric during 

an abrasive slide. To measure the moment of hole formation and the impact force of the 

sample holder on the tile two other test setups were designed and created.  To improve the 

factor impact in impact abrasion testing, the AART machine was altered to generate extra 

force solely on impact. To better understand the garment failures that occur during real-world 

crashes a crashed garment analysis was conducted. After macroscopic and microscopic 

examination of the crashed fabrics a new categorization for fabric failures was proposed 

based on the cause of the failure.  

 

From PPEôs impact side, new tests methods have been designed in order to be available to 

test new parameters for the ankleôs bending. The inversion-eversion and extension-flexion 

movements are considered as the main part of the essay. 

Has focused on the development of EN 1621-4 and EN 1621-5 by implementing a new test 

machine for impact on thorax in order to have a better and more complete test method for 

motorcycle airbag jackets. 

The proposals have been developed within the design process in T3.1, and the partnerôs 
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prototypes will be tested during T3.5. A deviation analysis between the expected and the 

obtained results will be done in another stage of the project. 

 

Regarding head and neck protection, PIONEERS project describes two approaches. The 

first is a test method for helmets and the second is a proposed geometrical assessment to 

consider the interaction of helmets and neck braces. The helmet test method is proposed as 

an update and extension of the widely used UN-R22, which defines the mandatory 

requirements for motorcycle helmets in the EU. PIONEERS project proposes to include 

oblique impact tests in order to better simulate real world impacts of motorcycle riders. In 

addition the test conditions are also updated to be more realistic. To fully exploit the potential 

of oblique impacts it also considers the use of a Hybrid-III headform as well as advanced 

brain injury assessments calculated with the SUFEHM tool. With the proposed helmet test 

method the minimum requirements can be set in order to better address brain injury risk of 

real world accidents. 

To enable an assessment of neck protective devices PIONEERS project proposes a method 

to consider the interaction of helmets and neck braces. Currently no standard exists in this 

field. As the protection of the cervical spine of PTW riders will need further research and 

work beyond PIONEERS project, the proposed method enables the identification of 

reasonable helmet brace combinations. With the proposed method the geometry of neck 

braces and helmets can be combined virtually to approximate the possible range of motion 

of head and neck. This approach can be used in future activities and can also provide 

information to customers in to help purchasing the right protective equipment. 

 

In Task 3.3, the test procedures to assess on-board safety systems have been designed. To 

do this, the first step has been to identify the target accident scenarios and injuries to be 

studied by reviewing the results from PIONEERS D1.1 (Powered Two-Wheelers - Road 

Traffic Accident Scenarios and common injuries) and doing an in-depth analysis of 

accidentology data to support the development and assessment of on-board safety systems. 

Once the scenarios have been identified sub-system and full-scale crash tests have been 

designed.  

 

From a sub-system perspective, two different test procedures have been developed. On one 

hand a specific test to study the pelvis interaction with the fuel tank, in the event of a frontal 

impact, has been developed. This consists in a deceleration test using a mini-sled with a 

specific test apparatus (including a rigid wooden fuel tank and a THOR pelvis) mounted on 
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top. Also, a simplified test method to preliminarily assess the performance of PIAGGIOôs 

safety leg cover by means of pendulum tests against a full motorcycle with an adult male 

rescue manikin sat as motorcyclist rider has also been designed and tested. 

 

In addition to the sub-system tests described above, in task 3.3; full-scale crash test 

protocols, to assess and validate PIAGGIOôs safety leg cover and DUCATIôs lateral airbag, 

have been developed. In both cases, the chosen test configuration has been a lateral 

impact, where the studied motorcycle travels at a constant speed of 30 km/h and is impacted 

laterally (at 90º) by an AE-MDB Mobile Deformable Barrier travelling at either 15 km/h or 30 

km/h. In both cases, and in alignment with ISO 13232-4; a Motorcyclist Anthropomorphic 

Test Device (MATD) or an adapted Hybrid III dummy with MATD lower body has been 

proposed as motorcyclist rider. These crash test procedures will be tested in Task 3.5 of the 

Project, where two crash tests will be done in each configuration, resulting in a total of 4 full-

scale crash tests (two with the DUCATI motorcycle ï one crash with lateral airbags and one 

crash without- and two with the PIAGGIO motorcycle -one with safety leg cover and one 

without). 

 

 
 
 
 

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. 

  



 
 

D3.1 Page 7 of 256 14/12/20 

 

Abbreviations and Acronyms 

Acronym Definition 

AART Advanced Abrasion Resistance Tester 

AIS Abbreviated Injury Scale 

AS Accident Scenario 

EC European Commission 

FOV Field of view 

H2020 Horizon 2020 

HF Head & Face 

IR Infrared 

LE  Lower Extremities 

On-board safety systems 
Protective systems/ devices that are installed directly on the 
PTW 

OV Opponent Vehicle 

PIONEERS 
Protective Innovations of New Equipment for Enhanced Rider 
Safety 

PPE Personal Protective Equipment 

PTW Powered Two-Wheelers 

RHA Relative Heading Angle 

SDO Standards Developing Organisation 

TTS Thorax & Thoracic Spine 

UE Upper Extremities 

WP Work Package 

ROM Range of Motion 

HPI Helmet Positioning Index 

NBPI Neck Brace Positioning Index 

ALL Anterior Posterior Ligament 

PLL Posterior Longitudinal Ligament 

CL Capsular Ligament 

FV Flavum Ligament 

ISL Interspinous Ligament 

PAAM, AAAM Posterior and Anterior Atlanto-Axial Membranes 

AAOM, PAOM Anterior and Posterior Atlanto Occipital Membranes 

TL Transverse Ligament 

TM Tectorial Membrane 
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C2-C1 Interspinous Ligament 

AE-MDB Advanced European Mobile Deformable Barrier face 
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1 Introduction 

This deliverable transfers the results of WP1 and WP2 into reliable test methods and the 

associated assessment to ensure the protection of the user with the best balance between 

repeatability, reproducibility and reliability.  

Test procedures for thorax and lower leg impact, impact and abrasion of fabrics, pelvis and 

head-neck protection and a frontal and a lateral test for on-board safety systems have been 

designed based on accidentology data regarding relevant accident scenarios and main injuries. 

 

Due to differences regarding the state of the art of helmets, the market penetration of neck 

protection devices and the need for a separate test for helmets, the authors of this document 

decided to split the actions concerning helmet test method and neck protection test method. 

Within this document there is a chapter with a proposal for the test procedure for helmets and a 

new chapter exposing new approaches for test methods dedicated to neck brace evaluation. 

 

Two full-scale crash test protocols have been designed to validate the two different on-board 

systems developed in Task 5.4. In addition, the performance of the defined test have been 

evaluated through an assessment and virtual tools specifically designed for the project by the 

work of WP6.  

 

Finally, the test methods derived from this Work Package will be tested in T3.5 by assessing 

the test method and comparing the expected and the obtained results. All the information 

extracted from the work will be provided to the corresponding standards developing 

organizations (SDOs) for its implementation in new versions of standards through the work of 

WP7. 
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2 Methodology 

To create this deliverable, tasks T3.1, T3.2 and T3.3 have been working together following the 

prescriptions described below. 

The main objective of Task 3.1 is to transfer the knowledge on the impact configurations 

identified in Task 2.1 for each accident scenario into feasible test configuration while 

maintaining the physical reliability. To increase the safety of PPEs, the impact abrasion test 

method will be improved and adapted to cover and study new risks, such as soft tissue injuries 

and failure of fabrics. To improve the factor impact in impact abrasion testing a current impact 

abrasion apparatus, the AART, will be altered.  Sample holders equipped with sensors will be 

engineered to further explore and investigate the mechanisms of fabric failure during impact 

abrasion testing. Additionally, a specific torso impact test will be designed to study the impact 

of a thorax protected with an airbag device recreating the most common accidents. Further, an 

impact on the lower leg part of the body will be investigated by applying new stresses for the 

new generation PTW boots. 

Task 3.2 will develop a test design to assess head and neck protection based on the results of 

WP1 and WP2. 

In a first stage the relevant impact situations identified within PIONEERS will be combined with 

recommendations from literature and the results from other relevant EC projects (e.g. 

advanced test methods, assessment criteria). These requirements regarding impact condition 

(e.g. velocity, load direction, load mechanism) will be compared to existing regulations and 

industry standards to identify the potential for improvements. 

In a second stage the identified requirements will form the basis to develop a profound test 

method for head and neck protection. The UNECE-R22 [1] as the current regulation for 

motorcycle helmets has an isolated view on the helmet without the consideration of neck loads. 

Furthermore, the regulation focuses on linear acceleration of the head as the main assessment 

criterion. The importance of rotational acceleration e.g. caused by tangential impacts of the 

head/helmet is not reflected in the current standard. To assess the performance of helmets, 

neck protectors, the interaction of these two elements, the external load conditions as well as 

the needed measurement technology will be considered. In the case of external load 

conditions, the impact velocity, load direction and the characteristics of contact surfaces will be 

defined to enable a reasonable test environment. To address the relevant injury mechanisms 
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found in WP2, the measurement technology and specimens will be selected accordingly. For 

both the conditions and the measurement technology, the best possible solution will be 

elaborated to achieve a balance between the significance of the results, the reproducibility and 

the repeatability of the tests. During the development of the test design the intermediate steps 

will be accompanied by WP6 to ensure an approach with the highest possible impact on PTW 

safety. 

Result of Task 3.2 will be a test set-up to measure relevant characteristics of head and neck 

PPE (e.g. translational and rotational head accelerations, neck forces and moments) with 

regard to the needs identified within PIONEERS. 

WP5 will focus on the development of on-board safety systems to further protect motorcycle 

riders. In order to assess these systems and enable the evaluation of future systems, a test 

set-up will be designed. Firstly, a set of accident scenarios and the main injuries targeted for 

reduction will be selected from previous work in WP1 and WP2 to clearly define the protection 

targets and therefore also the evaluation aspects. At least a frontal and a lateral test will be 

defined (T3.3). The impact kinematics of the selected accident scenarios will be transferred to 

a test set-up considering reliability, reproducibility and the test lab constraints (e.g. use of 

dummies, vehicle stability). In order to perform the defined full-scale motorcycle crash tests, 

some testing tools may be required to ensure the full vehicle test desired dynamics and the 

requirements of repeatability and reproducibility. Those tools will be conceived and virtually 

designed in this task. 
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3 Test procedures for PPE, helmet and full 

vehicle 

In this section of the deliverable the test design for PPEs, for head and neck protection and for 

on-board safety systems will be introduced. The test designs mentioned before are defined 

tasks within the Work Package. 

3.1 PPE test designs for impact and abrasion 

3.1.1 Introduction  

The focus of this task for REVôIT! and TUDA is on developing a test setup to gain in-depth 

knowledge on the changes in physical properties and behaviour of a fabric during abrasion. 

The second focus point is to develop a test setup to improve the factor impact on the impact 

abrasion test.  

 

Impact abrasion in relation to crash scenarios is composed of two closely related phenomena. 

The factor óimpactô in impact abrasion can be described as the initial moment when a fabric 

impacts a surface (e.g. road) with a certain speed in the Z-direction (the actual óimpactô of a 

rider falling from his bike from a certain height). This initial impact is generally followed by the 

factor óabrasionô, the slide of the rider in the X-direction over the surface (Figure 1). 

 

 

The possibility to test for abrasion phenomena (burst, cut, tear, abrasion and melting) is the 

main goal for the test setup. Mimicking real-world accidents in a lab setting is the preferred way 

to study the behaviour of fabrics during a motorcycle accident. Sensor data can provide 

Figure 1: Impact directions during a motorcycle crash and abrasion testing 
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additional insights into the underlying mechanisms in fabric failures and can give information 

about the protective features of a fabric.  

 

Crashed garment analysis combined with the simulation of crash and fall dynamics on the 

AART impact abrasion test machine, resulted in the conclusion that the factor óimpactô in impact 

abrasion could not be mimicked with the current test machine. To solve this issue the current 

AART machine will be altered to a level where the first moment of impact can be studied and 

intensified. 

 

To further understand the impact and abrasion phenomena on fabrics sample holders 

equipped with sensors will be engineered. Three important parameters, which play a role in 

fabric failure, have been determined: temperature, pressure and tensile stress. A fourth sensor 

setup for hole formation can give more insight in the moment and specific area of fabric failure. 

3.1.2 Preliminary studies  

To examine the occurrence of the different types of garment failures, a crashed garment 

analysis was performed. A second objective of this study was to define and categorize the 

types of garment failures in order to improve analysis accuracy and distinctiveness in REVôIT!ôs 

in-house lab. By investigating and quantifying the phenomena that lead to garment failure, 

more knowledge and a better understanding of the underlying causes could be obtained. With 

newfound insights innovative techniques, materials and products can be sourced and produced 

to facilitate riders with more protective garments.  

 

The first part of this introduction consists of a literature study on soft tissue injuries and 

garment failures caused by motorcycle accidents. The second part lists and compares the two 

current test methods for abrasion resistance in lab conditions.  
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Soft tissue injuries literature study 

 

Soft tissue injuries (abrasions, cuts, lacerations and bruising) are in most cases non-life-

threatening injuries but can result in infections, scarring and (temporary) immobility of the rider 

after a crash. When looking only at open wounds (abrasions, cuts and lacerations) a reduction 

of 58% in upper body open wounds can be noted when riders were wearing a motorcycle 

jacket. A reduction of 47% in open leg wounds and a reduction of 38% in lower body open 

wounds was observed when riders were riding with motorcycle pants. An open wound is any 

internal or external injury that leaves internal tissue exposed to the external environment. The 

risk of an open wound injury is significant smaller when motorcycle clothing is worn. Most soft 

tissue damage occurs at the legs (76%) followed by the arms (51%) and the head (40%) [2].  

 

Protective clothing is possibly subjected to damage during a crash. Fabric failure may lead to 

open wound injuries. More than 25% of worn jackets and pants show damage in the form of 

hole formation as a result of a crash. Seams are less frequent to fail according to the study of 

de Rome et al. [2]. A possible explanation: seams have a small area in respect to the whole 

garment, so less probability to get damaged during a crash.  

 

The study also shows that bruising injuries are the most common type of injury, closely 

followed by soft tissue injuries. Motorcycle riders should be protected against these skin 

injuries by their PPE (personal protective equipment). To protect, a PPE should have a high 

resilience against impact and abrasion. Motorcycle garments should comply to PPE regulation 

(EU) 2016/425 [3]. Therefore, garments are generally subjected to the testing procedures 

described in EN 17092-1:2002 [4]. This series of standards incorporates amongst others 

multiple tests to determine the performance of a fabric used in PPE. 

 

Meredith et al. listed the frequency of the different damage types in crashed garments. 633 

garment failures were analyzed and divided into 5 categories: abrasion, tear, burst, cut and 

unknown. Failure due to abrasion was the most common failure (77,3%), followed by tear 

(11,4%) and burst (3,6%). Cut was only detected in 1,3% of the failures and 6,5% was of an 

unknown type [5].  
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A relationship between the probability of soft tissue injuries and abrasion time according to the 

European standard series EN13595-1/4:2002 (Cambridge method) was proven (¡Error! No se 

encuentra el origen de la referencia.). A longer abrasion time before hole formation showed 

a lower probability of soft tissue injury. An abrasion time of 1 second resulted in a probability of 

53%, an abrasion time of 4 seconds (zones 1 & 2: level 1) resulted in a probability of 37% and 

an abrasion time of 7 seconds (zones 1 & 2: level 2) resulted in a probability of 24%. The study 

proved a significant reduction in soft tissue injury protection when downgrading from a level 2 

to a level 1 garment according to EN13595-1/4:2002 [4]. 

 

Referring to D1.1 [6] of the PIONEERS project open wound injuries are present in 33,9% of all 

cases in the GIDAS study. In the fatalities study of LMU 22,5% of all injuries were open wound 

injuries and 58,7% in the EDA study. According to the Australian NSW dataset 39% of all 

injuries could be categorized as open wounds (Figure 3). 

 

According to EN13595-4 different clothing zones are presented, zone 1 being the most 

common zone of first impact and zone 4 the least common zone of first impact. Meredith et al. 

listed the frequency of impacts to the different clothing zones. Zone 1 was impacted in 43% of 

the 661 cases (360 clothing damage locations and 301 skin injury locations), followed by zone 

2 (25%), zone 3 (20%) and zone 4 (12%). 

  

Figure 3: Soft tissue injury risk in relation to 
abrasion time on the Cambridge test (from 

Meredith et al.) 

Figure 3: Percentage open wounds from Pioneers 
D1.1 
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In zones 1, 2 and 3 there are fewer skin injuries (circa -15%) than clothing damages. Zone 4 

has slightly more injuries than garment failures, probably because this is a low impact area. 

When evaluating the distribution of the skin injuries and the garment failures a high correlation 

is found. The outside of the forearm, the wrist, the shoulder and the knee are to most common 

places of injury. In each of these locations the number of garment failures was equal to the 

number of injuries.  

 

Of the 5 types of garment damage, abrasion was most frequently observed (69% of all 

damage) especially in clothing zones 1 and 2. Tear had an incidence of 26%, cut 2% and burst 

only 1%. For abrasion and tear a decreasing indecency was observed from zone 1 to zone 4 

(Figure 4). Burst was only observed in zones 1 and 2, cut only in zone 1 [7].  

 

The skin injuries in this study are categorized in 4 types: burn, abrasion, contusion and 

laceration. Contusions are the most common type of injury (54% of all injuries), 

followed by abrasions (31%) and lacerations (14%). Burns were only observed 4 times 

(1%). The descending frequency from zone 1 to zone 4 is visible for abrasions, 

contusion and lacerations. The descend is most steep for laceration injuries, with even 

no laceration in zone 4, and least steep for contusions (Figure 5). 

 

 

 

 

Figure 4: Distribution of garment failures according to zoning in EN13595 (from Meredith 
et al.) 
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The economic cost of soft tissue injuries caused by motorcycle accidents is difficult to declare. 

Braddock et al. [8] reported that 21,9 % of all injuries were open wounds, from a total of 9250 

injuries during principal diagnosis. With this percentage, open wounds are the main injury 

suffered by motorcycle riders during a crash followed by femur or lower limb fracture (17,2%) 

and upper limb fractures (9,1 %). The medical procedure involvement of the integumentary 

system was 17% of 6504 medical procedures. The musculoskeletal system tops this with a 

percentage of 38,6% and is thereby to most common human system that needs medical care. 

 

The study of Meerding et al. [9] calculated the cost per patient for the most common injury 

groups in The Netherland in 1999. The cost per patient for an open wound is ú390 and for a 

superficial injury (contusion, small laceration etc.) the cost is ú410. These costs rank 25 and 24 

respectively, other notable injury groups related to motorcycle accidents are: vertebral 

column/spinal cord injury (ú6600, rank 4), internal organ injury (ú4200, rank 5), Skull-brain 

injury (ú3100, rank 7), fractures (depending on the body part between ú700 and ú4100), burn 

(ú770, rank 17). 

 

The costs of treating patients for open wounds, superficial injuries and burns are smaller in 

comparison to other common injuries related to motorcycle accidents. The incidence ranks of 

these injuries in traffic accidents is higher, with superficial injury and open wound rank 1 and 2 

in the overall statistics, burns have an incidence rank of 15 [9].  

Figure 5: Distribution of skin injuries according to zoning in EN13595 (from Meredith et al.) 
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To calculate the total costs for the public health system the incidence and the cost per patient 

are multiplied. For The Netherlands in 1999 superficial injury ranks 2 (13.3% of total health 

system costs), open wounds ranks 3 (6.6% of total health system costs) and burns ranks 24 

(1.1% of total health system costs) [9].  

 

Meerding et al. also calculated the total costs for each injury group and categorized them by 

accident cause (Figure 6). Looking at traffic accidents most costs for the health care system 

derive from superficial injuries and skull-brain injuries. Hip fractures and knee / lower leg 

fractures rank 3rd and 4th followed by open wounds at rank 5. An important remark on this data; 

traffic accident includes car crashes, car-pedestrian/bicyclist crashes, motorcycle crashes, etc. 

Because motorcycle crashes have a low absolute frequency in the total amount of traffic 

accidents, we may assume that the total costs of open wounds and superficial injury would 

rank higher when focusing on motorcycle accidents alone, since these types of injury are 

commonly sustained by a motorcyclist during a crash and these types of wounds are less likely 

to occur in other types of traffic accidents [9].  

  

Figure 6: Health care costs of top 10 and other injuries by accident category, The Netherlands 1999 
 (from Meerdin et al.). 
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Impact abrasion resistance test methods 

 

Currently two test procedures for impact abrasion resistance are utilized: the Cambridge 

procedure (used in EN 13595 [4]) and the AART (Advanced Abrasion Resistance Tester) 

procedure (used in EN 17092 [10]). The EN 17092 series óProtective Garments for Motorcycle 

ridersô (impact abrasion test method: AART) is expected to supersede the EN 13595 series 

óProtective clothing for professional Motorcycle ridersô (impact abrasion test method: 

Cambridge). The Cambridge method is known for inconsistent test results due to lack of 

reproducibility (CEN/TC 162/WG9 Motorcycle equipment), REVôIT! has decided to focus its 

research on the AART impact abrasion resistance method, as well as TUDA because the test 

method development goes back to decades of research work at TUDA. 

 

The Cambridge method simulates the process of abrasion between a fabric sample and 

sandpaper with a constant velocity of 8 m/s. The sample is dropped on the belt sander by a 

pendulum with a force of 49 N and a surface pressure of 2,5 N/cm². The abrasion testing is 

carried out as long as the copper wire - that is positioned underneath the test sample - is intact. 

The abrasion time until the material is pierced, and thereby cutting the copper wire, is the end 

result of this test. The longer a material can withstand the piercing behaviour of the sandpaper 

the better its test result. One fabric orientation (warp, weft or 45°) is tested during a run. 

 

The AART method simulates the process of abrasion by orienting 3 fabric samples in 3 

directions (warp-, weft- and 45°) on a road surface. The 3 samples are simultaneously 

accelerated rotationally to a predefined number of rounds per minute (147 to 707 rpm) and 

then dropped from a height of 10 mm on a tile which represents a German concrete road 

surface. The fabric sample is dropped with a force of 36,8 N and a surface pressure of 1,875 

N/cm². The abrasion testing is carried out until the samples come to a standstill on the tile. One 

assessment of a fabric consists of 3 runs where a total of 9 samples are evaluated. The test 

result is a pass-fail criterion based on a visual inspection of the 9 samples. Whereas none of 

the samples is allowed to have a hole larger than 5 mm in any direction for a pass. 
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Both methods and their accompanying EN standards incorporate a table that classifies the 

performance of the fabrics based on their test criteria; time (Cambridge, Figure 7 left) or 

rotational speed in rpm (AART, Figure 7 right) related to the zone on the body the garmentôs 

fabric is used in. The Cambridge and AART methods mainly test abrasion during a slide, taking 

the factor óimpactô in impact abrasion less into consideration. The initial forces (respectively 49 

N and 36,8 N) are currently not sufficient to mimic a fall from a motorcycle during a crash. 

 

 

 

Crashed Garment Analysis 

 

REVôIT! has documented and analyzed 17 real-life crashed garments that have been returned 

by consumers. For each case, the garments and their damage are photographed and 

measured.  Measurements were taken by a calliper and rounded up or down to 5mm in case of 

surface area damage and 2mm in case of hole formation. The colour code indicates the type of 

garment failure, the size of the circle indicates the approximated size of the failure 

accompanied by the measurement in 2 directions (Figure 8). 

 

(blue = sliding rupture / burst; red = melting; black = cut; green = burst; shaded = loss of mass)  

 

The product and the production codes were noted for each damaged garment. For 5 cases 

data was available regarding the actual accident scenario: 3 from written notes and 2 from 

interviews. Because the data from the written notes was not complete, the sample size was too 

small to further investigate by statistical analysis.  

  

Figure 7: Cambridge (left) and AART (right) abrasion test setups 
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The initial analysis of these crashed garments resulted in a classification based on type of 

fabric damage due to impact abrasion into 5 categories: 

 

1) Sliding rupture / burst: gradual hole formation & rupture due to a slide.  

2) Fabric Melting: fabric melting due to friction and thermal energy in a slide. 

3) Loss of mass: surface pilling / minor damage without hole formation due to a slide. 

4) Impact rupture / burst: instant rupture/burst because of grabbing of material due to the 

fast-moving garment impacting a stationary road surface. 

5) Cut: cutting of fibres due to sharp elements in a slide. 

 

By identifying the affected fabrics in the crashed garments and comparing the visual aspects 

with the test results on the AART, a relation was established between real life crash damage 

and the behaviour of fabrics in a laboratory test setting. It has proven to be difficult to isolate 

the individual categories completely since óimpact abrasionô mechanisms often result in a 

combination of multiple forms of damage in the same area (e.g. ófabric meltingô combined with 

óloss of massô and possibly ócutô). 

Four out of five of the categorized types of damage are reproduceable on the AART machine in 

a laboratory setting. The impact abrasion mechanism that leads to the type of damage 

described as óimpact rupture / burstô can currently not be reproduced on the AART machine 

due to the mechanical restrictions and the low amount of impact force involved in the initial 

drop of the samples on the concrete tile (Figure 9). 

 

 

Figure 8: Example of a crashed garment analysis form with markings for failures and measurements 
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From the garment analysis it can be concluded that ósliding ruptureô is the most common type 

of failure with 34 identified failures out of 96 failures. Melted fabrics are often found (21 cases; 

especially in the crash cases associated with high sliding speed); temperature rise appears to 

influence fabric integrity. The heat development due to friction between fabric and tile could 

result in fabric brittleness and hole forming. The effect and occurrence of melting depends 

heavily on the type and composition of fabrics used in the PPE. Loss of mass has 17 cases 

and impact burst accounts for 15 cases. Cut is the least common type of failure seen in this 

specific crashed garment analysis with 9 failures (Table 1). 

 

Comparing the crashed garments analysis of REVôIT! with the analysis of Meredith et al. some 

similarities are found. Cut and impact burst are the two least common damage types in each 

study. Where Meredith et al. makes a distinct separation between tear and abrasion, the 

REVôIT! study is more focused in identifying the mechanisms generally involved in impact 

abrasion. This study mainly focuses on the type and possible cause of damage involved in 

óimpact abrasionô (the first impact on the road surface and the following slide) instead of 

damage types possibly caused by other mechanisms (e.g. a garment being torn on contact 

with a pointy bike element).  

 

In this study all crashed garments were PPE compliant garments, whilst the study by Meredith 

et al. [5] also incorporated nonïPPE compliant garments (Table 1). 

 

 

 

 

 

Figure 9: Garment failures and reproductions by lab apparatuses 
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REVôIT!:  

Damage type 
 

total n  total % 

 

Meredith et al.: 

Damage type 
total n 
 

total 

% 

Sliding rupture  34 35,4 Abrasion 489 77,3 

Fabric melting 21 21,9 Tear 72 11,4 

Loss of mass 17 17,7 Burst 23 3,6 

Impact burst 15 15,6 Cut 8 1,3 

Cut 9 9,4 Unknown 41 6,5 

Sum 96  Sum 633 100 

 

A total of 71 failures were analyzed in jackets/overshirts and 25 in trousers/jeans (Table 1). In 

93,8% of the failures the fabric itself was affected. Only 6 seam failures were detected in the 

total number of 17 crashed garments (Table 2). 

 

Garment type total n  total % 

 

Failure location total n  total % 

Jacket / overshirt 71 74,0 Fabric 90 93,8 

Trousers / Jeans 25 26,0 Seams 6 6,3 

Sum 96  Sum 96  

Table 2: Garment types and failure locations in REV'IT! study 

Each failure was examined by taking calliper measurements indicating the size of the damaged 

area or the hole. The length and width or diameters of each hole were registered; rounded up 

or down to the nearest 2mm. For loss of mass without hole formation the whole abraded area 

was measured (Figure 10); rounded up or down to the nearest 5mm. 

 

Calculating the average area of failure for every category reveals that óloss of massô results in 

the highest average area of failure (3163,8 mm2), followed by sliding rupture/burst (1333,8 

mm²) and fabric melting (956,3 mm²) (Table 3).  

 

Table 1: Comparison of damage types between REV'IT! study and Meredith et al. study 

Damage type 
Average 

length 

Average 

width / 

Average area 

of failure 
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In conclusion, sliding rupture/burst and fabric melting are the two most important damage types 

in respect to incidence and soft tissue injury probability. Impact rupture/burst is observed in 

15,6% of failures but is currently not reproduceable by the AART machine. The first moment of 

impact cannot be reproduced to mimic real-life crash scenarios since the machine setup is 

limited to relatively low impact forces. Other damage types related to óslidingô can be mimicked 

by the AART machine and show a direct link to examined real-life crashed garments.  

 

It was decided to further investigate case 5 with a microscopic research. Case 5 was selected 

because this case had the most diverse types of garment failures. The goal of this microscopic 

research was to better understand the underlying causes for garment failures on a 

macroscopic and microscopic level and to have a better, more descriptive characterization of 

the different types of garment failures (Figure 10). 

 

/diameter 

[mm] 

diameter 

[mm] 

[mm²] 

Loss of mass 80,3 39,4 3163,8 

Sliding rupture / 

burst  
51,9 25,7 1333,8 

Fabric melting 41,4 23,1 956,3 

Impact rupture / 

burst 
20,0 15,6 312,0 

Cut 31,1 1,9 59,1 

Table 3: Failure measurements in REV'IT! study 
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Each garment failure area was investigated visually, tactilely, microscopically and given a code 

number. A photograph was taken through the oculus of the microscope. A presumption of the 

type of failure was recorded based on these inspections. The research and analysis on every 

failure area can be found in the appendix A. 

 

 

 

In the next phase the previous studied garment failures were mimicked in lab conditions. 

Where possible an intact piece of fabric was taken from the crashed garment. If this was found 

impossible, pieces of fabric were taken from the exact same type of garment and fabric, 

preferably having a batch / production order number that matched the crashed garment. These 

samples were investigated by using five testing apparatuses: the AART machine to mimic an 

abrasive slide (abrasion failure), a tear tester to mimic tearing (tear/tensile failure), a tensile 

tester to mimic tensile force (tear/tensile failure), a manual cut test to mimic cutting into the 

fabric (cut failure) and a drop tower test to mimic instant impact (burst failure).  

 
Appendix B displays the results of Impact abrasion (AART) machine testing. Different runs 

were performed with different rpms (starting velocity before dropping the fabric to the abrasive 

tile). The locations of failures on the AART samples were identified and marked by a number 

and examined visually, tactilely and microscopically. For each failure the most presumable 

garment failure category, or combination thereof, was noted.  

 

Appendix C displays the results of the reconstruction on the tensile testing apparatus 

(Zwick/Roell zwicki 1120) in relation to tear. The crashed garment fabrics were tested in three 

Figure 10: Garment failure zones of case number 5 
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directions (warp, weft and 45°) according to EN4674-1:2016, the tear trace was microscopically 

analyzed. The same methodology was used to reconstruct the garment failures on a tensile 

test according to EN13934-1:2013, only difference was that only two directions were tested 

until breakage (warp and weft). These results can be found in appendix D. 

 

Appendix E displays the results of the manual cut test. In this test a sourced fabric sample from 

the crashed jacket or trousers was cut by scissors and by a utility knife, having the main aim to 

visually identify a cut trace (macroscopically and microscopically). 

 

Appendix F displays the results of a ódrop testô reconstruction to mimic direct impact on the 

crashed garment fabrics in the Z-axis (instantly compressing the fabric). A drop tower (A.D. 

Engineering s.r.l) was used to impact samples derived from the crashed trousers. The samples 

were placed on top of a level 2 REVôIT! knee protector and impacted with 50 joules according 

to EN1621-1:2012.  

 

By analysing the observations of the crashed garments together with the results of the 

microscopic research and reconstruction with the lab apparatuses, 7 fabric failure categories 

were defined. For each category the presumable cause of failure was derived from the lab 

tests. With this information and data a categorization was created on the basis of observation 

and the cause of failure.  

 
A first distinction in the different fabric failure categories is the occurrence of hole formation or 

surface damage. If hole formation is present, 5 categories can be defined: cut, tear/tensile, 

abrasion, burst, melting. For surface damage 2 categories were defined: pilling/loss of mass 

and crystallization.  

 

Cut ï Hole formation: Hole formation with clean cut edges due to a slide over a sharp-edged 

object (e.g. gravel or glass). The cut trace is influenced by the direction of the slide.   

Tear/tensile ï Hole formation: Tensile force leading to the disruption of the fabricôs integrity 

and resulting in (slotted) hole formation. The edge of the hole is ragged due to the physical 

stress exerted in opposite directions. Tearing can occur on the fabric itself or near a stitch line/ 

seam. 

 

Abrasion ï Hole formation: Fabric is highly abraded (loss of mass). Hole formation often due 

to damage on yarn level in combination with tensile force. The yarns at the edge of the hole are 

hairy and brushed into the opposite direction of the slide.  
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Burst ï Hole formation: Hole formation due to an instant impact (compressive force). The 

compressive force may be exerted in multiple directions leading to a circular hole.  

 

Melting ï Hole formation:  Hole formation due to frictional heat (abrasive slide) causing the 

yarns to melt. 

The edge of the hole feels hard/brittle and bundles of fibres may stick together. The adjacent 

area to the periphery often shows signs of crystallization (lustre).    

 

Loss of mass/ pilling ï Surface damage: Hairy fabric surface due to pilling of the superficial 

fibres. The woven construction is still structurally intact.   

 

Crystallization ï Surface damage: Surface crystallization due to friction heat. Increased 

lustre, stiffness and brittleness of the affected surface. 

 

Figure 11 gives a detailed overview of each category: picture, evaluation and reconstruction on 

macroscopic and microscopic level.  
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A flow chart overview of the 7 different categories, the cause of failure, a short description and 

a schematic drawing of the failure is displayed in Figure 12. 

 

This new classification of garment and fabric failures has a more defined demarcation between 

the different categories. Causes of failures are linked to the categories and definitions are 

supported by schematic representations. The objective of this categorization is to minimize the 

amount of doubt between categories. It is to be noted that although 7 fabric failure categories 

have been isolated based on observed damage in the crashed garment analysis, a slide (and 

therefore the representation on the AART test setup) incorporates a combination of multiple 

possible causes of fabric failure. Loss of mass is often combined with tensile forces, frictional 

heat and possible cut scenarioôs due to sharp elements in the rough road surface.  

 

Additional statistical analysis of the crashed garments could be insightful if more crashed 

garments would be collected with accident scenario and rider data. This could give an 

indication in which accident scenarios (speed, road condition, first point of impact, rider weight, 

type of motorcycle, injury, etc.) the different types of failure occur. This sensitivity study could 

be useful to determine if phenomena (grabbing, frictional heat, impact, tension, sharp object, 

etc.) are present in a specific accident scenario.  

 

Figure 12: Categorization overview of garment failures in motorcycle crashes 
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All garment failures, as found in the garment analysis, could be mimicked on the AART 

machine except for instant burst with hole formation. For this type of failure more force is 

needed in the direction perpendicular to the running lane plane. The current AART test setup 

does not facilitate in mimicking this kind of failure. The AART test setup is validated for a slide 

from a 1-centimeter dropping height. Instant bursts are mostly likely to occur in zones 1 

(Meredith et al.), where the impact protectors are located between the skin and the fabric. This 

construction provides extra protection to the skin in case the fabric would instantly burst due to 

direct impact. 

 

In order to link temperature rise during an abrasive slide to the influence of temperature rise on 

the structural strength of a fabric, REVôIT! will perform further research on this topic in T3.5. A 

tensile tester will be modified with heating elements to heat up a fabric before and during a 

tensile test. This setup is meant to mimic temperature rise during and due to a slide and at the 

same time mimic the ógrabbingô of a fabric on the concrete tile (resulting in tensile forces). The 

same test will also be repeated with samples that received a bum mark at different 

temperatures. Results of this research are expected to give an indication to what extend fabrics 

lose their integrity when they are heated to temperatures that can be reached during an 

abrasive slide. The hypothesis is that the tensile strength of a synthetic fabric will be negatively 

influenced when its structural integrity is influenced by the combination of temperature rise and 

tensile forces.  Another hypothesis is that the structural integrity of leather will not be influenced 

by temperature phenomena during an abrasive slide. 
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3.1.3 Test setup to add additional force at moment of impact during 

abrasion resistance testing 

One of the shortcomings of the AART machine is the inability to realistically mimic a riderôs 

initial crash on a road surface. The AART machine as well as the Cambridge machine are 

lacking impact force on the initial drop compared to a real-life crash situation. The aim was to 

create a single test setup that can be used to test and analyse the influence of the factor 

impact in impact abrasion on fabrics. The test should mimic realistic impact speeds in the X- 

and Z-direction. The impacted surface should be comparable to a real-life road surface 

(roughness and Youngôs modulus). 

  

Requirements for the new test setup: 

¶ Test apparatus enhancing the factor óimpactô in impact abrasion 

¶ Realistic impact speed in x- and z-direction  

¶ Realistic surface roughness and Youngôs modulus 

¶ Consistent / repeatable impact area and impact energy 

¶ Calibrated and validated test setup 

 

Within the defined requirements six new test setups were proposed. All test setups were 

analyzed and inspected for advantages and disadvantages. In the next paragraph these six 

concepts will be described together with an explanation of the selected test setup. 
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Fabric belt drive  

A fabric sample is clamped around two cylinders and is accelerated up to a predefined speed 

by rotating the cylinders. Once this speed is achieved an actuator moves the rotating cylinders 

with the clamped fabric sample down and up in a fast and short movement. In this small time 

period the fabric will abrade on a rough surface which can have a variable inclination  

(Figure 13). 

 

 

Oblique impact testing with drop tower 

The next test setup proposals are based on the ódrop towerô (as used in the EN1621 series) 

that is modified by giving the striker or anvil a surface roughness and an oblique instead of a 

perpendicular impact (Figure 14). For research purposes the inclination of the oblique anvil can 

be modified to see at which angle different impact and abrasion phenomena occur. 

  

Figure 13: Fabric belt drive 

Figure 14: Oblique impact with rough surface on the striker & Oblique impact with rough surface on anvil 
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Rail system impact abrasion  

This test setup consists of a guide rail with a movable sample holder that can be dropped by 

deactivating an electromagnet. The sample holder and the impact surface can have a variable 

inclination. A laser attached to the sample holder will measure the height of the sample holder 

with respect to the impact surface and will trigger the electromagnet at a certain height. An 

actuator can be added to the guide rail system for adding additional speed to the sample holder 

at the beginning of the test (Figure 15). 

 

 

Impact abrasion pendulum  

The impact abrasion pendulum (Figure 16) is an ideation of a new apparatus by TUDA, that 

works like a rotating hammer hitting a surface with a predefined speed and impact energy. The 

fabric is placed in the front of the hammer. By having an additional degree of freedom into the 

radial direction the impact force as well as the rotation speed is variable. The angle of impact 

can be varied by a different mounting position of the fabric. The impact process can be 

activated by the weight of the hammer head and therefore by the centripetal force or by a 

position-based releasing of the radial movability of the swing arm.  

Figure 15: Rail system impact abrasion 
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Adding extra impact force on the AART machine  

This proposal relates to an alteration to the AART machine by adding an extra force to the free 

fall of 10 mm of the sample holders. An actuator, capable of intensifying the moment of impact, 

will be activated upon free fall. This actuator delivers an additional force for a couple of 

milliseconds to the lever arm upon release of the sample holders to the tile. Since the lever arm 

is connected to the flange that connects the sample holderôs arms to the rotor shaft, the short 

period of added force will be transferred to the sample holders. Therefore, this additional force 

will result in an intensified initial impact force on the three fabric samples. After the additional 

force is added to the initial impact, the AART machine will continue the calibrated and validated 

(a person of 1,75m and 75 kg sliding on his/her back) abrasion sliding procedure. The setup 

will simulate a force in the Z-axis that approximates a force in a real-world crash (Figure 17).  

 

The actuator must be fast, accurate and deliver enough extra force to mimic an appropriate 

impact between a fabric and a road surface during a crash. Four possible actuators have been 

selected: a pretensioned spring, a solenoid, a motor with gearbox and a pneumatic/hydraulic 

system. In the research phase all four actuators have been evaluated on the three above 

mentioned criteria together with feasibility. 

Figure 16: Impact abrasion pendulum 
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Selected test setup  

All possible test setups described above were reviewed on advantages, disadvantages, 

feasibility and producibility of the results. The AART test setup is considered the most feasible 

because of various reasons explained below.  

 

The AART machine is a validated test apparatus and is incorporated in the EN 17092 [10] 

series. It is the only test setup in the list of concepts that has a clear calibration procedure as 

described in EN17092-1 [11]. The garment analysis has shown that fabric damage, occurring in 

real-life accidents, can be reproduced with the AART test method. The fact that fabrics may 

have a weaker direction is solved by a simultaneous multi-directional assessment, three 

sample holders testing the fabric in warp, weft and 45 degrees. This also allows for different 

kinds of sensor data for each run. The rotational speed before release of the sample holders 

can be regulated and predefined. These speeds have been derived from real-life crash 

scenarios (a person weighing 75 kg and crashing with a certain speed) as well as the impact 

surface which is derived from a German concrete road surface. 

 

The lack of force in the Z-axis direction can be improved by an actuator; theoretically without 

influencing the calibration of the machine. TU Darmstadt has explored and engineered this test 

setup in T3.1 with the assistance of REVôIT!. 

  

Figure 17: Altered AART machine 
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Ideation on force mechanism  
 

For getting a better idea of possible solutions for mechanisms which allow for producing 

additional forces into the Z-direction on the AART machine a product design processing was 

undertaken by TUDA. A morphological box was created, which can be seen in Table 4.  

 

The easiest way to get additional impact energy is to increase the falling height of the sample 

holders. The additional force is depending on the height and the weight of the rotating system. 

For a first proof of concept TUDA started with varying the impact parameters by testing 

different drop heights. The height was varied between 5 and 20 mm. A relation between drop 

height and velocity level after first deflection could be concluded (Figure 18).  

 

Figure 18: Relation between drop height and velocity 

Table 4: Morphological Box for Impact Force Mechanisms 
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A first explanation is a higher deceleration phase because of the higher deflection of the elastic 

rubber underneath the fabric.  

 

The same behavior could be seen in the development of the sliding distance. In the friction 
coefficient no significant influence was noted (Table 5 and Table 6).  
 

For a first proof of concept this additional energy was enough, but the need for additional 

energy by an actuator was identified. 

 

From the morphological box three possible methods were chosen and prototypically designed.  

 

Electrical Actuator 

The first idea was an electrical actuator, for example a controlled step motor plus gearbox, 

inducing the force into the system by a lever (Figure 19). The benefit of this solution is a precise 

positioning and a good releasing behaviour as well as the possibility for only short additional 

forces 

  

Table 5: Correlation between drop height and sliding distance 

Table 6: Correlation between drop height and friction 
coefficient 
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Preloaded Spring 

The second mechanism is an actuator with a linear, preloaded spring, released by the 

powering of an electromagnet (Figure 20). Thereby a fast actuation is guaranteed. For varying 

the force the use of different springs is possible, but the system is less flexible than others.  

 

 

Pressure Actuator 

The third idea is to use pressured air or oil and a valve system controlling the position of a 

piston (Figure 20). The system can be triggered by an electrical signal but is more difficult to 

control than the spring system. On the other hand, a variable and fast positioning of the piston 

is possible, which leads to a great variability of the mechanism.  

Figure 19: Electrical Actuator for additional Force on the 
AART 

Figure 20: Linear spring actuator for additional force on the AART 
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Selection of concepts 

The selection of the system to be developed was made based on an evaluation according to 

the criteria of feasibility, safety, controllability and additional energy that could be delivered by 

the system. Due to the high amount of additional energy required, the additional effort involved 

in controlling and regulating the system, and the lower energy density of the system compared 

to the other possible solutions, no system with an electric actuator was selected.  

 

A solution with an additional pressure system and an air or oil pressure actuated actuator offers 

great advantages in terms of the additional energy that can be brought in due to the high 

energy density of the medium. At the same time, special safety rules must be observed when 

using high-pressure systems, as additional monitoring of the system for leaks is necessary. 

The necessity of an energy conversion and the special effort in controlling the system led to 

bad ratings in these categories. For these reasons, the concept of pressure actuated actuator 

was not pursued further. 

 

In the end, the concept of additional energy by a preloaded spring was selected. The concept 

received the highest ratings in the categories feasibility, safety and additional energy to be 

applied. At the same time, it can be easily controlled by integrating it into the existing release 

mechanism. 

  

Figure 21: Pressure actuator for additional force on the 
AART 
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Design of the System 

 

The developed additional system consists of an adjustment range executed via slotted holes 

(Figure 22 (1)), whereby the pretension of the spring arranged above can be variably adjusted. 

The spring (Figure 22 (2)) itself is guided in a bushing (Figure 22 (3)). An internal guide 

element additionally limits the direction of movement of the spring. This ensures a linear 

application of the force to the release mechanism. The length of the spring is selected in such a 

way that after the test has been triggered, the spring no longer has any influence.   

 

 

  

Figure 22: Design of extra-force mechanism with preloaded spring 
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3.1.4 AART sample holders equipped with sensors 

To further explore the mechanisms leading to different types of fabric damage, as described in 

the crashed garment analysis additional data should be acquired; preferably directly derived 

from the fabric samples during AART testing. 

  

The garment analysis showed two major differences in fabric damage mechanisms: 

- Damage on initial impact: instant grabbing of a fabric leading to burst (relatively thick 

edges at the periphery of the hole; showing signs of broken yarns), tear and or cut.   

- Damage during sliding: heat development due to frictional energy which could lead to 

melting or brittleness and eventually hole formation (melted edges or fabric area), 

abrasion that could lead to hole formation (thin / abraded edges at the periphery of the 

hole often paired with signs of melting, grabbing and surface pilling), grabbing during a 

slide leading to rupture (folded-over, abraded edges), tear and/or cut.  

 

A fabric or seam that impacts with a certain X- and Z- velocity on a rough surface may instantly 

grab on this surface causing a possible instant burst of the fabric or seam. To obtain more 

information on the aspects that may lead to instant grabbing of a fabric during the initial 

moments of impact, tensile and/or pressure sensors can be placed inside the sample holder 

underneath the fabric. These sensors in combination with additional force on initial impact 

(AART impact actuator, see previous section) will provide information regarding the multi-

directional strain and stress in the fabric on instant grabbing and the forces needed to create 

an instant fabric rupture. 

 

Sliding abrasion, scraping of the fabric on a rough surface, may lead to one (or more) impact 

abrasion phenomena. The friction energy during a slide can lead to heat development, which 

may lead to brittleness and / or melting. A rupture or burst is now more likely to occur because 

the fabric has lost its dimensional stability. A heat sensor in the sample holder or inside the tile 

can monitor this process over time and can give more information about heat development 

during a slide and how fabrics react to this sudden temperature change.  

 

Hole formation is a possible outcome of the AART test run. It can be measured by visual 

inspection, by a scale (only very profound óloss of massô can be measured) or a sensor that can 

monitor the hole formation. This sensor could give more information on the exact time of hole 

formation during the test run.  
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The initial garment analysis paired with visual and tactile inspection of AART-tested fabrics 

resulted in four proposed sensor categories to be engineered to monitor the physical behaviour 

of fabrics on impact abrasion testing.  

 

The first sensor category is a heat sensor to measure heat development. The second category 

is a tensile sensor to measure the multidirectional stress inside a fabric during impact and 

sliding abrasion. The third sensor category is a óhole formationô sensor. This sensor should 

provide information on the exact moment a hole is created during impact abrasion testing. The 

last sensor category is a pressure sensor. This sensor should provide information on the initial 

impact and the development of pressure (points) over time during the abrasive slide.  

 

REVôIT! focused on the development of the AART heat development sensor in T3.1. TUDA 

focused on the hole formation sensor and pressure sensor as well as real-world parameter 

studies aiming for calibration by means of real-life crash comparison in T3.1. REVôIT! will help 

and consult TUDA with the validation in T3.5 of the adapted test setup(s) with the new sensors.  

 

  

Figure 23: Phases and inputs of the 4 different sensor types with focus area of REVôIT! and TUDA 
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Heat development sensor 

To explore the temperature rise of a fabric during an abrasive slide multiple monitoring 

solutions were investigated during task T3.1. The first group of monitoring solutions were 

temperature films and labels. This first group has a discrete time evaluation of the temperature, 

because of this disadvantage more time was allocated in the research phase to the second 

group of monitoring systems. This group consisted of contact sensors and infrared sensor. 

Eventually the infrared sensor was chosen as monitoring solution because of its ability to 

continuous monitor and its fast sample rate. 

 

 

Irreversible temperature labels  

To develop a sensor sample holder for the AART machine that monitors thermal behaviour of 

fabrics during an abrasive slide, a first approach was to measure heat development of the 

abrasive surface. A FLIR167 FIR camera was aimed towards the concrete tile during a slide 

and the heat development on the tile was monitored (Figure 25). Although this test setup 

confirmed an expected temperature rise (although very limited) due to friction, the 

measurements were inaccurate and solely provided an impression of the abrasive road surface 

temperature; not so much of the actual fabric. 

 

 

Figure 24: Explored monitoring systems to capture the temperature rise during an abrasive slide 
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In the second experimental test setup non-reversible temperature labels were used. These 

labels indicate the maximum temperature reached by shifting colour. Each label has 5 dots, 

indicating 5 possible maximum temperatures. Two benchmark fabrics were selected in this test 

setup: Polyester Ripstop PU2Time 50G (hole formation at 324 rpm) and Schoeller Dynatec 

(hole formation at 530 rpm).  

 

A temperature label was added to the back side of each fabric samples (Figure 26, left). Due to 

the thickness (0.2mm) and small diameter of the temperature stickers, the abrading area on the 

fabric was minimized and raised. Therefore, increasing the pressure and eventually resulting in 

an early hole formation compared to the benchmark fabric (Figure 26, right). 

 

To reduce the extra pressure due to the size and thickness of the temperature label, an 

additional sticker was added around the label to fully level out the abrading area (Figure 27, 

left). Imprints of the labels on the abraded surface could still be seen after testing, indicating 

that the integrity of the fabric is affected even by the placement of a levelled temperature label 

(Figure 27, right).  

  

Figure 25: Temperature rise on part of the AART abrasive surface during a slide 

Figure 26: Irreversible temperature labels on fabric samples 
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In order to improve the experimental test setup, the temperature labels and surrounding 

stickers were placed on protective Kevlar layers behind the fabric to be tested (Figure 28, left). 

Although the results of this test setup (Figure 28, right) seemed to be more precise without 

affecting the actual fabric abrasion, the temperature indication on the individual stickers was 

not clear enough to draw a final conclusion. Temperatures appeared to differ between 40°C 

and 88°C. A first impression of the experiment is that friction between a fabric and a road 

surface can result in temperatures of at least 88°C at the back side of the fabric.  

 

Besides this deviation and the fact that pressure is influencing the measurement of the stickers, 

it is noted that temperature labels have a disadvantage regarding real-time monitoring. Only 

the maximum reached temperature is indicated (no indication over time during the slide) and 

the measurement is non-continuous. Because of these disadvantages other possibilities were 

explored.  

 

  

Figure 27: Results of irreversible temperature label with a surrounding sticker 

Figure 28: Irreversible temperature labels with a 2-layer surrounding sticker 
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Temperature film  

Thermoscale film by the company Fujifilm was explored secondly as a temperature monitoring 

system. Two temperature ranges were used in this test setup: Thermoscale 200C and 

Thermoscale 100. The first product has a temperature range between 150°C and 210°C with a 

necessary contact time between 5 and 20 seconds. The second temperature film has a range 

between 80°C and 105°C with a necessary contact time between 1 and 10 seconds.  

 

For this test setup the film was cut into a rectangular piece that would cover the rubber of the 

AART sample holder. The film was attached to the sample holder by using professional 

adhesion tape. The result, a colour shift of the temperature film, was analyzed visually by the 

operator.  

 

After performing multiple tests it was concluded that the temperature film had the same 

disadvantages as the temperature labels: non-continuous monitoring and only a maximum 

temperature as test result. In respect to the temperature labels, no increase of pressure was 

witness by adding the temperature film. Another shortcoming of this test setup is the difficult 

determination of the temperature. Because the colour shift is related to the maximum 

temperature that was reached but also to the duration of this temperature. This objective visual 

inspection makes a precise and accurate temperature reading almost impossible.  

 

K-type Thermocouples 

As a third option, K-type thermocouples were explored in task T3.1. The Seeed studio grove 

high temperature sensor was selected and coupled to an Arduino Uno microcontroller. The 

data was saved on an SD-card via the Vellemann VMA202 data logging shield.  

  

Figure 29: Thermofilm test setup with Thermoscale 100 and colour shift chart 
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To have a flush and even contact surface between the sensor and the fabric specimen a cover 

was engineered out of aluminum which is in contact with the thermocouple. Test were 

performed with and without this cover, the sensor was always placed in the middle of the 

sample holder.  

The data of this test setup was analyzed with MATLAB R2019A, but the data showed 

unsatisfactory results.  

 

The main issue is the slow response time of the thermocouple in this test setup which makes 

the collected data unfit for research on the fast temperature rise during an abrasive slide. The 

cover for the thermocouple did decrease extra pressure points but was unable to completely 

negate this unwanted effect. Because of these reasons another monitoring solution was 

selected.  

  

Figure 30: Thermocouple without and with cover, and placement inside the sample holder 

Figure 31: Graph of temperature in relation to time, data collected by a K-type thermocouple 
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Infrared temperature sensor 

MLX90614 

To diminish the negative influence of contact temperature measurement devices (e.g. 

thermocouples or thermistors) on the calibrated test protocol, an infrared temperature sensor 

was selected for a first proof of concept. A MLX90614 infrared sensor was coupled to an 

Arduino Uno microcontroller (maximum sample rate of 10 Hz and sensor accuracy ± 0,5°c).  

 

The MLX90614 was mounted as close as possible to the running lane and taped on the 

concrete tile observing the fabric every time as it passed by during the abrasive slide (Figure 

32). No major temperature shift was detected in the data. The logical explanation is that the 

sensor is unable to detect a proper temperature change whilst measuring the side of the fabric. 

Besides this inability to measure, 10 Hz for this kind of measurement may not be fast enough 

(resulting in only 15-20 measurements on one slide of approximately 2 seconds duration). 

 

To solve the placement of the infrared sensor an SD card shield was added to the Arduino 

setup and, a MATLAB script was developed to analyse the data. The temperature data is 

stored on the SD card during a test run, afterwards the CSV file was imported into MATLAB 

and analyzed. The measurement setup consists of Arduino Uno, Vellemann VMA202 data 

logging shield, SD card, pull-up resistor circuit and a MLX90614 sensor 5° FOV (Figure 33). 

Two sensor placements were investigated with this setup: a first one on the side of the sample 

holder and a second one inside the sample holder. Both positions were first investigated by 

using CAD drawings in Rhino 6.6.  

Figure 32: Arduino temperature sensor (MLX90614) and setup on tile 
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Each configuration was tested by measuring the temperature of a heating panel during 

aerodynamic test runs of the AART machine and by performing impact abrasion runs at 

different rpms. During the aerodynamic runs no sample fabric was present in front of the 

infrared camera. The validation of the infrared sensor was performed by measuring the same 

heating panel with a K-type thermocouple a FLIR167 FIR camera and the MLX90614. During 

the impact abrasion testing a Polyester Ripstop PU2Time 50G was examined, this is the same 

fabric that was used in the irreversible temperature labels tests. Two configurations were 

explored: one with the infrared sensor inside the sample holder (Figure 34) and one with the 

infrared sensor strapped to the outside of the sample holder (Figure 35). 

 

 

  

Figure 33: SD-card logging of data with Arduino Uno and a MLX90614 

Figure 34: Test setup IR sensor inside the sample holder, calibration and validation of test setup 
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Slip ring design for AART machine  

To avoid additional mass (microcontroller and battery) on the rotor of the AART machine, 

sending data via wireless data transfer (Bluetooth or Wi-Fi) or logging  data onto a SD card the 

researchers opted to integrate a slip ring in the design of the AART machine.  Adding mass 

would have an influence on the rotational inertia of the system and thereby altering the already 

validated AART machine. Data transfer by Bluetooth or Wi-Fi would give many problems with 

communication at high rpms.   

 

The slip ring that was selected for this addition to the AART machine was the Moflon MC400-

VD-CW1GV2-M1759. This slip ring support 24 circuits (Max 2A each) and a maximum 

rotational speed of 1000 rpm. For reference the highest selected rotational speed during a test 

run is 707 rpm on the AART machine, this is equal to 120 kmh.  

 

The casing for this slip ring and the attachment structure to the AART machine was designed in 

Rhino 6.6 and manufactured by Shapeways 3D printing service in nylon-12 with a selective 

laser sintering technique.  

 

By having 24 wires from and to the slipring 6 IR sensors could be monitored with an I²c 

protocol (Vdd, ground, data, clock) without interference or delay.  

  

Figure 35: Test setup IR sensor outside the sample holder, calibration and validation of test setup 
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MLX90621 

After experiments with the MLX90614, a newer and superior infrared sensor of Melexis was 

used in the final test setups. The MLX90621 sensors can measure the temperature of an array 

of 16x4 pixels. This in comparison to the MLX90614 MLX90621 MLX90614 has a temperature 

range of -20°C to 300°C and a sample rate up to 512 Hz. These two paraments made this 

sensor perfect for this application, besides being small. Three FOVs (40°x10°, 60°x16° and 

120°x25°) were explored in two different test setups. In both setups the largest FOV was the 

better choice because a larger spatial area could be monitored.  

 

The first experiments were conducted using the Melexis evaluation board (EVB90621) together 

with the accessory software. Because this evaluation board would only allow one sensor as 

monitoring system, a microcontroller was programmed to monitor 6 MLX90621ôs 

simultaneously.  

 

Different microcontrollers were used during the design and programming phase together with a 

multiplexer (TCA9548A) using the I²C protocol with 6 identical infrared sensors. In order the 

following microcontrollers were used: Arduino Uno, Arduino Due, ESP32-V1, Teensy 4.0. The 

Teensy was selected because of its significant higher processor speed (600 MHz), tiny form 

factor and its ease of programming in the Arduino IDE.  For each experiment or test run the 

data was directly logged using Coolterm, a simple serial port terminal application, on a 

Windows laptop.   

Figure 36: Moflon MC400 series, CAD drawing of slip ring design & Final slip ring setup on 
AART 
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Because the official Arduino library for the MLX90621 was missing some important features, 

like mean temperature of the 64 pixels and a calibration off-set, additional code was written for 

this sensor. In the final test setups the infrared sensors were configured with a sample rate of 

512 Hz and a resolution of 18 bit. Calibration and validation of the sensors was performed by 

placing a paper cup with hot water on the sensors. A calibrated lab thermometer and a FLIR 

were used as reference measurement devices. The sensors were cleaned after every test run 

using compressed air.   

 

Two test setups were designed by using 6 non-contact infrared sensors. In the first test setup 

the infrared sensors are placed inside the sample holders. Holes were made in the rubber of 

the sample holder to accommodate two sensors. 

Each sample holder contains two sensors but placed in a different direction (warp, weft, 45°). 

This test setup is further referred to as óIn sample holderô. The fabric sample is rotated in the 

same direction (weft) on each sample holder during every test run.  

 

Figure 37: Left: Validation and calibration method, Right: Cleaning method 

Figure 38: Schematic representation of test design óIn sample 
holderô 
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To get information about the decreasing rotation speed of the rotor during a test run on the 

AART machine from the moment of drop till standstill, a hall effect switch sensor (SS44EMOD) 

was coupled to the same microcontroller. Around the shaft of the rotor a disk with tiny magnets 

inside was placed. This disk is attached to the shaft and therefore has the same rotation speed 

as the rotor. The hall sensor can measure each of these magnets by passing and via an 

Arduino script measure the rpms of the rotor during an abrasive slide.  

 

The second test setup design is referred to as óIn tileô. In this test setup all 6 infrared sensors 

are placed in the tile inside the running lane. In each quadrant a sensor is placed and in 

quadrants 1 and 2, two sensors are placed closed to each other. This test setup was tested 

and evaluated at the TU Darmstadt facilities because a spare AART machine with an already 

cracked tile was available for testing.  

  

Figure 39: Left: Cross section of the sample holder with sensor, Right: Sample holder with 2 IR 
Sensors 

Figure 40: Left: Hall sensor and magnet ring; Right: Final Test Setup 'In Sample Holder' 
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Figure 42: Schematic representation of test design óIn 
tileô. 

Figure 41: Left: Cross section of the sample holder with sensor; Right: Sensor Placement in tile 
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To know the moment of impact of the sample holders on the tile, an additional accelerometer 

(Sparkfun lsm9ds1) was coupled to the microcontroller and placed inside a protective casing. 

The whole center unit was attached to the underside of the tile to measure the g-force that is 

acquainted with the impact of the sample holders onto the tile. 

 

 
 
Results and discussion of óIn sample holderô test setup 
 
Figure 44 and Figure 45 were created in MATLAB by filtering and analysing the raw data from 

the infrared sensors and the hall sensor. Each of the 6 temperature sensors has its own colour 

and visualizes the temperature increase over time during an abrasive slide on the AART 

machine. The rotational speed of the rotor is graphically displayed by a black line. Both the 

maximum rpm and the moment of impact on the tile are displayed by dashed vertical lines, 

respectively in black and red. The moment of impact was calculated by the using an iterative 

method to find the steepest decline in the hall data. Maximum temperature, mean and 

maximum slope were calculated for the temperature data for each sensor and for all sensors 

combined.  

 
  

 

 

 

 

  

Figure 43: Left: Microcontroller with accelerometer in casing; Right: Final Test setup in tile 
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Nylon ripstop was tested at 7 different rotational speeds from 30 till 70 kmh, with 3 sample runs 

for each rotational speed. The highest rotational speed was determined as the speed were hole 

formation was first observed.  

 

Maximum temperatures for the 4 graphs (Figure 44) below are: 69,97°C (30 kmh); 100,77°C 

(50 kmh); 120,18°C (60kmh); 142,55°C (70 kmh). Steepest temperature slopes are: 4,63°C/ms 

(30kmh); 6,51 °C/ms (50 kmh); 8,77 °C/ms (60 kmh); 9,29 °C/ms (70 kmh).  

 

 

Figure 44: Results óin sample holderô for nylon ripstop fabric respectively at 30, 50, 60 and 70 kmh 
rotational speed 



 
 

D3.1 Page 71 of 256 14/12/20 

 

Performance leather was tested at 8 different rotational speeds from 30 till 120 kmh. The 

highest rotational speed was determined as the maximum rotational speed according to 

EN17092 because no hole formation was observed.  

 

Maximum temperatures for the 4 graphs (Figure 45) below are: 60,90°C (50 kmh); 64,42 °C 

(70 kmh); 71,68 °C (90kmh); 83,42 °C (120 kmh). Steepest temperature slopes are: 2,78 

°C/ms (50kmh); 2,62 °C/ms (70 kmh); 2,73 °C/ms (90 kmh); 3,61 °C/ms (70 kmh).  

  

Figure 45: Results óin sample holderô for performance leather respectively at 50, 70, 90 and 120 kmh 
rotational speed 
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Other fabrics that were tested with this test setup were óPWR shell 500D stretchô and a 3D 

mesh fabric.  

 

A meta-data analysis was performed on the temperature data of nylon ripstop and performance 

leather. All combinations of two different parameters (maximum temperature, mean 

temperature, maximum temperature slope, time after impact for maximum temperature, 

rotational speed, mean friction coefficient, sliding time and sliding distance) were fitted with 

linear, second polynomial and exponential curves. For each data fitting the adjusted r² value 

was calculated.  

 

Figure 46 displays the data fit of maximum temperature (°C) in relation to rotational speed 

(kmh), nylon ripstop on the left and performance leather on the right. The sensors are divided 

in 4 categories: sensor outside (position 1), sensor outside-front (position 3), sensor back 

(position 5), and all six sensors combined. See Figure 38 for the sensor positions.  

 

 

  

Figure 46: Linear and exponential curve fit of maximum temperature vs rotational speed, nylon ripstop (left 
side) & performance leather (right side) 
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Based on this analysis we can assume a linear relationship between rotational speed and 

maximum temperature, both for nylon ripstop and performance leather. This relationship can 

be observed in all four sensor categories with high r² adjustment values (> 0.96). Another 

observation of this meta-analysis is the high precision of the test results in the nylon ripstop test 

runs (3 runs at each rotational speed).  

 

When analysing the maximum temperature of each sensor individually a differentiation can be 

distinguished according to the location of the sensor. Figure 47 displays this differentiation for 

nylon ripstop at a rotational speed of 55 kmh. The sensor outside-front (position 2) has the 

highest maximum temperature, the sensor inside (position 4) has the lowest maximum 

temperature in this test run.  

 

This observation can be generalized for the other test runs as well. The highest maximum 

temperature is reached at position 1 or 3 (outside or outside-front senor). The lowest maximum 

temperature is reached at position 4 or 6 (inside or inside-back sensor). This conclusion can be 

explained by the faster rotational speed at the outside sensors (points further away from center 

of rotation cover a larger distance in the same amount of time) and the linear relationship 

between maximum temperature and rotational speed.  

 

 

  

Figure 47: Maximum temperature differentiation based on sensor location in sample holder 
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Another interesting phenomenon that could be deducted from the temperature sensor data is 

the moment of hole formation. When a sensor detects a sudden drop in temperature during the 

abrasive slide, we can conclude that this occurs because of hole formation. The IR sensor will 

not measure the backside of the fabric anymore but will measure the temperature of the tile 

when a hole is formed on the location of the sensor.  

 

This hole detection monitoring can be noticed in Figure 48 and Figure 49. On the first figure a 

test run of nylon ripstop at 60 km/h is displayed, on the second figure a test run of the same 

fabric is displayed with a test speed of 65 kmh. At 60 km/h no hole formation is observed, at 65 

km/h hole formation can be observed on the right fabric sample (sample holder 3). 

 

 

 

 

Figure 48: Temperature data from 6  IR sensors at 60 kmh of nylon ripstop, 
 test run results with no observable hole formation. 
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Sample holder 3 contained IR sensors outside-front (position 3) and inside back (position 6). 

On the graph we can clearly see a sudden drop in temperature on these two sensors during 

the abrasive slide. The maximum temperatures are also higher than the other sensors and the 

maximum temperature is reached before the end of the slide. The temperature of the inside-

back sensor does not drop to the tile temperature presumably in this case because some fabric 

is still covering the sensor.  

                                         

Results and discussion of óIn tileô test setup 

Figure 50 and Figure 51 were created by filtering and analysing the raw data from the infrared 

sensors and the accelerometer. The data of all six infrared sensors was combined and 

displayed as a black line in the graph. Piecewise Cubic Hermite Interpolating Polynomial 

(PCHIP) was used on the raw combined temperature data to create an upper envelope with a 

Figure 49: Temperature data from 6  IR sensors at 60 kmh of nylon ripstop,  
test run results with observable hole formation on right sample 
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good balance between smoothness and definition. PHCIP avoids overshoots, can accurately 

connect flat regions and has less oscillation if the data is not smooth. Because of these 

features PHCIP was chosen over Makima or spline interpolation. The maximum temperature 

was calculated and marked in the graph with a star mark.  

 

The measured temperatures before the impact on the tile is higher than the room temperature 

because the sensors are measuring their own heat when there is no object in front of the 

sensor.  

This hypothesis was tested during the calibration and validation of each sensor, the measured 

temperature of an object was still within 2 ÁC deviation. The same fact was observed in the óin 

sample holderô test setup.  

 

The moment of impact was calculated by the using the data of the accelerometer that was 

taped to the underside of the tile. The raw data for each axis was offset to zero by adding the 

mean of the signal to the raw data. To turn the negative accelerometer data positive the 

absolute value was taken of the signals. A peak algorithm was used on the upper RMS 

envelope of each signal to calculate the first peak in g-force of each axis. The minimum sample 

time of these three peaks was computed. The moment of impact was later determined as this 

minimum sample time minus 450 ms. By performing this subtraction, the onset of the first 

acceleration peak coincides with the moment of impact on the tile of the sample holders.  

 

In Figure 50 and Figure 51 the accelerometer data is displayed in 3 colours, one for each axis. 

The maximum g-force is marked by a triangle and the moment of impact by a dashed black 

line. The calculation for the maximum g-force will later be important during the real-world 

validation in T3.5 together with TU Darmstadt.   

 

During the visit to Darmstadt five materials were tested, the same nylon ripstop and 

performance leather as used in the óIn sample holderô test setup together with three jeans 

fabrics: Magnum poly grey. Magnum poly blue and a Cordura® canvas denim. Nylon ripstop 

was tested at 4 different rotational speeds from 30 until 70 km/h, with two additional test 

sequences: one without Kevlar backing layers and one with the additional force mechanism 

created by TUDA (see previous section óAdditional force to AART machineô). For each material, 

the highest rotational test speed was determined as the speed were hole formation was first 

observed.   
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Maximum temperatures for Nylon ripstop of the 4 graphs (Figure 50) below are:  

94,76°C (30 kmh); 131,14°C (50 kmh); 150,04°C (60kmh); 162,26°C (70 kmh). 

 

 

Performance leather was tested at 4 different rotational speeds from 50 until 120 kmh. The 

highest rotational speed was determined as the maximum rotational speed according to 

EN17092 because no hole formation was observed.  

 

 

Figure 50: Results óin tileô for nylon ripstop fabric respectively at 30, 50, 60 and 70 kmh rotational 



 
 

D3.1 Page 78 of 256 14/12/20 

 

Maximum temperatures of the 4 graphs (Figure 51) below are:  

127,21°C (50 kmh); 158,82 °C (70 kmh); 167,06 °C (90kmh); 194,00 °C (120 kmh).   

 

 

A meta-analysis was performed in the same way as for the óin sample holderô test setup. 

Linear, polynomial, and exponential curves were fitted for the 7 test sequences. Figure 52 

shows the relationship between maximum temperature and rotational speed. Figure 53 shows 

the relationship between maximum temperature and mean friction coefficient of the test run.  

 

Figure 51: Results óin tileô for performance leather respectively at 50, 70, 90 and 120 kmh rotational 
speed 
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Based on the graphs and on the r² adjusted values a linear relationship between maximum 

temperature and rotation speed can be concluded. This relationship is verifiable for all tested 

materials with the in-tile test setup. We can also clearly distinguish two groups based on the 

slopes of the linear curves in the graphs in Figure 52: nylon ripstop (rfa1730) with three different 

test sequences (normal, no Kevlar, extra force) and the denim fabrics (rfa1723, rfa1578-1501, 

rfa1578-3002) plus performance leather.  

 

Figure 53 displays the relationship between maximum temperature and the mean friction 

coefficient. Here a linear relationship is not plausible based on the curve fittings and the r² 

adjusted values. For this relationship the linear curve doesnôt fit the data well, an exponential 

relationship is more plausible.  

 

  

Figure 52: Relationship between maximum temperature and rotational speed, óin tileô test setup 
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An explanation for this non-linear relationship could be found in the formula for calculating the 

mean friction coefficient of a test run. 

 

 ὓὩὥὲ ὪὶὭὧὸὭέὲ ὧέὩὪὪὭὧὩὲὸ 
ό

ȢȢ
  

 

Were ὠό is the rotational speed at the drop of the rotor, Ὣ the gravitation acceleration and S 

the sliding distance of the test run. The rotational speed of the rotor at the beginning and end of 

the test run is non-linear. At the end of the slide the linear relationship has an exponential 

decay towards zero. This could be an explanation for the exponential fit between mean friction 

coefficient and maximum temperature, more testing and in-depth analysis is needed to further 

proof this hypothesis.  

 

Conclusions of óTemperature monitoring during an abrasive slideô 

REVôIT! developed two different test setups based on 6 infrared sensors to monitor the 

temperature rise during an abrasive slide: óIn sample holderô test setup and óIn tileô test setup. 

For both setups, a very fast sampling rate was used (512 Hz), the sensors were calibrated, and 

the results were validated. For both test setups Arduino and MATLAB scripts were written to 

acquire and analyse the temperature data.  

Figure 53: Relationship between maximum temperature and mean friction coefficient, óin tileô test setup 
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For the óIn sample holderô test setup an innovative slip ring structure was designed and created 

to fit the AART machine. This solution guarantees a fast and reliable power and data 

connection between the microcontroller and the 6 sensors. Additional data of the rotational 

speed during the test run was collected by the addition of a hall sensor and magnet ring around 

the rotor shaft. This test setup can measure the backside of the test material, which is the 

temperature the skin would feel during an abrasive slide.  

 
An important remark about this test setup: because the rubber pad of the sample holder has a 

hole to accommodate the field of view of the infrared sensor, no pressure is applied to this 

small area of the fabric during the slide. Multiple solutions (Figure 54) were tried to solve this 

problem, but none were effective because it would alter the temperature measurements of the 

sensors. Solutions with PE tape, different plastics, and Kevlar backing layer(s) were tested but 

without positive result. Keeping this remark in mind when analysing the temperature data. The 

real maximum temperature at the back of the specimen could be equal or higher than 

measured with this test setup because of the absence of pressure directly under the IR sensor.  

 

The second test setup, óIn tileô test setup, consists of the same 6 infrared sensors but now 

encapsulated into the tile. The previously designed slip ring was not needed in this test setup 

because the sensors are static. Additional information to determine the moment of impact was 

provided by an accelerometer mounted to the backside of the tile. This test setup can measure 

the outside of the test material, which is the temperature the material would feel during an 

abrasive slide. 

 

  

Figure 54: Two explored solutions (PE tape, Kevlar backing layers) to counter the absence of 
pressure 
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The main advantage of this test setup is the unaltered rubber pad in the sample holder. No 

holes are needed in the rubber pad to accommodate the sensors, so no absence of pressure in 

this area and a uniform pressure on the test material during a test run. The main disadvantages 

are the altered tile (although friction coefficient of the tile did not alter much) and the discrete 

measurement of temperatures.  

 

Meta-analysis of both test setups revealed a linear relationship between maximum temperature 

and rotational speed of the rotor before drop. Test results were precise and accurate (within 

tolerable deviation) for both test setups.  

 

A clear temperature difference can be noted between both test setups for the same test 

material at the same rotational speed. For nylon ripstop the temperature difference was 

between 16ÁC and 31ÁC, with the óIn tileô test setup providing the higher maximum 

temperatures. For performance leather the difference was even bigger, between 67°C and 

111°C.  

 

Two possible explanations are suggested for the temperature difference between the two test 

setups. The first explanation is the absence of pressure in the area around the infrared sensor 

in the óIn sample holderô test setup. Lack of pressure in this area would lead to less friction 

between the material and the tile and thus less friction heat. A second explanation for the 

temperature is the difference in heat capacity and thickness of the test materials.  

 

A second explanation for the difference between both test setups is the difference in thickness 

of the test materials. The thermal resistance, Rth, is a function of the thickness of the material L 

and the thermal conductivity k, the ability to conduct heat.   

 

Ὑ  
ὒ

Ὧ
 

 

A 100% nylon fabric has a heat conductivity of 0,1287 W/mK according to the TPS standard 

test [12]. Leather has a heat conductivity between 0,14 and 0,16 W/mK [13]. These values are 

comparable, but the thickness of both materials differs substantially. The tested nylon ripstop 

had a thickness of 0,37 mm, the tested leather had a thickness of 1,20 mm. This will result in 

almost a factor 4 difference in thermal resistance.  
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The specific heat capacity or thermal capacity is the amount of heat to be supplied to a given 

mass of a material to produce a unit change in its temperature. Differences in specific heat 

capacity and thermal diffusivity could explain the differences in maximum temperatures 

between fabrics tested with the same conditions.  

 
 

ὅ ÌÉÍ
Ўᴼ

Ў

Ўᶻ
  

 
 
Where Ў1 is the amount of heat that must be added to the object of mass M in order to raise its 

temperature by Ў4. The specific heat capacity of leather (1,5 KJ/kg K) is lower than the specific 

heat capacity of nylon 6.6 (1,7 KJ/kg K) [14]. Leather needs less frictional energy to heat up. 

  

Thermal diffusivity Ŭ combines thermal conductivity k (0,14 W/mK for leather and 0,25 W/mK 

for nylon 6.6) with density ɟ (0,86 10į kg/mį for leather and 1,14 10į kg/mį for nylon 6.6) and 

specific heat Cp. It quantifies the thermal inertia of a material, the rate of heat transfer of a 

material from the hot side to the cold side. The thermal diffusivity of leather is smaller (around 

20%) than the thermal diffusivity of a nylon ripstop, it transfers heat slower [14] . 

 

‌ 
Ὧ
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Based on differences in specific heat capacity, thermal diffusivity and thermal resistance the 

temperature differences can be explained between different materials and between both test 

setups.  
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Hole formation and force sensors  
 
As already mentioned, the TUDA focused on hole formation sensors and the ability to examine 

the forces acting on the material. Different sensor systems have been used, prototypes have 

been built and their suitability for the measurement of the desired parameters has been 

investigated.  

The investigated and implemented sensor systems are shown schematically in Figure 55. 

 
 

 
Acoustic hole formation sensor 
 
A possible detection of hole formation is the changed abrasion noise after the formation of a 

hole. The noise of the rubbing samples can be recorded by a microphone and analyzed by FFT 

with a suitable software. Changes in the frequency spectrum are a sign for hole formation. In a 

preliminary test the acoustic method was tested. 

For this purpose a calibrated USB measuring microphone was placed outside the test stand 

and the noise of several friction tests was recorded. With the software "Audacity" the frequency 

spectra were calculated and displayed. 

A significant change could not be detected in any measurement, so that this method was not 

pursued further. Especially the high superposition of the friction noises due to turbulences 

caused by the rotor movements led to a poor separability of individual influencing variables. 

Figure 55: Schematic overview of force and hole formation sensors 






































































































































































































































































































