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The best instrument for measuring the tolerance of man to
mechanical force is man.

Col. John P. Stapp, (1966)

All models are wrong, but some are useful.

George Box, (1976)
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Annotation

This work is focused on the application of the scalable hybrid human body model for the improvement
of the motorcyclists’ passive safety. The research begins by setting the stage, elucidating the historical
context, and articulating the core problem statement. It further delineates the overarching objectives
that steer the entire study. The study's multifaceted approach unfolds across various interconnected
domains:

Accident Statistics: A meticulous examination of accident statistics ensues, featuring a deep dive into
prominent databases such as the HURT Report, CARE database, GIDAS, and MAIDS. These statistics
furnish invaluable insights into real-world accident scenarios and underscore the urgency of improving
motorcyclist safety.

Human Surrogate: This section delves into the realm of human surrogate models, encompassing
anthropometric testing devices, post-mortem human surrogates, and human body models like
HUMOS, THUMS, and GHBMC. The discussion extends to injury metrics, exploring scales such as AlS
and ISS, and elucidates injury criteria for different body regions. The Virthuman model takes center
stage, its geometric intricacies, structural attributes, scaling methodologies, and advanced capabilities
like injury assessment and sliding simulations are comprehensively covered. Notably, this section also
unveils vital enhancements to the Virthuman model, targeting specific areas for improvement.

Injury Countermeasures Testing: A profound exploration of safety testing standards ensues,
encompassing helmet impact testing and motorcycle barrier testing. Advanced numerical simulations
are employed to assess the efficacy of various safety measures, with a particular focus on helmet
design and barrier effectiveness. The results unearth critical insights into optimizing safety
countermeasures, which covers also personal protective equipment.

Accident Reconstruction: The research navigates the complex domain of accident reconstruction,
unveiling sophisticated methodologies such as numerical modeling of the motorcycle and model
simplification techniques. This section highlights the development and validation of models and
coupling techniques. It culminates in a presentation of results for selected cases, shedding light on
diverse accident scenarios and their nuances.

Full-Scale Crash Tests: The study reaches its zenith with an exploration of full-scale crash tests. Here,
ISO 13232 configurations take the spotlight, with a detailed examination of kinematics and injury
assessments. Of particular interest is the influence of rider stature on accident outcomes, an aspect
explored in depth.

This comprehensive work, underpinned by meticulous research and analysis, holds profound
implications for the realm of motorcyclist passive safety. It promises to not only enrich our
understanding of motorcycle accidents but also offer tangible pathways for improving safety
measures and reducing injuries and fatalities among motorcyclists. Researchers, safety engineers, and
policymakers will find this study to be an invaluable resource in their mission to enhance motorcycle
safety.

Keywords: human body models; passive safety; powered two-wheelers; injury countermeasures;
personal protective equipment; numerical testing; traffic accident reconstruction; vulnerable road
users
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Anotace

Tato prace se zaméruje na aplikaci Skadlovatelného hybridniho modelu lidského téla pro zlepSeni
pasivni bezpecnosti motocyklistd. Vyzkum zacind nastavenim scény, objasnénim historického
kontextu a formulaci hlavniho problémového vyroku. Dale rozviji celkové cile, které fidi cely studijni
proces. Multifaktorovy pfistup studie se odviji ve vice vzdjemné propojenych oblastech:

Statistiky nehod: Nasleduje pecliva analyza statistik nehod, zahrnujici dikladny pohled do vyznamnych
databazi, jako jsou HURT Report, databdze CARE, GIDAS a MAIDS. Tyto statistiky poskytuji
nepostradatelné poznatky o realnych scénarich nehod a zdUraznuji naléhavost zlepseni bezpecnosti
motocyklist(.

Lidsky nahradnik: Tato sekce se ponofuje do oblasti modell lidského nahradnika, zahrnujici
antropometrické testovaci zarizeni, ndhrady po smrti lidského téla a modely lidského téla, jako jsou
HUMOS, THUMS a GHBMC. Diskuse se rozsifuje na metriky zranéni, zkoumad stupnice jako AIS a ISS a
objasfiuje kritéria zranéni pro rlzné casti téla. Model Virthuman zaujima centralni misto, jeho
geometrické nuance, strukturalni atributy, metody Skalovani a pokrocilé schopnosti, jako je hodnoceni
zranéni a simulace jednoduchych scénar(, jsou podrobné zpracovany. Tato sekce také odhaluje klicové
vylepSeni modelu Virthuman, zaméftujici se na konkrétni oblasti pro zlepseni.

Testovani opatreni proti zranéni: Nasleduje hluboky prizkum standard(l bezpecnostniho testovani,
zahrnujiciho testovani pfilby oproti narazu a testovani bariér pro motocykly. Pokrocilé numerické
simulace jsou pouZity k posouzeni ucinnosti rlznych bezpecnostnich opatreni, s diirazem na névrh
prileb a ucinnost bariér. Vysledky odhaluji klicové poznatky pro optimalizaci bezpecnostnich opatieni
kterymi jsou také osobni ochranni pomcky.

Rekonstrukce nehod: Vyzkum naviguje komplexnim polem rekonstrukce nehod, odhaluje
sofistikované metody, jako je numerické modelovani motocyklu a techniky zjednoduseni modelu. Tato
sekce zdUraziuje vyvoj a ovérovani modell a technik spojovani. Kulminuje prezentaci vysledku
vybranych pfipadQ, které prinaseji svétlo do rdznych scénarl nehod a jejich nuanci.

Narazova zkousky v plném méritku: Studie dosahuje svého vrcholu prizkumem narazovych zakusek v
plném metitku. Zde prichazeji do popredi konfigurace ISO 13232 s podrobnym zkoumanim kinematiky
a hodnoceni zranéni. Zvlastni pozornost je vénovana vlivu postavy jezdce na vysledky nehod, cozZ je
hloubéji prozkoumano.

Tato komplexni prace, opfend o peclivy vyzkum a analyzu, nese hluboké implikace pro oblast pasivni
bezpecnosti motocyklistl. Slibuje nejen obohatit nase porozuméni nehoddm motocykld, ale také
nabizi konkrétni cesty pro zlepSeni bezpecnostnich opatfeni a sniZeni zranéni a umrti mezi
motocyklisty. Vyzkumnici, inZenyfi pro bezpecnost a tvirci politiky najdou v této studii neocenitelny
zdroj pro svou misi zlepsSeni bezpecnosti motocyklU.

Klicova slova: modele lidského téla; pasivni bezpecnost; jednostopa motorova vozidla; opatfeni proti
zranéni; osobni ochranné pomfcky; numerické testovani; rekonstrukce dopravnich nehod; zranitelni
Ucastnici silni¢niho provozu



Anotacja

Niniejsza praca koncentruje sie na zastosowaniu skalowalnego hybrydowego modelu ludzkiego ciata
w celu poprawy bezpieczenstwa biernego motocyklistdw. Badania rozpoczynajg sie od przygotowania
sceny, wyjasnienia kontekstu historycznego i sformutowania gtéwnego problemu. Nastepnie
okreslono nadrzedne cele, ktdre kierujg catym badaniem. Wieloaspektowe podejscie do badania
rozwija sie w réznych powigzanych ze sobg domenach:

Statystyki wypadkdw: Nastepuje skrupulatne badanie statystyk wypadkow, obejmujace gteboka
analize znanych baz danych, takich jak raport HURTa, baza danych CARE, GIDAS i MAIDS. Statystyki
te zapewniajg bezcenny wglad w rzeczywiste scenariusze wypadkdw i podkreslaja pilng potrzebe
poprawy bezpieczernstwa motocyklistéw.

Surogat cztowieka: Ta sekcja zagtebia sie w sfere ludzkich modeli zastepczych, obejmujgcych
antropometryczne urzgdzenia testujgce, posmiertne ludzkie surogaty i modele ludzkiego ciata, takie
jak HUMOS, THUMS i GHBMC. Dyskusja rozcigga sie na wskazniki obrazen, badajac skale takie jak AIS
i ISS oraz wyjasniajac kryteria obrazen dla réznych obszardw ciata. Model Virthuman zajmuje centralne
miejsce, a jego zawitosci geometryczne, atrybuty strukturalne, metodologie skalowania i
zaawansowane mozliwosci, takie jak ocena obrazen, oraz symulacje prostych scenariuszy, sg
kompleksowo oméwione. Co wazne, w tej sekcji przedstawiono rowniez istotne ulepszenia modelu
Virthuman, ukierunkowane na konkretne obszary wymagajgce poprawy.

Testowanie S$rodkéw przeciwdziatania urazom: Dogtebna eksploracja standardéw testowania
bezpieczenstwa obejmuje testy zderzeniowe kaskéw i testy barier motocyklowych. Zaawansowane
symulacje numeryczne sg wykorzystywane do oceny skutecznosci réznych srodkéw bezpieczenstwa,
ze szczegblnym uwzglednieniem konstrukcji kasku i skutecznosci bariery. Wyniki odkrywajg krytyczne
spostrzezenia dotyczace optymalizacji srodkéw bezpieczeristwa, ktdre obejmujg réwniez sSrodki
ochrony osobistej.

Rekonstrukcja wypadkéw: Badania poruszajg sie po ztozonej dziedzinie rekonstrukcji wypadkow,
odstaniajgc zaawansowane metodologie, takie jak modelowanie numeryczne motocykla i techniki
upraszczania modelu. Ta sekcja podkresla rozwéj i walidacje modeli oraz techniki ich faczenia.
Kulminacja jest prezentacja wynikéw dla wybranych zdarzern drogowych, rzucajaca $wiatto na rézne
scenariusze wypadkdéw i ich niuanse.

Petnowymiarowe testy zderzeniowe: Badanie osigga swdj zenit wraz z eksploracjg testéw
zderzeniowych w petnej skali. Tutaj w centrum uwagi znajdujg sie konfiguracje 1SO 13232, ze
szczegétowym badaniem kinematyki i oceny obrazen. Szczegdlnie interesujacy jest wplyw
antropometrii kierowcy na wyniki wypadkéw, ktdry to aspekt zostat dogtebnie zbadany.

Ta kompleksowa praca, oparta na skrupulatnych badaniach i analizach, ma gtebokie implikacje dla
sfery bezpieczeristwa biernego motocyklistow. Obiecuje nie tylko wzbogaci¢ nasze rozumienie
wypadkéw motocyklowych, ale takze oferuje konkretne $ciezki poprawy srodkdéw bezpieczenstwa i
zmniejszenia liczby obrazen i ofiar $miertelnych wéréd motocyklistow. Naukowcy, inzynierowie
bezpieczenstwa i decydenci uznaja to badanie za nieocenione Zrddto informacji w ich misji poprawy
bezpieczenstwa motocyklistow.

Stowa kluczowe: modele ludzkiego ciata; bezpieczeristwo bierne; pojazdy jednosladowe; Srodki
zapobiegania urazom; srodki ochrony indywidualnej; badania numeryczne; rekonstrukcja wypadkow;
szczegoblnie narazeni uzytkownicy drég



List of Figures

Figure 1.1 The time-dependent description of the accident [2]......ccccviviiviiiiiiiiiiic e 3
Figure 1.2 M. Ptak [4] approach to CAx safety enchantment for VRU. ......ccccccoeciiiiiiiiieiicciee e 4
Figure 2.1 L1 Vehicle rider age. (author OWN WOTK) .......cccueiiiiiiiiiicie et 10
Figure 2.2 L3 vehicle rider age. (aUthOr OWN WOTK) ......cooiiiiiiiiiiiiiccee et vre e s 10
Figure 2.3 Motorcycle style frequency analysis. (Quthor's Work) .......cccceeecieeiiiiiieccceee e 11
Figure 2.4 L1 Vehicle gross mass. (QULhOr's WOFK) ......c.cooviiriiiiiiiieeie sttt e evae e s 11
Figure 2.5 L3 Vehicle gross mass. (QUthOr's WOIK) .......c.ueeeeciiieiiiiiie e saree e 11
Figure 2.6 Accident typology - configuration. (Quthor's WOrk) .........ccccveeeecieeeiiciee e 12
Figure 2.7 L1 vehicle impact speed distribution. (author's Work) .......c.ccceeecieeiiieecie e 13
Figure 2.8 L3 vehicle impact speed distribution. (Quthor's Work) .........ccceeceveeeiiiieeecccieee e 13
FIZUIE 3.1 SIErra SAM [13]. .uuieeeii i i ieiiiirieee e e e eeccrteee e e e e e eeettbr e e e e e eeeesebabareeeeeeesanasssaaaeaeeeessnssssesseeeesennnsrens 15
Figure 3.2 Sierra Sam application — parachute [L14].......coviiiiiii i 15
FIUIE 3.3 VIP SEIIES [15]. cuuuiiieieiiiiieeecitee ettt e e ettt e e ettt e e e e tte e e e e tte e e e e ataee e e ssaeeeensseeesssaeeesansseeesannreeanan 15
Figure 3.4 Sierra Susie (bald head) [16]. .....cueiiiieiiiieeiieecee ettt rre e e e e e sar e e s te e ebaeesreeeans 15
= U B =Y I Yo Lo 11T G 1 1 PO 15
Figure 3.6 Sierra Susie and realistic Wig [18]. ...cccuiiiieiiiie ettt et e s ea e e e earee e 17
Figure 3.7 "Sierra DUumMmy Family"[19]. ..ccoociiiiieiiie ettt e e e e e s e e e s b e e e ssaaneeeeas 17
Figure 3.8 Hybrid HIATD [21]. it ee ettt e sttt e e e et e e e ettt e e e e ata e e e e araeeeenaseeesnsaeeesnsseeesannseeanan 18
Figure 3.9 Hybrid 11l sensors placement [22]. ..oocuuiieiiiiiieiciiie ettt e e s sere e e s sareeaens 18
Figure 3.10 MATD improvements over the pedestrian Hybrid 11l [23]. c.ccoooviiiiiiiiiiieeecee e, 20
Figure 3.11 MATD neck forward sliding capabilities [24]. ......ooeeieieeciieeeecee e 21
Figure 3.12 MATD head with the neck - frontal VIEW [25]....cccceiiiiiiiiiiiiee et e e 21
Figure 3.13 MATD neck inclining capabilities [24]. .....cuueeeeciiie e e 21
Figure 3.14 MATD head with the neck - side VIEW [25]. ....ccuiiiiiiiiee et 21
Figure 3.15. Photography of the inside structure of MATD.[27] ....coiviiiiiiiiiiieeeiieee e 22
Figure 3.16. Autoliv PTW dummy Version 1.0. .......ccocciiiiiiiiiieecciieeeecieeeeectee e e esvteeeserae e e sennreeessnreeaean 22
Figure 3.17 ES-2 dumMMY [B1]..uiiiiiiiiiiieieerieenieenieesieesitesreesieesieesteesaeesasessbesseesseesseessnesnsesssesssesssnessnesns 23
Figure 3.18 WorldSID dummy [31]. ciicciiieieiiiieecciiie e estree e stre e s s re e e s aa e e e ssaer e e e snsaeeesnnsseeesnnnseeaens 23
Figure 3.19 Biofidellity comparison of particular body parts between Hybrid 11l 50th percentile male
and THOR 50th percentile Male [34]. ..ot e e e eee e s s e e s e sabae e e e nraeas 24
Figure 3.20 THOR-50M with exposed biofidelic ribcage [35]. ...cccoveveeiiiieieeiieee e 24
Figure 3.21 Side view of BioRID-II with the state-of-the-art neck for the rear impact scenarios

[ YU e Yo T =T 1515 PSPPI 25
Figure 3.22. The sled test with the PIMHS [38]. .....oiiiiiiiiieceie ettt e e earee e 26
Figure 3.23. Head and T1 X-dir. Displacement (frontal) from the obtained from the PMHS
eXPEFIMENTAl STUAY [38]...uiiiiiiiiie ettt et e e e tee e e e et e e e e s bt e e e e abaeeeeeateeeeeenseeaeeenseeaeennseeas 27
Figure 3.24. The high-speed volunteer tests done in Naval Biodynamic..........ccccceeeeevviciiiieeeeeeee e 28
Figure 3.25. Col. Stapp during the sled test [43].. .. e e are e e 29
Figure 3.26. One dimensional (1D) Lumped-mass model of the head (where the distribution of head
mass is as follows m1 = 10%, M2 = 35%, M3 =55%) [44]. ..cooovreriieieeeeeeee ettt 30
Figure 3.27. A two-dimensional (2D) multi-body system model referred as Crash Victim Simulation
(@AY TN T PSP 30
Figure 3.28. The 3-dimensional (3D) model for frontal collisions with the multi-body system model of
10 0 L=l LAY o A O 30

Figure 3.29 The mesh of the upper body of HUMOS (sagittal plane section). .......ccccccveeeeccivireecnnennnn. 31



Xi

Figure 3.30 HUMOS2 model showing the leg positioning capabilities [51].....cccccceeerviieeericieeeeicreeenn. 32
Figure 3.31 Virtual barrier test with HUMOS2 MOdEl ....ccccuvviiiiiiiiiieiiie e 33
Figure 3.32. The stress in the HUMOS ribs for configuration with airbag and without.[54]................ 34
Figure 3.33 THUMS development timeling [56]. .....ccccuiieeeiiiie ettt e e e e e 35
Figure 3.34 THUMS vs HIll numerical Model [57]. oottt e e ecaree e e e e e e e e enenes 36
Figure 3.35 Chest assessment during rail @Vent [57]. .....ccec e eiiiiie e sare e 36
Figure 3.36 The GHBMC base model (left - organs, middle - muscles and skeletal system, right - soft
oY== L Yo Lo I (] =] o ) TSRS 37
Figure 3.37. The general format of AIS severity coding [59]. ...cccovviiiiiiiiieciiie e 39
Figure 3.38 Wayne State Tolerance CUIVe [B3]. ..uuiiiiciiiiiiiiiieeeiieeeeciiee e sttt e e ssere e e ssrae e e ssereeessnneeeens 41
Figure 3.39 Deformation types of scull and brain in case of the impact [76]......c.cccceccvveericieeeeccinnnenn. 42
Figure 3.40 Neck shear force vs. Time risk CUrVe [82]. ...ccovcivieiiiiiieeeciee e e 45
Figure 3.41 - Neck axial tension force vs. Time risk curve [82]......cccouveeeeeeeiiiiiiiieee e 45
Figure 3.42 Neck compression force vs. Time risk curve [82].........coovcieeeeciiiee e 45
Figure 3.43 The FFC threshold definition in UN R4 [83]. ....coiiiiiiiiiiiiieeeee ettt e eeinreee e e e e e eannens 46
Figure 3.44. The Virthuman geometry creation process [87].....cccuviviiieieriiieeeeiiie e ssireeeesieee e 48
Figure 3.45 The MBS system open tree conCePt [99]. ...ueiecciiieieiiiee e eecrte e e ecrre e s srre e e e saree e 48
Figure 3.46 The structure of the Virthuman model [89]. ......coceiiiiiiiiiiieee e 49
Figure 3.47 Implementation of the VH scaling algorithm in the VPS add-on [101]...........ccccvvveeunnennnn. 50
Figure 3.48 Models generated by the scaling tool [101]. ......cceeeiiiiieeiiiiee e 50
Figure 3.49 Color coding for different thresholds [102]. .......cooiviiiiiiiiiiiiicie e 50
Figure 3.50 Example of injury of simple color injury evaluation [102].......ccccceeeiiiiieeiiieee e, 50
Figure 3.51 Breakable joints N@aming CONVENTION. .....ccviiiiiciiieiriiee et sare e 51
Figure 3.52 Breakable VH leg joints [L01]......cuiiiciiiiiiiiieeeeciiee e eciteeesciteeessree e s ssevve e e ssaaae e e ssnsaeeesnnnneeaens 51
Figure 3.53. The image of the first contact of the rider's body with the ground, and the numerical

(02 o (=] =] 0] =) {0 o VA O OPPPPPPPPN 52
Figure 3.54 Sliding setup Simplification. .........ooo i e e 53
Figure 3.55 Right arm contact force [KN].......oo ot et e e 54
Figure 3.56 Iteration "0" framework - neck problem in direct impact identified........c.cccceevvvverinneenn. 55
Figure 3.57. The behavior of the neck during direct 50km/h impact to rigid wall (left: original neck,
4T={ o] S T g o1 )VZ=To N oY=l g OSSRt 55
Figure 3.58 Head movement observed during the 15 g frontal impact test (left: in the frontal
direction, right: in the vertical dir€CtioN).......ccueiiiiii e e e 56
Figure 3.59 Head movement observed during the 7 g lateral impact test (left: in the lateral direction,
right: in the vertical dir€@CION). .......ueii e e e e et be e e e e abe e e e enbeeeeeenraeas 56
Figure 3.60 The configuration of the upper arm MBS structure (left: original, right: enhanced). ....... 57
Figure 3.61 The cylinder impacting shoulder at 4.5 m/s — validation setup.......ccccceevvvevieeveeneeneecnenns 57
Figure 3.62. Force response from validation. ...........ccccuiiiieiiiii e e 57
Figure 3.63. Ground impact Simulation SELUP. ......eeiiiciiii e e e 58
Figure 4.1 Two types of drop towers (left -guided, right- unguided). ........ccceevviirciienieece e, 62
Figure 4.2 ECE R22.05 helmet impact points [111]....cccuiiieeiiiieeeciiie ettt e et e e e e e earr e e e aree e 62
Figure 4.3 Test surface definition for DOT standard [109]. .......ccooveieriiiieieiiiiiee e 62
Figure 4.4 DOT standard PLA and Dwell time thresholds [66]. .......ccccccueeeeeiiiieeeiiiiieeeceeee e 64
Figure 4.5 ECE standard PLA and HIC thresholds [66]. .......ccueiiiiiiiieiiiiie e cceee e e 64
Figure 4.6 SNELL PLA thresholds for different headform sizes [66]. ......cccccovveeviiiiiieicieee e, 64
Figure 4.7 Barrier testing standards in EUrope [113].....cciiciiiieeeiiiiee et e e e e e e e e eare e 65
Figure 4.8 L.LLE.R test ProtoCol [113].....uiiiiiiiiieieiiieeciiee et erre e e s e e e e raa e e e e satr e e e esaaae e e snsaeeesnanneeaens 66

Figure 4.9 First test (continuous and discontinuous barriers) — centered [113]. ......cccoceveeiiiereecinnennn. 67



xii

Figure 4.10 Second test (discontinuous barriers) [113].....ccccuieeeiieieeiiiie e e e e 67
Figure 4.11 Third test (continuous barrier only) [113]. ..ccceeeiiieiiieeeeecee e e 67
Figure 4.12 Frontal view of simplified helm FE Model........cc.coooeiiiiiiiiiie e 68
Figure 4.13 Side view of simplified helm FE model. ..o 68
Figure 4.14 Material curve of the helmet INEr........ooo i 68
Figure 4.15 A headform FE MOAEL. ....c..ueieieiieeceeee ettt ettt s e e st e e e e raneeeaean 69
Figure 4.16 Two FE models of the anvil from ECE R22.05. .....cooviiiiiiiiiieieeiiiie e e ssieee e 69
Figure 4.17 Four impact configurations of MC helmet.......ccccooviiiiiiiiiiiic e 70
Figure 4.18 Acceleration curve and HIC of headform in flat anvil impact simulation (liner: linear

= 1Y ) S 71
Figure 4.19 SimuUIAtioNn SETUP. .iiiiiiiieieciiie ettt ettt ee e e et e e e e tta e e e e ata e e e esntseeesnsaeeesansseeeennnreeanan 73
Figure 4.20 Barrier impact simulation SELUP. .....cveiiiiiiiieeccieie ettt e e sebr e e e sareee e 75
Figure 4.21. First and last time-frame of simulation, with IC color coding according to Table 3.7......76
Figure 4.22 Evaluation of neck shear force limits. ......ccvvieiiiie e 77
Figure 4.23 Evaluation of neck tension force limits........ccovciiiiiiiiiiiicce e 77
Figure 4.24 Evaluation of neck compression force limits. ........oocovviiiiiieiiiiiiie e 77
Figure 5.1. One of the first photographs shows a car accident with the Ford Model T [116].............. 79
Figure 5.2. Cartesian coordinate system. [117] ..ccueiiiciiiiiiiiie ettt e e e saree e 80
Figure 5.3. SAE coordinate system. [118] .......ccociiiiiieiiiiie e et e et e e e e e e e e e ara e e e senrae e e esaneeeaens 80
Figure 5.4 Vehicle after an accident vs. Vehicle after dedicated experimental reconstruction [119].81
Figure 5.5 Rotational dynamics, car vs. powered-two-wheeler during a frontal crash [120]. ............. 81
Figure 5.6. The forward(simulation-based) reconstruction methodology [130]........ccccceeviiivieeinnnnnnn. 83
Figure 5.7. Division of body impact Zones [132].....ccicciiiiiiiiiie ittt sere e e e sareee s 84
Figure 5.8 Conceptual MBS model of L3 scooter style PTW. .....cccuviiiiiiiiiiciiieccsiree e ssvee e 85
Figure 5.9 FEM procedure for obtaining bending characteristics for plastic hinges. .........cccceveeeunnen.n. 85
Figure 5.10 Fork plastic hinge characteristiCs. .......uuiiiiiiiiieiiiie e e 85
Figure 5.11 Implemented MBS model of MaxXi-SCOOTEN. ........ueeiiiiiiiieiiee et 86
Figure 5.12 Implemented suspension CharacCteristiCs. .......ccccviiiirieieeciiiie et 87
Figure 5.13 The NCAC validation of the Neon FE model [147]. ..c..vvvercieieiiiieeeeieeeeevee e 88
Figure 5.14 The VPS (PAM-Crash) version of the Chrysler NeoN. ........cccceeecieeeecciieecccieee e 88
Figure 5.15 Side view and top view of simplified Neon FE models. .......cccocouveiiiiiiiiiiiiieee e, 89
Figure 5.16 The Case 1 acCident Sit€ [154]. ..uuiiiiiiiieiiiiiieeeirie ettt s s sar e e s sere e e s saereeessareeaeas 92
Figure 5.17 Case 1: VEhicle A front [154].......ou ittt ecate e e et e e e e ata e e e ssnbreeeesanaeeaens 93
Figure 5.18 Case 1: Vehicle A front glass [154]......uuiiiiiiiiieiiiie et e e ssre e s s sere e e e sareee s 93
Figure 5.19 Case 1: Vehicle A crumple ZoNE [154].......uuiii ittt et e et e e e aaee e 94
Figure 5.20 Case 1: Vehicle A zoomed crumple Zone [154]......cccuiiieeciieeeeciee et 94
Figure 5.21 Case 1: VENICIE B [154].....uuiieiiciiieeeciiieeeciieee e ertree sttt e e s tae e e s aa e e e ssaas e e e ssataeeesnsseeesnanseeaeas 95
Figure 5.22 Case 1: Damages on vehicle B Zoomed [154]. ..uueeiiiiiiieeiiieee e ettt ecree e et aeee e 95
Figure 5.23 Case 1: Vehicle B bended front fork [154]. .....cccuveeiiiiiiiiiiiiieecciee e e svee e 96
Figure 5.24 Case 1 accident configuration [154]. ....ccccuiiiiiiiiieiiiiie e e sere e e saree e 97
Figure 5.25 Case 1: 1SO desCription [154]. ....uuiiiiiiiieeeiiieeeecieee e ettt e e eetee e e et e e e esare e e e ataeeesensseeeesaneeeaens 97
Figure 5.26 The reconstruction made by the IN-SAFE team [154]. ....cccceeeeiiiieieiiiieeeiieee e 98
Figure 5.27 Case 1 SiMUl@tion SETUP. ...eeiiii it e e et e e e e e s e s sbere e e e e e e e e ennrnnns 99
Figure 5.28 Side view on the Case 1 simulation time-frames.........cccoecveieiiiiee e, 100
Figure 5.29 Top view on the Case 1 simulation time-frames. ........cccoecieeiiiiiee i, 101
Figure 5.30 Head COG acceleration in Case L.......cuceiiecciiiiieeeeicccciiiiee e e e e eecnteee e e e e e e esnnnaee e e e e e e eennnnes 102
Figure 5.31 T1 vertebra acCeleration. ... iiieeiiciee e e 103

Figure 5.32 T8 vertebra acCeleration. ... i e e e e e e e e e e e e e e nrnnes 103



xiii

Figure 5.33 T12 vertebra acCeleration. ........c.eeeiieee et e et te e e e 103
Figure 5.34 4th left rib aCCeIEratioN........ci i s 104
Figure 5.35 4th right rib acCeleration. ... e e e e e 104
Figure 5.36 8th left rib acCeleratioN.........cocuiiiiecee e e e e e e 104
Figure 5.37 8th right rib acCeleration. ... 104
Figure 5.38 Force magnitude in jOINt 420. .......coccuieeieiiieeeeiiiee e ecee e e srre e eesree e e s sare e e s e sabee e s enbeeeseareeas 105
Figure 5.39 Force magnitude in JOINt 430. ......ciiiiiiiiiiiiieeeeiiee et sree e e e s e e s e e e s sareeas 105
Figure 5.40 Force magnitude in JOINt 440. ......coooiuiiiiiiiieeeeiee et ee e s e e e ssbee e s be e e s s areeas 105
Figure 5.41 Force magnitude in JOINt 450. .......ccocuiiiieiiieieeciiee et e eree e ee e e s ate e e e e aree e s e nree e s eareeas 105
Figure 5.42 Force magnitude in JOINt 460. .......coocuiiiiiiiiieiiiiiieeeerree e esree e ssee et e e s ssaree e s bee e s sareeas 105
Figure 5.43 Force magnitude in JOINt 470. ......cooocuiiiieiiieeeeciee e eeree e e s svee e e e sabe e e e e abee e s e aaae e s eareeas 105
Figure 5.44 Force magnitude in JOINt 520. ......ccccciuieiiiiiieeeeiiiee e ecree e e stee e e s ree e e e sate e e s e abee e e e nbeeeseareeas 106
Figure 5.45 Force magnitude in JOINt 530. .....uiiiiiiiiiiiiiieeeeiiiee et esree e e e s e e s e e e s s areeas 106
Figure 5.46 Force magnitude in JOINT 540. .......ccccuiiiieiiiieeeciiee e e e eree e e s cree e e et e e e esabee e e enseeeeeareeas 106
Figure 5.47 Force magnitude in jOiNt 550. ......ciiiiiiiiiiiiieeeeiiiee ettt e ree et e e s e e s are e e e s areeas 106
Figure 5.48 Force magnitude in jOiNt 560. .......ccccuiiiiiiiieieiiiiee e eriee e esree e esree e s e e e seree e e s saree e s ssareeas 106
Figure 5.49 Force magnitude in JOINT 570. ......coiiiiiieeeiiiieeeeiiee et e e s iree e e et e e s e abe e e e enree e s eareeas 106
Figure 5.50 Moment and forces in the PTW occupant’s Neck.......ccoceeeviiiniiiiniieiniiiiiecieceee e 108
Figure 5.51 Case 1 Nij evaluation COrTidor. ... et e e ree e e e e e areeas 108
Figure 5.52 Case 2 accident site - the front of the car [157]. .ooeociiie e 110
Figure 5.53 Case 2 accident site - the PTW and left side of the car [157]. .ccccovvveeeeeeieicciiniieeeeeeeeeinns 110
Figure 5.54 Case 2 accident site - the post-crash configuration [157]. ccccccccoveieeiiiiieeciiee e, 111
Figure 5.55 Case 2 accident site - rear view of the car [157]...cccocciiiieeiiiiiiiiiieeeee e 111
Figure 5.56 Case 2 accident site - the PTW position after the crash [157].....cccoeovveiiiiieiieniiee e, 112
Figure 5.57 Case 2 accident site - the view of the accident surroundings [157]. ....ccccovvveeecvireeennnenn. 112
Figure 5.58 Case 2 configuration [157]. ..ttt esree e s ree e et e e e s ara e e s naae e e s areeas 113
Figure 5.59 The I1SO description of Case 2 configuration [157]. .ccccceeeeciiieeeciiee e e 113
Figure 5.60 The IN-SAFE team Case 2 reconstruction [157]. c...ccccvieeeciiiiieeeiiie ettt 114
Figure 5.61 Case 2 NUMEIICAl SELUP. ..ocuuiiiiiiiiee ettt e e st e e e s e e e e e abae e e eareeas 115
Figure 5.62 Case 2 reconstruction - Side VIEW. .....ciciiiiiciiiiiieee ettt e e e s e e e e e e e e ananes 117
Figure 5.63 Case 2 recONSTrUCTION - TOP VIEW. ...uiiiiiiiiiiiiiiiiieee e ieriiiieeee e s ssiiieee e e e s s s s siareeeeeessssannnes 118
Figure 5.64 Head COG acceleration in Case 2........uueeicuieeeiiiieeeciiieeesrteeesiree e s sitee s e sseveee s e sneee s ssaveeas 119
Figure 5.65 T1 vertebra aCcCeleration. .........ccueee e e et e e e earee e e e e e e areeas 120
Figure 5.66 T8 vertebra acCeleration. ......ccc.ccuueeeiiiiii i 120
Figure 5.67 T12 vertebra acCeleration. ........ceeeouiee ettt et e e e e e e e e e eareeas 120
Figure 5.68 4th left rib aCCeIEratioN........coocciiiee e et e e e e e aree e e e areeas 121
Figure 5.69 4th right rib acCeleration. ... e 121
Figure 5.70 8th left rib aCCeIEratioN.........ooocuiiii e e et e e et 121
Figure 5.71 8th right rib acCeleration. ........c.ueei i e 121
Figure 5.72 Force magnitude in jOINt 420. .......coccuiieeiiiieieeiiee e ecree e sree e e s ree e s e e e e s sebee e e e nbee e s eareeas 122
Figure 5.73 Force magnitude in JOINT 430. .........uiiiieiiiiiciiieeee e e et e e e e e e e sbreee e e e s e e e ennrnnes 122
Figure 5.74 Force magnitude in jOINt 440. .......coccuviieiiiieeeeiiiie et sree e e s rree e s ste e e e s sare e e e e aree e e eaveeas 122
Figure 5.75 Force magnitude in JOINT 450. .........ueiiiiiiiiiiiiiiieeee e e e eeecteee e e e e e e e sebrre e e e e s e e e e nrnnes 122
Figure 5.76 Force magnitude in jOINt 460. .......cccccuueeiiiiiiieeiiiieeeeciee e sree e s sree e s see e e e sseree e e e abee e e enaseeas 122
Figure 5.77 Force magnitude in JOINt 470. ......cooocuiieiiiiiieeeciee et e sree e e s ree e s re e s e s ebee e e abee e e eareeas 122
Figure 5.78 Force magnitude in JOINE 520. ........cuiiiieiiiiiiiiiiiieee e e eecnreee e e e e e e e sbreee e e e e e e e e nrnnes 123
Figure 5.79 Force magnitude in jOiNt 530. ......ciiiiiiiiiiiiieeeeciiee e ecree e sree e ree e e sbe e e e s abe e e e e nbe e e e eareeas 123

Figure 5.80 Force magnitude in JOINT 540. .........uiiiieiiieiiiiieieee e e et e e e e e e e sbrre e e e e e e e e enrnnes 123



Xiv

Figure 5.81 Force magnitude in jOINt 550. ......ccciiuiiiiiiiiieeeeiiiee e ccree e sree e esree e e s e e e e e abee e e e nbee e s eareeas 123
Figure 5.82 Force magnitude in jOiNt 560. ......ccouiuiiiiiiiiieiiiiiee et e esree e s e e s e e s sabee e s sareeas 123
Figure 5.83 Force magnitude in JOINt 570. ......cceicuiieieiiieeeeciiee e et e e eree e e s sree e e e ate e e s e saree e e e naee e s eareeas 123
Figure 5.84 Moment and forces in the PTW occupant’s NECK. ........ceeecvieeeeiiieeeciieee e e 124
Figure 5.85 Case 2 Nij evaluation COrTidor. ...ttt e e s e e s e e s aveeas 124
Figure 5.86 LMU Case accident scenario depicted on the left, sourced from accident case
documentation, alongside the simulation setup sketch on the right [159]. ......ccocciiiieeeeeeeiciiieeee. 125
Figure 5.87 Depiction of OV [160] and PTW [L161]......cccuiiiiieieeeeecciieieeee e eceitrree e e e e e erinreeeee e e e e e annnes 126
Figure 5.88 Numerical Setup Of LIMU CASE. ....ueeeiiuiiiiieiiieee ettt estee e e itr e e e e abee e e abe e e e e e 127
Figure 5.89 Deformations of the vehicles involved in the accident. ........ccocceeiiiiiiiiiiiiicieee, 128
Figure 5.90 Deformations of the simulated Vehicles. ..., 128
Figure 5.91 LMU case numerical reconstruction accident kinematics with the ongoing fast IC

LNV | (U)o o PR 129
Figure 5.92 Final injury risk prediCtion...........eeiee e et e e e e 129
Figure 6.1. Evaluation of the ISO 413 constellation with stationary vehicle [3]......ccccccveviriieeeinnnen. 133
Figure 6.2. Motorcycle full-scale crash tests were performed in 1985 in Opel facility [165]............. 134
Figure 6.3. Kinematics of the rider's body parts during impact [165]. .....cccccvveeeiiiieeeeiiiee e, 135
Figure 6.4 Motorcycle crash test conducted in Polish Automotive Industry Institute (PIMOT) in

AT [T 1 TSP PP PTOP PP PTUPPPPPOORE 139
Figure 6.5 ISO 13232 seven standard configurations [155]. ....cccccviieeiiiiiieeeiiiee e e e e 141
Figure 6.6 ISO 143 simulation setup configuration.........cccoccuviiiiiiiiie e 143
Figure 6.7 ISO 114 simulation setup configuration.........ccceccveeieciiiie e e e 143
Figure 6.8 ISO 413.1 simulation setup configuration.......ccccuevieiiiiiiiiiiiie e 143
Figure 6.9 ISO 412 simulation setup configuration.........cccocuviriiiiiiie e 144
Figure 6.10 I1SO 414 simulation setup configuration.........cccccueeieiiiiiecciiee e e 144
Figure 6.11 I1SO 225 simulation setup configuration........cccccueviieiiieiciiiee e 145
Figure 6.12 1SO 413.2 simulation setup configuration. ..........cccoccuiiiiiiiii e e 145
Figure 6.13 Kinematic responses of 1ISO 143-9.8/0 simulation .........cccceevueeeiiieecieeeciee e 146
Figure 6.14 Kinematic responses of 1ISO 114-6.7/13.4 simulation. .........ccceevreeereeneeneeneesee e 147
Figure 6.15 Kinematic responses of 1ISO 413-6.7/13.4 simulation..........ccccccveeeeeeeceeicie e 148
Figure 6.16 Kinematic responses of ISO 412-6.7/13.4 simulation. .........ccceeereecreenieeneenresee e ereenen 149
Figure 6.17 Kinematic responses of 1ISO 414-6.7/13.4 simulation........c.ccceeeveeereenreesreeneesee e e 150
Figure 6.18 Kinematic responses of 1ISO 225-0/13.4 simulation. ........c.ccceeeeuieeceeeecreeeeieeeiee e 151
Figure 6.19 Kinematic responses of 1ISO 413-0/13.4 simulation. .......ccccceevveeereeireenieeneeneesee e e 152
Figure 6.20 Configurations evaluation of HIC 36MS. .......ccccciiiiiiiiiie e 153
Figure 6.21 Comparison of CO-C1 forces in the motorcycle rider’s neck with the UNE 135900
ENEESNONAS. ettt sttt e st e e et e s b e e abe e s be e e abeesateesbaeesbeeenns 153
Figure 6.22 Comparison of C0-C1 moments in the motorcycle rider’s neck with the UNE 135900
ENEESNOIAS. ettt s s b e st e e e s be e b e e e b beesba e e nabeenataeebaeesbaeenns 154
Figure 6.23 Lower neck Criterion assesSMENT.........uiiiiiieeeiiiiiee et ree et e e e seree e e sabe e e s e eareeas 155
Figure 6.24 Numerical setup of the study based on the LMU case. .......ccccccuveeeeciiiececiiee e, 159
Figure 6.25 Kinematic response in the simulation with the 16-year-old female motorcycle rider....160
Figure 6.26 Linear regressions of HIC as a function of male/female mass. ......ccccceevvveevreevveeccrereennnn. 161
Figure 6.27 Linear regression of C0-C1 peak moment as a function of male/female mass. .............. 161
Figure 6.28 Linear regression of CO-C1 peak shear force as a function of male/female mass........... 161
Figure 6.29 Linear regression of CO-C1 axial force as a function of male/female mass..................... 161
Figure 6.30 Nij criterion evaluation for all age SrouUPS ......cccuveeiiiiiiie e 162

Figure 11.1. Validation setup for the full-frontal crash. .........cccccoviiieiiii e A



Figure 11.2.
Figure 11.3.
Figure 11.4.
Figure 11.5.
Figure 11.6.
Figure 11.7.
Figure 11.8.
Figure 11.9.

Figure 11.10.
Figure 11.11.
Figure 11.12.
Figure 11.13.
Figure 11.14.
Figure 11.15.
Figure 11.16.
Figure 11.17.
Figure 11.18.
Figure 11.19.
Figure 11.20.
Figure 11.21.
Figure 11.22.

Figure 11.24.

30km/h)

Figure 11.25.

50km/h)

Figure 11.26.

30km/h)

Figure 11.27.

Figure 11.28.

30km/h)

Figure 11.29.

50km/h)

Figure 11.30.
Figure 11.31.
Figure 11.32.
Figure 11.33.
Figure 11.34.

(30 km/h). ..

Figure 11.35.

(50 km/h). ..

Figure 11.36.

(30km/h). ...

Figure 11.37.

XV

Validation setup for 50% offset frontal crash
Nodes evaluated in validation for front bumper impact. .......cccooceviiiieiinc e, A
Deformation in time of node 10053077 of the front bumper (full frontal, 30 km/h). ....... B
Deformation in time of node 10053077 of the front bumper (full frontal, 50 km/h)........ B

Deformation in time of node 10053077 of the front bumper (50% offset, 30 km/h)........ B
Deformation in time of node 10053077 of the front bumper (50% offset, 50 km/h)........ B
Maximum deformation of the central line of the bumper (full frontal, 30 km/h). ............ B
Maximum deformation of the central line of the bumper (full frontal, 50 km/h). ............ B
Maximum deformation of the central line of the bumper (50% offset, 30 km/h)............ C
Maximum deformation of the central line of the bumper (50% offset, 50 km/h). .......... C
Maximum deformation of the lower line of the front bumper (full frontal, 30 km/h). ...C
Maximum deformation of the lower line of the front bumper (full frontal, 50 km/h)....C
Maximum deformation of the lower line of the front bumper (50% offset, 30 km/h)....C
Maximum deformation of the lower line of the front bumper (50% offset, 50 km/h)....C
Maximum deformation of the upper line of the front bumper (full frontal, 30 km/h)....D
Maximum deformation of the upper line of the front bumper (full frontal, 50 km/h)....D
Maximum deformation of the upper line of the front bumper (50% offset, 30 km/h)....D
Maximum deformation of the upper line of the front bumper (50% offset, 50 km/h)....D
Setup for validation of bumper end impact (45 deg). ....ccvveeeeiiieeiceeeeee e E

Nodes evaluated in 45 deg bumper end crash. .......cccoeeeeeciiiiccciee e, E
Deformation in time of node 10051872 of the front bumper end (45 deg impact, 30

............................................................................................................................................. E
Deformation in time of node 10051872 of the front bumper end (45 deg impact, 50
............................................................................................................................................. E
Maximum deformation of the vertical line of the front bumper end (45 deg impact,
............................................................................................................................................. F
Maximum deformation of the vertical line of the front bumper end (45 deg impact,
............................................................................................................................................. F
Maximum deformation of the lower line of the front bumper end (45 deg impact,
............................................................................................................................................. F
Maximum deformation of the lower line of the front bumper end (45 deg impact,
............................................................................................................................................. F
Maximum deformation of the upper line of the front bumper end (45 deg impact,
............................................................................................................................................. F
Maximum deformation of the upper line of the front bumper end (45 deg impact,
............................................................................................................................................. F
Setup for validation of side fender impact. .......cccoecveireciii e G
Nodes evaluated in side fender impPact. ........cccoociieieciiie e e e G
Deformation in time of node 10051640 of the fender (side-impact, 30km/h). .............. G
Deformation in time of node 10051640 of the fender (side-impact, 50km/h). .............. G
Maximum deformation of the vertical line of the front bumper in side fender impact
............................................................................................................................................ H
Maximum deformation of the vertical line of the front bumper in side fender impact
............................................................................................................................................ H
Maximum deformation of fender line at height of 394.171 mm in side-impact
............................................................................................................................................ H
Maximum deformation of fender line at height of 394.171 mm in side-impact (50
............................................................................................................................................ H



XVi

Figure 11.38. Maximum deformation of the line of the front bumper at height of 215.6 mm side

fender iMmPact (30 KM/ ... ettt e et e e s be e s te e s ab e eabe e be e beesbaenaeas H
Figure 11.39. Maximum deformation of the line of the front bumper at height of 215.6 mm side
fender IMPact (50 KM/ ..o ettt ettt e et e e et e e tee e abe e s beeeeabeeeabeeeesreeenbaeenseeas H
Figure 11.40 Simulation setup for rear iMPact .........cccveiiieiiiei i e e I
Figure 11.41 The defomation vs time curves of node 10054200 of rear bumper at height of 239.6
mm in simulations of 100% and 50% offset rear iMpPact. .......cccveciieiiiciiee e I
Figure 11.42 Deformation velocity of node 10054200 of rear bumper at height of 239.6 mm in
simulations of 100% and 50% offset rear iMpPact. .......coccieiiiiiie e e J
Figure 11.43 Deformation of middle line of trunk lid in simulations of 100% and 50% offset rear

[ ] o 1= [ N K
Figure 11.44 Deformation of horizontal line of rear bumper at height of 239.6mm in simulations of
0 oY Y=Y A =T [ 4o o - [ S PP K
Figure 11.45 Deformation of horizontal line of trunk lid at height of 83.21mm in simulations of 50%

o) 3 Y= A =T 1o T 0] o I [ox SRR UPR L
Figure 11.46. Setup for validation in @ side IMPaCt. ......coeivciiiiieciiee e M
Figure 11.47. Nodes evaluated in side impact validation. ..........cceeeieciiii e M
Figure 11.48. Deformation in time of node 10124726 of B pillar (side-impact, 30km/h)...................... N
Figure 11.49. Deformation in time of node 10124726 of B pillar (side-impact, 50km/h)..................... N
Figure 11.50. Maximum deformation of B pillar in a side impact (30 km/h). ......cccoevvevriiiiieecirecrenee N
Figure 11.51. Maximum deformation of B pillar in a side impact (50 km/h). .....ccvevreiienienieciecie, N
Figure 11.52. Maximum deformation of the lower line on side doors (30 km/h)......cccceevvveecrerennenee. N
Figure 11.53. Maximum deformation of the lower line on side doors (50 km/h)........ccccevverreerrennnnnne. N
Figure 11.54. Maximum deformation of the upper line on side doors (30 km/h). .....cccoveveerreeriennnnne. O

Figure 11.55. Maximum deformation of the lower line on side doors (50 km/h)......ccccccevvvieeerennnenee. 0



XVvii

List of Tables

Table 2.1 Comparison of the PTW accident StUAIeS ..........uvviieeeiiiiiiiiiieee e e e e e 8
Table 3.1 Measurement Capacity of Fully Instrumented Hybrid ll.........cocoviiiiiiiiiiiiee e 19
Table 3.2 THUMS versions improvemMents [56]. ....cceiiciccciiiiieeeeeeciciiiieeee e e e e ecciireeeeeeeeessannnneeeeeeeesnnnnnns 35
Table 3.3 Important properties of human surrogates in injury biomechanics [10]. ......ccccceeeeeeencnnnns 38
Table 3.4. example calculation of ISS based on AIS codes [61]. .....ccevcviieeeiiiieeeeiieee e 40
Table 3.5 List of advanced head/bran Criteria. ......ccoucoueeii it rre et 41
Table 3.6 UNE 135900/2008 iNtercept VAIUES. .....c.eeeeveeeeieeeieeeeiee e ettt ettt e ctee et eteeeetreesveeesaaeeeveeeans 44
Table 3.7 The Tl critical values for HIll anthropometries [84]. ......ccceecveeeeiiiieeeciee e 47
Table 3.8 Virthuman injury criteria color coding for age category 20 years [102]. .....cccccevvvveverivnennnn. 51
Table 3.9 The HIC dependency on f. and alpha. ......oooviiiiiiiiece e 54
Table 3.10. Response comparison between VH and THUMS. ........cooviiiiiiiiiiiiiieeeee e e evnnes 59
Table 4.1 L.I.E.R. thresholds and criteria for the barriers. ......ccccceeieeiieiccccee e 66
Table 4.2 HIC assessment for particular liner material model..........cccveeeeiiiiiiiiecee e, 72
Table 4.3 PLA assessment for particular liner material model. ......ccoocovieiiiiiiiiicee e 72
Table 4.4 HIC evaluation for particular sex, mass, and height............cccceriiiiiiiiie e 73
Table 4.5 UNE 135900 / CEN TS 1317 - 8 head and neck severity evaluation. .......ccccccceeecveeecveennenens 77
Table 5.1 PTW MBS model body part inertia and mMass........ceeeeciieiiiiiieeeeiiieeecciee e sseaeee e 86
Table 5.2 Chrysler Neon FEM model parameters. ......c..ueeieciieeeeciiee ettt e et e e esae e e eeaaeee e 87
Table 5.3 Simplified FE Neon Mmodel aSSeSSMENT........ccccciiriiieiieeiciccireeeeee e e eeeirre e e e e e e eeerrraeeeeeeeeenannnes 90
Table 5.4 Comparison between the numerical results and the real injuries from the LMU case. ....129
Table 6.1. Accident kinematics of crash test performed by the MIROS team at 43.6 km/h impact

o T=T=To I T ) PSP PUR 136
Table 6.2. Parameters of Exponent Inc. moving to moving vehicle crash tests [171]........cccceeenneen. 139
Table 6.3 1SO 13232 cases description [155]. ..cccuuiiiiiiiieeeciiee ettt e e e e e e e eab e e e e eareeas 142
Table 6.4 UNE 135900 criteria assessment (forces — level Il severity thresholds). .........cccceeevveennenn. 155
Table 6.5 Mass, height, and corresponding helmet sizes of six age ranges of motorcycle riders.....158

Table 7.1 Explanation of framework models application for particular tasks........ccccoecvveeicivenennnnn. 166



Glossary

ACEM
AlS
ARB
ATD

cc

CFC
COG
CRI
cvT
DOF
ECE 22.05
ECER
EES
EMS
EPS

FE

FEM
FHWA
GHBMS
HBM
HIC

1SO

ISO 13232
L.LER
L3

LM

LNL
MAIDS
MATD
MBS
MDB
MYMOSA
NCAC
NCAP
NHTSA
NIC

Nij

ov
PB350
POI
POR
PPE
PTW

XViii

Association of European Motorcycle Manufacturers
Abbreviated Injury Scale

Articulated Rigid Body

anthropometric testing device

Cubic Centimeters

Cannel Frequency Class

Centre of Gravity

configuration risk index

Continuously Variable Transmission

degree of freedom

the standard for testing motorcycle helmets in Europe
ECE Regulation

Energy Equivalent Speed

Emergency Medical Service

Expanded Polystyrene

Finite Element

finite element method

Federal Highway Association

Global Human Body Models Consortium
Human Body Model

Head Injury Criterion

International Organization for Standardization
the standard for testing motorcycle-installed safety devices
French road-side barrier testing protocol

Legal Category of the Motorcycle

lumped mass

Lower Neck Load Index

Motorcycle Accidents In-depth Study
Motorcycle Anthropometric Testing Device
multi-body system

moving deformable barrier

MotorcYcle and MOtorcyclist Safety Project
George Washington University's National Crash Analysis Center
New Car Assessment Programme

National Highway Traffic Safety Administration
Neck Injury Criterion

Normalized Neck Injury Criterion

Opposite Vehicle

Piaggio Beverly 350

Point of Impact

Point of Rest

Personal Protective Equipment

Powered Two Wheeler



RB

REV

RP

SAE
SNR
THUMS
TRA
VPS
WHO

Rigid Body

Revolute Joint

Reference Point

Society of Automotive Engineers
Signal-to-Noise Ratio

Total Human Model for Safety
Translation Joint

Virtual Performance Solution
World Health Organization

XiX



1 Introduction

Motorcycles are a popular and efficient means of transportation, offering a sense of freedom and
agility unmatched by conventional vehicles. However, motorcyclists are disproportionately vulnerable
to severe injuries and fatalities in the event of a crash, making motorcycle safety a critical concern for
both riders and the general public. The development of passive safety systems, such as protective gear
and vehicle design improvements, has become a fundamental aspect of minimizing injury severity and
fatality rates among motorcyclists. In recent years, human body models (HBMs) have emerged as
powerful tools for understanding the biomechanics of human injury during accidents and assessing
the effectiveness of safety measures. HBMs are computerized representations of the human body that
simulate various tissues, bones, and organs' interactions in response to external forces, making them
indispensable for analyzing injury mechanisms and guiding the design of effective passive safety
systems.

This work aims to explore the application of human body models in motorcycle passive safety,
shedding light on their significance in advancing rider protection. By combining state-of-the-art
research and comprehensive analysis, the author endeavors to provide valuable insights into the
potential of HBMs in enhancing the safety of motorcyclists. The introduction of sophisticated
computer simulations and virtual testing environments has revolutionized the field of motorcycle
safety research. Traditional physical testing using crash test dummies and real-world experiments,
while essential, can be costly, time-consuming, and sometimes ethically challenging. HBMs offer a
non-invasive, cost-effective, and repeatable approach, allowing researchers to evaluate a wide range
of injury scenarios, explore different crash scenarios, and assess the efficacy of safety equipment
under various conditions.

As we delve into the core of this work, we will examine the biomechanical aspects of motorcycle
crashes, considering factors such as impact speed, crash angle, and rider positioning. Utilizing human
body models, we can study how these variables influence injury severity and determine the most
vulnerable body regions during different crash scenarios. Such insights can then inform the
development of targeted safety measures and optimized motorcycle designs to mitigate injury risks
effectively. Moreover, we will discuss the latest advancements in human body modeling technology
and how they have enabled more accurate representations of human physiology and injury response
taking motorcycles’ riding into account. These improvements have not only increased the reliability of
HBM predictions but have also expanded their applications in assessing the impact of various
protective gear and vehicle safety systems on motorcyclist protection.

In conclusion, the integration of human body models into motorcycle passive safety research
represents a promising avenue for promoting rider protection and reducing the tragic consequences
of motorcycle accidents. As we work towards creating a safer riding environment, the application of
HBMs will undoubtedly play a pivotal role in shaping future safety standards and innovations in the
motorcycle industry. Through this work, the author aspires to contribute to the growing body of
knowledge in this field and advocate for the continued adoption of cutting-edge technologies to
safeguard the lives and well-being of motorcyclists worldwide.



1.1 Background

The road transportation system is an example of the Human-Environment System (HES). This system
is established to cover the needs of the individual person and society. To fulfill its function, the system
must generate interactions between the components of the system: a human being, technology, and
the environment. Interactions may cause the occurrence of risks. Those risks could be considered with
the long-, and/or short- term view. In the short-term view, the human being is the most pliant entity
in this system. Due to its pliability human is exposed to the risk of injury. In order to maintain the
operation of the system, additional steps must be taken. One of the steps could be to feed the system
with the appropriate injury countermeasures or in other words safety measures. Each of the system's
components could be equipped with safety measures, for example, a pliant bumper (for technology -
vehicles), a roadside barrier (for the environment), and finally personal protective equipment for a
man. None of the safety measures are appropriate or useful by a-priori assumption. Their performance
needs to be proven in well-established test procedures. The test procedures need to be relevant and
repeatable. To design relevant test procedures appropriate and common conditions of injury
occurrence must be found. Those conditions can be called: realistic impact conditions.

The powered two-wheeler (PTW) riders are among the group of vulnerable road users (VRU). That
means that they are the users who are exposed to the highest risk of injury in road transportation.
The PTW’s drivers often travel with a speed considerably higher than a bicyclist, but they had only a
little better protection against potential injuries. A helmet is the only one required and forced by the
law as personal protective equipment (PPE), which is expected to protect a rider’s body against
impact. The PPE market provides a wide spectrum of protectors (gloves, garments, boots, joint
protectors), but for daily use, none of them are required to be worn by the rider. Another safety
measure in the road transportation system is a road barrier, which for the PTW should meet different
testing protocols than the car/truck barrier. Due to the complicated kinematics of the rider-PTW-
opposite vehicle (OV) system in the crash conditions, the current tools for accident simulation and
reconstruction, in the PTW crash cases, expose problems of simulation stability and computational
cost (finite element method- based tools), or problems of insufficient models’ bio-fidelity and/or over-
simplification (multibody system based tools). This thesis will present a hybrid approach, which joins
the advantages of both methods and could be used for the PTW passive safety. The manifestation and
the center point of this method is a scalable, hybrid human body model (HBM) Virthuman, which could
cover wide spectra of the population. This HBM has already proven its applicability as the pedestrian
and car occupant surrogate. This work deals with the application of the Virthuman to the field of PTW
accident reconstruction and development of the future PPE testing standards.

The safety of road transportation can be divided into two groups: active safety and passive safety. This
division is time-dependent (Fig. 1.1) Centre point for this dependency is the moment of the crash
(accident). Where the crash could be defined as a collision of two or more objects, each object could
be part of the following groups: traffic participants, road infrastructure, road-side infrastructure,
undesired road intrudes (breeding cattle, wild animals, etc.). To assess the road safety for certain
regions and transportation modes, an in-deep statistical analysis is often made. However, such a deep
study must take into account many dependent and independent variables (up to 2000 for each crash)
to create a significant insight. Such a wide analysis due to economic issues is often limited to some
finite area (one city, district, etc.), and finite time-period (maximum few years). This in-deep analysis
is often made by research teams that are looking for new insights about road safety. On the other
hand, basic road safety indicators are often monitored yearly for areas of bigger organization units
(e.g.: countries, unions). Those basic parameters (number of accidents, fatalities) give an overall view



of the efficiency of legislation-based road safety measures enforcement (seat belt usage enforcement,
motorcycle helmet usage enforcement). The basic statistics are collected and monitored by police
authorities. Between these two exist the insurance company's statistical records. This statistical data
contains often more variables than the police reports (e.g. length of the treatment), but still less than
in-deep analysis.

The most recent statistical research by K. Santos [1], which covered the topic of increasing injury
severity of powered-two wheelers accidents by performing a retrospective analysis of 37769 PTW
accidents that happened between 2010 and 2015 in Portugal, found that male riders who did not wear
helmets are more prone to the risk of severe injury during the accident.

PRE-CRASH

LOW-RISK HIGH-RISK

ASSIS'TANCE WARNING INTERVENTION

ACTIVE SAFETY PASSIVE SAFETY CARE AND RESCUE

RISK MANAGEMENT THREAT MANAGEMENT INJURY MANAGEMENT

Figure 1.1 The time-dependent description of the accident [2].

1.2 Problem Statement

In 1998 the research team from DEKRA under the guidance of F. Berg [3] published a paper, in which
conclusions aimed to assess the actual situation with the passive safety of the motorcycles. They used
an accident investigation and crash tests as their tool. Firstly, the evaluation of the powered-two-
wheeler types has been done in accordance with the regulations of the Federal Republic of Germany.
Where the six types of PTW were distinguished (Kleinkraftrad, Mofa 25, Leichtkraftrad, Kraftrad,
Kraftroller, and Motorrad), every further conclusion was associated with one of the types of PTW. The
accident investigation was done on the DEKRA database of accidents with 302 accidents from 1989 to
1996. It was found that some of the PTW driver body regions have higher exposure to the risk of injury
“head and the lower extremities (foot/ankle, lower leg, knee, upper leg) are at particular risk” [3]. The
crash test part of this research is discussed in the chapter about the full-scale crash tests page. 132.

One of the most current methods for the assessment and enchantment of vulnerable road users (VRU)
safety during the crash phase was disseminated by M. Ptak [4]. The research paper specifies the
following six steps: norms and regulations, experimental tests, criteria, numerical simulations,
numerical-based criteria, and technical countermeasures, where the three first are already well
established in the industry and the next three (especially the establishment of the numerical
simulation standards for the VRU) are still in the phase of research group interest. The simulation (or



overly CAx!) part is depicted in Figure 1.2. This approach could be also implemented for the PTW safety
approach by putting particular emphasis on the proper human body models.
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Figure 1.2 M. Ptak [4] approach to CAx safety enchantment for VRU.

The statement is: how to incorporate the virtual human body model into the motorcycle passive safety
to receive an added value without big investments and non-cost effective experimental research. To
answer this question this work needs to follow the entire way of formulation of the framework of the
virtual arena of motorcycle passive safety, which starts from the finding of the realistic impact
scenarios with parallel numerical modeling of simplified law-enforced personal protective equipment
(helmet) to establish the full-scale multi-scenario PTW accident model (this point expect also
simplified opposite OV). To evaluate the robustness of the accident model a validation versus the real
accident needs to be conducted. Finally, the working framework will be used to simulate the most
common PTW — OV accidents with the assessment of the injury criterion on the human body model.
The benefit and the added value of the developed framework would be the cost-effective virtual tool
for the testing of personal protective equipment.

1.3 Objectives of the thesis

The dissertation work deals with the problematics of impact biomechanics, human body modeling
(with a particular emphasis on parametric anthropometric modeling), and passive safety of the PTW
drivers. Based on the foregoing work and conclusion, the following scope of the dissertation was
determined. The ultimate goal of the research work is to establish a solid scientific framework on the
basics of injury biomechanics, which could be used for rigorous evaluation of the PTW passive safety
measures. This aims express the steps from the problem statement.

1 CAx stands for Computer Aided Design/ Computer Aided Manufacturing / Computer Aided Engineering



o Statistical analysis of the accident database to obtain macroscopic realistic impact
conditions and most common accident configurations;
. Modeling of a simplified helmet and coupling with HBM;
. Standard-based helmet validation;
. Creation of full-scale multi-scenario PTW numerical accident model;
. Creation and validation of the numerical PTW model;
o Coupling of HBM, MC, and PPE;
. Simplification of the OV model;
. Reconstruction of real cases involving PTW, OV, and driver;
. Simulation of most common PTW - OV accidents with injury criteria assessment

Taking into account the steps defined above, the major contribution of the thesis to the scientific
field is a framework for the virtual testing methodology for improving motorcyclists’ safety.

2 Accident statistics
2.1 State of the Art

Conducting a thorough statistical analysis of PTW accident databases demands an understanding of
their scope and limitations. Variability exists among European crash databases, with some containing
only basic accident information. Additionally, there are specialized databases that provide an
opportunity to uncover relationships between accidents and resulting injuries.

2.1.1 HURT Report

One of the first wide motorcycle safety studies was conducted in the USA from 1976- 1977, the
findings were published in 1981 in the report Motorcycle Accident Cause Factors and Identification
of Countermeasures which was named HURT Report [5] after its main contributor and author
professor Harry Hurt. The key components and objectives of the Hurt Report encompassed:

Data Collection: Researchers embarked on in-depth investigations of motorcycle accidents, involving
on-scene examinations, rider interviews, and the scrutiny of accident reports. This meticulous
approach aimed to accumulate comprehensive insights into the root causes of accidents.

Factors of Influence: The study delved into a diverse array of elements that played a role in motorcycle
accidents. These encompass rider behavior, vehicle attributes, road conditions, weather variables, and
the prevailing traffic environment. The intent was to pinpoint primary causative factors and identify
potential measures to mitigate risks.

Analysis of Injuries: A significant aspect of the Hurt Report involved comprehending the nature and
severity of injuries sustained by motorcyclists in accidents. The objective was to gain a nuanced
understanding of the prevalent and severe injuries, thereby informing the development of safety
measures and improvements in equipment design.

Recommendations: Drawing from its comprehensive findings, the Hurt Report put forth a series of
recommendations aimed at enhancing motorcycle safety. These recommendations spanned domains



like rider training, the utilization of helmets, road infrastructure enhancement, vehicle specifications,
and revisions to traffic regulations.

Impact and Significance: The findings of the Hurt Report left a lasting imprint on motorcycle safety
policies and practices within the United States. Its insights guided the establishment of legislation
mandating helmet usage contributed to advancements in road design, and influenced the formulation
of educational programs for motorcyclists.

In essence, the Hurt Report stands as a seminal and foundational work in the realm of motorcycle
safety. Its contributions through deciphering accident causation and understanding injury
mechanisms have profoundly influenced motorcycle safety regulations and initiatives. The study's
legacy persists in shaping accident databases that aim to curtail the frequency and severity of
motorcycle accidents.

2.1.2 CARE database

The CARE database, formally known as the Community database on Accidents on the Roads in Europe,
functions as an inclusive and centralized compilation of data pertinent to road traffic incidents within
European nations. Administered by the European Commission, CARE stands as a valuable asset for
comprehending and scrutinizing trends and statistics concerning road safety across Europe. Central
features encompass Accident Data Compilation: CARE assembles data encompassing a wide spectrum
of factors intertwined with road accidents. This includes specifics like accident locales, time, weather
conditions, road classifications, and collision particulars. Vehicle and Road User Insight: The database
synthesizes insights about involved vehicles, encompassing types, manufacturers, models, and
technical specifications. Also, details about road users—such as drivers, passengers, pedestrians, and
cyclists—are meticulously recorded. Injury and Fatality Statistics: CARE meticulously furnishes data
regarding injuries sustained by individuals involved in accidents. It categorizes these injuries based on
type and severity, facilitating a deeper understanding of the human impact of accidents. Contributory
Elements: The database meticulously documents elements contributing to accidents, spanning human
conduct (like speeding and distracted driving), environmental contexts (such as road conditions and
weather), and vehicle-related factors (including technical malfunctions). Geographical and Temporal
Analysis: CARE's capabilities extend to the analysis of accident patterns across diverse regions,
countries, and temporal intervals. This analytical prowess aids in spotting trends and disparities in
road safety. Research and Policy Implications: CARE is harnessed by researchers, policymakers, and
road safety experts for diverse objectives: conducting studies, gauging intervention effectiveness,
crafting policies, and conceiving strategies to enhance road safety. Comparative Studies: CARE
facilitates cross-country comparisons, thereby fostering insights into discrepancies in road safety
measures, regulations, and eventual outcomes. Data Fidelity and Precision: A strong emphasis is
placed on data fidelity and accuracy within the database, ensuring that the provided information is
dependable and useful for decision-making processes.

The CARE database stands as a cornerstone in the progression of road safety research throughout
Europe. By offering a repository rich with insights into road accidents and the factors correlated with
them, it bolsters the foundation of evidence-based policy formulation, encourages the adoption of
optimal road safety practices, and significantly contributes to the reduction of accidents, injuries, and
fatalities on European roadways. [6],



2.1.3 GIDAS

The GIDAS database (German In-Depth Accident Study) is an extensive and meticulously maintained
collection of data concerning road traffic accidents. Managed by the Federal Highway Research
Institute (BASt) in Germany, GIDAS offers a comprehensive and in-depth view of various aspects of
accidents. This includes vital information such as accident location, timing, weather conditions, road
characteristics, and collision types [7].

Moreover, GIDAS compiles detailed data on the vehicles involved, encompassing details like make,
model, manufacturing year, technical specifications, and vehicle types. This information is pivotal for
understanding how vehicle design and technological features influence the outcomes of accidents.
Injury data within GIDAS is equally thorough, spotlighting specific injuries sustained, their severity,
and the parties affected. This aspect of the database facilitates thorough analyses of safety measures
and vehicle design efficacy in preventing and mitigating injuries. Human factors contributing to
accidents are meticulously documented within GIDAS. These encompass a broad spectrum of
variables, from driver behavior and distractions to the utilization of safety equipment such as seat
belts and helmets. By considering these factors, researchers can develop comprehensive insights into
accident causes. The database also delves into vehicle dynamics, recording data about speed, braking,
steering, and impact angles. This aspect offers a comprehensive view of the movements and
interactions of the vehicles involved. Photographic documentation accompanies many entries in the
GIDAS database, providing visual context and supporting detailed analyses. As a versatile resource,
GIDAS is utilized by researchers, policymakers, and vehicle manufacturers for a range of objectives.
These include understanding accident causation, assessing safety measures, refining vehicle design,
and identifying trends in road safety over time. The longitudinal nature of the GIDAS database is
particularly noteworthy. By collecting data over extended periods, it facilitates analyses of evolving
accident patterns, shifts in road safety policies, and advancements in technology. In essence, the
GIDAS database plays a pivotal role in enhancing road safety. By providing comprehensive insights
into accident causation and consequences, it aids in shaping effective strategies for accident
prevention, fostering safer vehicle design, and developing more secure road infrastructure.

2.1.4 MAIDS

The MAIDS database (Motorcycle Accidents In-Depth Study) is highly suitable for analyzing motorcycle
accidents due to its comprehensive and meticulous approach to data collection, encompassing various
critical factors specific to motorcycle incidents. This depth of information provides unique advantages
for understanding and addressing motorcycle safety concerns.

In-Depth Data Collection: MAIDS gathers extensive and detailed data from real-world motorcycle
accidents, capturing a wide array of variables including road conditions, vehicle dynamics, human
behavior, environmental factors, and injury outcomes. This comprehensive dataset allows for a
thorough analysis of the complex interactions leading to motorcycle accidents.

Motorcycle-Specific Factors: Unlike general accident databases, MAIDS focuses exclusively on
motorcycle accidents. This specialized approach enables the collection of factors specific to
motorcycles, such as rider posture, visibility challenges, and the interaction of two-wheeled vehicles
with other road users.

Biomechanical Insights: MAIDS includes information about injury mechanisms and injury severity for
both riders and passengers. This enables researchers to gain insights into the unique biomechanical



responses of motorcyclists during accidents, aiding in the development of effective safety measures
and protective gear.

Human Factors: MAIDS records detailed information about human factors, including rider behavior,
skill level, and decision-making. This information is crucial for understanding how rider actions
contribute to accidents and for devising targeted interventions to improve rider safety.

Vehicle Dynamics: The database captures data related to motorcycle dynamics, such as speed,
braking, and collision angles. This allows for a nuanced examination of how motorcycle handling and
maneuverability impact accident outcomes.

Crash Scenarios: MAIDS analyses various crash scenarios, encompassing different collision types, road
environments, and traffic situations. This diversity of scenarios provides a comprehensive view of
motorcycle accident patterns.

Policy and Design Implications: The insights derived from MAIDS can inform the development of
policies, regulations, and design modifications that specifically address motorcycle safety, ultimately
leading to safer road environments for motorcyclists.

Evidence-Based Interventions: By providing detailed information about the causes and consequences
of motorcycle accidents, MAIDS supports the development and implementation of evidence-based
interventions aimed at reducing motorcycle accidents and improving rider protection.

In essence, the MAIDS database's tailored focus on motorcycle accidents, coupled with its in-depth
data collection and analysis, positions it as a highly suitable resource for understanding the
complexities of motorcycle accidents and formulating effective strategies to enhance motorcycle
safety. [8, 9],

2.1.5 Summary

The MAIDS, Hurt Report, CARE database, and GIDAS are all significant projects in the realm of road
safety research, each contributing valuable insights into different aspects of accident analysis and
prevention.

Table 2.1 Comparison of the PTW accident studies

data collection
on accident
circumstances,
contributing
factors, injury
mechanisms, and
rider behavior.

examination of
contributing
factors, rider
behavior, vehicle
dynamics,
injuries, and
recommendations

collection of
accident details,
vehicle and road
user information,
injury statistics,
and contributing
factors.

MAIDS Hurt Report CARE Database GIDAS
Focus In-depth Study of Compilation of In-depth
investigation of motorcycle road traffic investigation of
motorcycle accident causes accident data road traffic
accidents in and across European | accidents in
Europe. countermeasures | countries. Germany.
in the United
States.
Scope Comprehensive Detailed Comprehensive Comprehensive

data collection
on accident
circumstances,
vehicle dynamics,
injury
mechanisms, and




causation, injury
patterns, and

regulations, and
road design in the

for safety contributing
improvements. factors.
Contribution Provides detailed | Influential in Offers a holistic Offers detailed
insights into shaping view of road insights into
motorcycle motorcycle safety | safety trends, accident
accident policies, helmet aiding evidence- | causation, injury

based
policymaking and

patterns, and the
effectiveness of

pivotal resource
for
understanding
the complexities

their prevention,
with a focus on
the U.S.

potential United States. road safety safety measures.
preventive strategies.
measures.

Uniqueness Offers Pioneering efforts | Provides a Focuses on
motorcycle- in understanding | centralized and accidents in
specific data, motorcycle extensive dataset | Germany,
making it a accidents and for cross-country | allowing for

comparisons and
geographical
analyses.

analyses specific
to the country's
road conditions
and traffic

of motorcycle environment.

accidents.

In summary, these projects/databases contribute significantly to road safety research by offering
distinct perspectives on accident analysis and prevention. MAIDS and GIDAS provide specialized
insights into motorcycle and general accidents, respectively, while the Hurt Report shaped motorcycle
safety in the U.S. The CARE database offers a European-wide view of accidents, aiding policymaking,
and the implementation of road safety measures. Each of these efforts plays a vital role in advancing
road safety practices and reducing accidents, injuries, and fatalities on the road.

2.2 MAIDS analysis

Particularly MAIDS database was selected to analyze because it provides the highest number of
parameters (discussed further) for every accident case, by design is tailored-made for the motorcycle
cases (PPE utilization by rider, strong emphasis on rides mass, etc.), last but not least this database
was the most convenient for the author as the owner (ACEM) was a partner in the MOTORIST research
project in which the author of this thesis was also involved.

MAIDS (Motorcycle Accidents In Depth Study) can be described as an exhaustive in-depth database,
which contains PTW accident data from Europe. Using the support of the European Commission,
ACEM with a group of 9 partners started the process of MAIDS creation in 1999. It was built using the
OECD common research methodology. Data was collected during 3 years from 5 EU countries, and
921 PTW accidents have been investigated. A questionnaire used to describe the accidents contains
2000 variables. Accident patterns were identified for 5 particular EU countries (France, Germany,
Netherlands, Spain and Italy).

One of the key objectives of the study is to investigate injury mechanisms involved in motorcycle
accidents and assess the severity of injuries sustained by riders and passengers. It evaluates the
effectiveness of existing motorcycle safety measures, such as protective gear, helmets, anti-lock
braking systems (ABS), and other active and passive safety technologies. The MAIDS study has
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revealed that human factors, such as inadequate training, speeding, and failure to perceive hazards,
play a significant role in motorcycle accidents. Motorcyclists' vulnerability on the road due to their
smaller size and visibility also contributes to a considerable number of collisions with other vehicles.
Intersection accidents have been identified as a common occurrence, emphasizing the need for
improved intersection design and awareness among road users. Findings from the study highlight the
effectiveness of helmets in reducing the risk of severe head injuries and fatalities in motorcycle
accidents. Additionally, speeding and alcohol consumption are major risk factors that lead to higher
chances of severe injuries and fatalities. The study emphasizes the importance of properly worn
protective gear, such as helmets, jackets, gloves, and boots, in significantly reducing the risk of injury
during accidents. Overall, the MAIDS study has played a crucial role in enhancing our understanding
of motorcycle accidents, offering valuable insights that inform the development of new safety
measures, improved road infrastructure, and increased awareness among motorcyclists and other
road users. By promoting evidence-based policies and interventions, the MAIDS study aims to make
motorcycling safer and reduce the number of motorcycle accidents worldwide.

The MAIDS-generated database has been re-evaluated by the author to obtain the input parameters
for the most common impact scenarios. These parameters are the crash configuration, and the impact
speed, all with respect to the legal category (L1 or L3) and motorcycle style (body geometry).
Additionally, the human factor as rider age and statue was evaluated with respect to the frequency of
the PTW accidents.

AS5.1.1.3-Human factors, general infosl/ Background/ MC Rider/ Age A5.1.1.3-Human factors, general infos/ Background/ MC Rider/ Age
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It can be found from the conducted analysis that:
. The mean value of the L1 riders’ age is lower than for the L3 riders.

. In the group of drivers under 20 years of age, there were more accidents among the L1
vehicles (56 % of the L1 accidents involved drivers < 20 years).

. The L3 vehicle share of accidents with drivers < 20 years of age was only 10 %.

The MAIDS database also contains information about the style of PTW which had an accident The
motorcycle style can show the initial position of a driver during an accident. Mechanical specifications
of each “style” influence the driver body kinematics as well. One of those mechanical specifications of
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the style is the location size and shape of the fuel tank. According to the evaluation of the MAIDS data,
the scooter style express more than 38% of all L1 and L3 vehicles which had an accident.
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Figure 2.3 Motorcycle style frequency analysis. (author's work)

The analysis concentrated on the mass of PTWs involved in accidents, categorized according to legal
definitions within the database. By considering the vehicle's gross mass alongside the crash speed,
insights were gained into the kinetic energy that needed to be dissipated to safeguard the rider during
the accident. Within the entire vehicle population, those PTWs with a gross mass under 100 kg
accounted for approximately 42%. Specifically, in the L1 category (as depicted in Figure 2.4), the
majority of vehicles possessed a mass below 100 kg (about 91%). The mass distribution of L3 vehicles
was more diverse, revealing notable clusters around 125 kg and 200 kg (as depicted in Figure 2.5).
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Figure 2.4 L1 Vehicle gross mass. Figure 2.5 L3 Vehicle gross mass.
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Accident configuration and its probability are the most important information for future simulations
of accidents. Vital input for virtual simulations can be obtained using in-depth analysis of pre-crash

data.

A.2.9-Accident typology, classification/ Accident configuration
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Figure 2.6 Accident typology - configuration. (author's work)

The analysis undertaken (as depicted in Figure 2.6) reveals that PTW to OV impacts manifest in 43.2%
of all instances. Accidents devoid of interaction between PTW and OV arise in 16.6% of cases,
attributed to either the absence of an OV involvement or the adept evasion of collision by the PTW
operator. The configurations primed for simulation within the virtual realm encompass:

Motorcycle colliding with OV along a perpendicular trajectory — 1SO 413

OV colliding with a motorcycle along a perpendicular trajectory — I1SO 143

Motorcycle colliding with OV from the rear —1SO 711

Motorcycle colliding with the side of OV (at approximately +/- 45 degrees from the PTW's side
axis) — 1SO 412, ISO 414

OV colliding with the motorcycle via the bumper edge (at 45-60 degrees from the PTW's side
axis) —1S0O 226, 1SO 242, 1SO 243

The analysis of motorcycle crash speed (as illustrated in Figure 2.7 and Figure 2.8) necessitates a
contextual examination of the legal classification of vehicles, given the divergent mechanical
attributes exhibited by PTWs within each category.
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The analysis established the fulfillment of a one-sigma confidence level regarding PTW crash speed as
a prerequisite for numerical simulations. Adhering to this criterion mandates the simulation of PTW
accidents at the ensuing velocities:

e L1:(32+11) km/h => 21 km/h, 32 km/h, 43 km/h
e 13:(53+18) km/h=>35km/h, 53 km/h, 71 km/h

These assumptions are formulated, taking into account the distribution of accident speeds, which
exhibit proximity to a Gaussian distribution. Furthermore, simulations of PTWSs across all categories
should include a stationary position (0 km/h).

3 Human Surrogate

Biomechanics of injury applies mechanical principles to analyze human injury and response. The field's
key objectives include quantifying tissue reactions, identifying injury mechanisms, and gauging
tolerance to irreversible tissue damage. Enhanced comprehension of injury mechanisms and their
associated thresholds empowers engineers in devising effective trauma prevention measures. Five
distinct agents, each with inherent strengths and limitations, are commonly utilized in research and
development endeavors: cadavers, volunteers, anthropometric testing devices (ATDs), animals, and
computer models [10]. Ethical considerations play a pivotal role in both volunteer and animal testing
within the context of passive safety research. Striking the balance between advancing our
understanding of safety measures and ensuring the well-being of individuals, be they human
volunteers or animals, is a moral imperative. Consequently, rigorous ethical protocols and safeguards
must be in place to safeguard the dignity, rights, and safety of all participants [11], whether human or
animal [12], in these crucial studies.
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Biological reliability pertains to a surrogate's capacity to emulate human behavior under similar
loading conditions. This assessment involves engineering measurements encompassing kinetic
elements such as force, moment, displacement, and acceleration. In light of modern high-speed
transportation, surrogate studies have been pivotal in understanding the impacts of vehicle and
aircraft collisions. This chapter evaluates the respective merits of these substitutes, acknowledging
their indispensability while recognizing that each alone is insufficient to comprehensively enhance our
grasp of injury mechanisms and tolerances.

3.1 State of the Art

3.1.1 Anthropometric Testing Devices

Across the globe, highway safety agencies rely on crashworthiness tests, involving the controlled
collision of automobiles into barriers to assess damage and gather performance data. These tests
utilize specialized crash test dummies, technically referred to as ATDs, designed to replicate human
body appearance and response. These dummies are equipped with advanced instrumentation that
records data like acceleration, speed, impact deceleration, impact force, and the nuanced movements
and distortions of their limbs and torsos. Safety engineers analyses this data, comparing it to human
biomechanical behavior and potential injuries. Despite its widespread use, the experimental crash test
method has notable drawbacks. It often results in partial or complete vehicle damage, depending on
the test goals. While one of the expectations from the dummies is that they must allow the user to be
reused multiple times (with a reasonable level of repetitiveness). That’s why achieving a level of
response matching the complexities of human bodies with the robustness and endurance of
mechanical systems remains an ongoing refinement process.

In 1949, the Sierra Sam (Figure 3.1) dummy was developed by Sierra Engineering Co. under a contract
with the United States Air Force for evaluating aircraft ejection seats (depicted in Figure 3.2) on rocket
sled tests. It later found application as a lap shoulder harness test device. Despite being durable and
serviceable, Sierra Sam had poor repeatability, and its biofidellity was limited to human-like exterior
shape, body weight, and ranges of motion of articulated limb joints. Its mechanical lumbar spine and
neck design bore little resemblance to its human counterparts, but at the time, it represented state-
of-the-art technology. Sierra Engineering became the first company to manufacture anthropometric
testing devices.
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Figure 3.2 Sierra Sam Figure 3.4 Sierra Susie
application — parachute [14]. (bald head) [16].

Figure 3.1 Sierra Sam [13]. Figure 3.3 VIP Series [15]. Figure 3.5 Sierra
Toddler [17].

In 1952 Sam Alderson developed the Mark 1 dummy in his freshly established Alderson Research
Laboratories. It was a 95th percentile general-purpose dummy for use by the U.S. and European Air
Forces. Its segmentation was determined by making cuts through estimated joint centers on a life
subject, resulting in a full plaster cast. The dummy featured a two-piece cast aluminum skull with a
cranial cavity for housing accelerometers and pressure transducers. It had a neck with precision
investment cast semi-spherical ball-and-socket joints connected by a tensioned steel cable. The limbs
had precision torque adjustable joints, but the one-piece limb design made some articulations too
stiff. Though resembling its human counterpart in shape, size, and total weight, only a few prototypes
were made.

The year 1956 resulted in the new family of ATDs, when Alderson Research Laboratories (ARL)
introduced a modular series of general-purpose dummies (Models F, B & P) for various applications,
offering fuller motion capabilities than needed in ejection-seat testing. These modular dummies were
used in diverse programs, including automotive and aircraft testing with specialized modifications.
The dummies came in eight sizes, ranging from 3rd to 98th percentiles (Air Force Anthropometry-
AFA), with additional custom motion ranges supplied to meet specific test requirements. The models
utilized ball-and-socket joints for lumbar spine motion, but their capability for dynamic simulation was
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limited. This year can be considered as the beginning of the construction of dummies providing a
better description of the wider population (in this case related to the AFA). Four years later
cooperation between ARL and Grumman resulted in the development of the Gard dummy, the
application was similar: the testing phases of aircraft ejection seats with rocket catapults. The dummy
was integrated with sensors and telemetry instrumentation to ensure the correct center of gravity
and moment of inertia alignment. The Gard Dummy was designed to measure critical parameters of
ejection-seat performance, rotational stability, acceleration histories, and man-seat interface stresses.

In 1966, the Model VIP Series (Very Important People) was introduced, signifying a shift in dummy
development. Previous iterations of test dummies were primarily tailored to the needs of the aircraft
industry, serving the purpose of testing pilot escape systems. However, it became increasingly evident
that these dummies did not adequately meet the demands of the automotive sector (Figure 3.3).
Notably, they lacked a pelvic structure and the necessary spinal articulation, which undermined their
effectiveness in evaluating automotive restraint systems. This was particularly crucial for accurately
simulating events like jack-knifing and submarining during crashes. To address these limitations, a
collaborative effort involving Ford Motor Co. and General Motors Corp. was initiated. This program
aimed to create more sophisticated test dummies that closely mimicked human responses to crash
decelerations, generating more accurate and reliable data than previously available. Achieving a
comprehensive simulation of all relevant human characteristics for crash research necessitated a long-
term, evolutionary approach founded on two distinct objectives: immediate and long-term goals. The
immediate objectives encompassed replicating the motions observed in human subjects during crash
decelerations, ensuring the reproducibility of motion responses, and matching the impact response
of the human rib cage.

The years 1967 and 1968 were the years of competition between two manufacturers of dummies,
which wanted to apply their ATDs to the automotive safety market. Namely in 1967 it was Sierra Stan,
an adult male dummy representing the 50th percentile, was meticulously designed based on H.E.W.
(Health and Education Welfare) anthropometric data by Sierra Engineering Co. This dummy, akin to
the VIP50 model, was tailor-made to fulfill the rigorous demands of the automotive industry for testing
purposes. It was crafted in a semi-seated posture, allowing it to replicate both an upright stance and
a seated position ideal for automotive evaluations. The structural framework of Sierra Stan was
enveloped in a layer of vinyl skin and polyurethane foam flesh, facilitating easy access through zipper
closures. Noteworthy features included a chest design incorporating a potentiometer for measuring
force deflection, offering valuable insights into the impacts experienced. The shoulder structure was
characterized by a distinct linkage mechanism, utilizing telescoping rods that connected the shoulders
to the sternum via ball joint rod ends. To emulate lifelike motions, a "ball-and-socket" design was
applied to the neck and lumbar spine. The abdominal region incorporated a viscera sac, simulating the
behavior of the dummy's human counterpart during seat belt testing. Ample space was allocated in
the head, chest, and thighs to accommodate instrumentation needs. On the second side the VIP50
after a series of extensive tests based on comparison with a similarly upgraded Sierra Engineering
Dummy "Sierra Stan" and air force volunteers at the Holloman Air Force Base in New Mexico the VIP50
dummy was modified and became VIP-50A, "The first standard automotive crash test dummies. The
first production dummies were delivered to Ford Motor Co., General Motors, and the National Bureau
of Standards in Washington D.C. in early 1968.
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Figure 3.6 Sierra Susie and realistic Figure 3.7 "Sierra Dummy Family"[19].
wig [18].

The 1970s brought the focus of dummy manufacturers to the lack of female representation among
crash dummies. This resulted in the creation of VIPF5 and Sierra Susie. The VIP95 and VIPF5, both
developed in 1970, consist of an adult large male and a small female test dummy respectively. They
share similarities in terms of their relative scale factors compared to the VIP-50A Test Dummy. In
relation to key anthropometry and joint motion, they adhere to the 50th percentile standards
established by SAE J-963. Their joint load adjustability and instrumentation provisions align with the
requirements specified in NHTSA's standard 208. However, their level of biofidellity is limited primarily
to their humanlike external appearance. These dummies continue to be utilized by certain automobile
manufacturers for fitting lap shoulder harnesses. On the other hand, the Sierra Susie, developed in
the same year, is an adult female dummy representing the 5th percentile. Structurally, her interior
design resembles that of Sierra Stan. Despite her petite size with a weight of 104 |bs. and a seated
height of 30.9 inches, her torso area incorporates a design akin to that of Sierra Stan. Notably, Susie is
designed with meticulous attention to aesthetic appearance, even featuring a realistic wig (depicted
in Figure 3.6).

The next development phase of the vehicle safety assessment in the 1970s was the development of
child anthropomorphic testing devices aimed to simulate the responses of young passengers. Sierra
Sammy and Sierra Toddler, representing six and three-year-old children respectively, were designed
with the guidance of anthropometric data from the Institute of Transportation and Traffic Engineering,
University of California, Los Angeles. Although distinct in appearance, these dummies did not
accurately replicate weight distribution. The toddler dummy featured an articulated neck and lumbar
spine, a flexible rib cage, and a movable mandible. They were part of the broader "Sierra Dummy
Family," which included other adult dummies like Sam, Stan, Saul, Susie, and Sue (depicted in Figure
3.7)
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In 1971, General Motors integrated aspects of the VIP series and components from Sierra Engineering
into Hybrid |, resulting in enhanced biofidellity and improved result repeatability. Subsequently,
sponsored by NHTSA, the Hybrid Il series underwent further enhancements, debuting in 1973 as the
inaugural dummy to be formally included in the 49 CFR Part 572 standards for anthropomorphic test
devices [20].

The HYBRID Il (Part 572 Dummy), introduced in 1972, is an adult male dummy representing the 50th
percentile size as specified by Part 572 of the Code of Federal Regulations. It is designed for
compliance testing of vehicles equipped with passive restraints. The development of the HYBRID II
was based on the VIP-SO dummy initially created by Alderson Research and later refined by General
Motors for enhanced repeatability in lap/shoulder harness testing. While used for limited qualification
testing of air cushion restraint systems, the main attributes of the HYBRID Il include its commendable
repeatability, durability, and serviceability. However, its biofidellity is constrained to its humanlike
external appearance, body weight, and partial range of motion in specific articulated joints. Notably,
the measurements of its response are somewhat restricted, focusing solely on orthogonal linear head
and chest acceleration components as well as axial femoral shaft loads. Consequently, due to its
limitations in biofidellity and response measurements, the dummy's efficacy as a predictive surrogate
for injuries is confined. Nonetheless, the HYBRID Il serves as a benchmark for evaluating the
acceptability of repeatability and reproducibility in the responses of other dummies. In essence, the
Part 572 dummy embodies the forefront of dummy technology in the early 1970s.
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ATD [21].

The HYBRID Il (Part 571 Dummy), established in 1976, is an adult male dummy embodying the
specifications outlined by Part 571 of the Code of Federal Regulation for compliance testing of
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vehicles. Rooted in the ATD 502, a sophisticated test dummy developed by General Motors in 1973
under the auspices of the National Highway Traffic Safety Administration, the HYBRID Il boasts
advanced features. The ATD 502 incorporated a head with humanlike impact response qualities for
rigid-surface forehead impacts. Further innovations encompassed a curved lumbar spine to emulate
realistic automotive seating postures, and constant torque joints were integrated into the knee,
elbow, and shoulder joints to enhance consistency and minimize joint torque setup times. The
shoulder structure was redesigned to improve alignment with seat belts, addressing a concern with
the previous HYBRID Il (Part 572) model. The HYBRID Il retained these advancements while
introducing modifications to enhance the impact response biofidellity of the neck, chest, and knees.
Additionally, the dummy featured transducers for measuring various factors such as orthogonal linear
acceleration components of the head and chest, reactions between the head and neck, sternum
displacement relative to the thoracic spine, and axial femoral shaft loads (Figure 3.9, Table 3.1). The
fully instrumented HYBRID Il dummy surpasses the 50th percentile adult male median weight by
approximately 7.3 lbs. (3.3 kg) primarily due to the inclusion of fully equipped lower legs with ball joint
ankles. These enhancements prevent lower leg and ankle breakage during crash tests, particularly in
scenarios involving severe rearward displacements of vehicle floors or firewalls. Although the added
weight is offset by the augmented measurement capabilities, compensating for any potential
drawbacks, the increased capabilities of the HYBRID IIl underscore its significance in the realm of
safety testing.

Table 3.1 Measurement Capacity of Fully Instrumented Hybrid IlI

Measurement Data Channels

Head

Tri-axial acceleration 3
Angular acceleration 1
Facial Laceration

Neck

Axial load 1
Shear load 1
Bending moment 1
Chest

Tri-axial acceleration 3
Sternum acceleration 2
Deflection 1
Pelvis

Tri-axial acceleration 3
Anterior/superior iliac spine load 6
Upper Extremities

Lower arm bending moments 4
Lower extremities

Femur load 2
Femur/tibia translation 2
Tibia bending moments 4
Tibia axial load 2
Medial/lateral tibia plateau load 4
Lateral or fore/aft ankle bending moment and 4
shear load

Knee laceration

Total Data Channels 44
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As this work is concerned with the PTW's safety, a dummy designed or utilized for motorcycle accident
reconstruction should be mentioned. The Motorcycle Anthropometric Test Device (MATD) emerged
as a product of international collaboration during the 1990s. The efforts of ISO TC22/SC22/WG22
culminated in the establishment of a test protocol for assessing motorcycle-automobile collisions,
along with corresponding tool specifications for conducting these crash tests. Enshrined in part 3 of
the ISO 13232 document, the MATD dummy draws inspiration from the long-standing standard for
frontal impacts, the Hybrid-lll frontal impact dummy. However, ISO 13232 necessitated several
adaptations to render the dummy suitable for motorcycle crash scenarios.
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Figure 3.10 MATD improvements over the pedestrian Hybrid Il [23].
Key features of the MATD dummy include:

e A customized head compatible with motorcycle helmets (depicted in Figure 3.12),
o Afreshly devised neck affording versatile motorcycle positioning while maintaining an upright
head orientation (depicted in Figure 3.11-3.12),

e Incorporation of the Hybrid-Ill sit-stand pelvis for positioning on motorcycles (third image in
Figure 3.15),

e Dummy hands facilitating grasp around handlebars (Figure 3.10),

e Incorporation of frangible upper legs, lower legs, knees, and abdomen (first image in Figure
3.15),

e On-board dummy data acquisition system situated in an adapted spine box (Figure 3.15),
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e Expanded range of motion in upper and lower neck to accommodate riding posture,
e Integration of a torsional module at the upper neck to achieve biofidelic neck twist response
(Figure 3.14),

of particular significance are the last two points. The dummy's neck has been subjected to thorough
scrutiny to explore the potential compatibility of airbag systems with motorcycles. As inflatable
restraint systems have gained prominence in automobiles, a new category of accidents, referred to as
"out-of-position," has emerged. The feasibility of extending airbag protection to motorcyclists in crash
scenarios must be balanced against challenges similar to those faced by "out-of-position" situations
in cars.

i
4

MNormal Slider Fully Forward
Figure 3.11 MATD neck forward sliding Figure 3.12 MATD head with the neck
capabilities [24]. - frontal view [25].

BL Incloed Qldlﬂg 5" Upright Riding O Test Angle
Figure 3.13 MATD neck inclining capabilities Figure 3.14 MATD head with the neck
[24]. - side view [25].

Given the absence of seat belts and predefined seating arrangements for motorcyclists, the likelihood
of riders assuming out-of-position postures during crashes is substantial. Coupled with the presence
of helmets, this could heighten the risk of neck injuries for motorcyclists. Endeavors to enhance the
biofidellity and efficacy of the MATD neck have primarily relied on the standard Hybrid Il neck
platform 641. However, it has been recognized that further advancements in the MATD neck would
necessitate a more revolutionary approach, potentially entailing the introduction of an entirely new
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neck design. This article delineates the conception and performance of such a ground-breaking
prototype neck for the MATD [26].

Figure 3.15. Photography of the inside structure of MATD [27].

For more than 20 years the development of the physical motorcyclist ATD has been stopped. However,
in 2022 Autoliv proposed a new PTW crash dummy [28] whose main part is based on the Hybrid IlI
50t percentile ATD with pedestrian-type pelvis (allows to change the position from siting to standing).
The new dummy head and neck are adapted from the WorldSID with an additional tilt mechanism
(Figure 3.16). Since then the dummy has been validated only versus the impact of the motorcycle with
the speed of 50 km/h versus the side of the car driving 20km/h with the assessment of the peak head
acceleration and HICys criteria.

e Wl SID head _—

—__ WorkdSID nack with
New upper and lower neck tilt buffer at the top

bracket [New part)

New upper lumbar bracket N
{New part)

-

Figure 3.16. Autoliv PTW dummy Version 1.0.

The European Side Impact Dummy, known as Euro-SID, and its latest iterations - ES-2 and ES-2re
dummies, serve as integral components in both regulatory and consumer test procedures aimed at
evaluating injuries resulting from side impact collisions. These dummies are designed to represent the
anthropometric characteristics of an average-sized (50th percentile) adult male occupant. The
finalized design of the ES-2 (depicted in Figure 3.17) dummy gained official acceptance within Europe
for utilization in the EuroNCAP and ECE R95 testing protocols during 2003 and 2004, respectively.
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Subsequently, in 2006, the US regulatory body NHTSA sanctioned the ES-2re variant (an ES-2 version
with a modified rib structure) for use in American occupant safety test protocols such as FMVSS 214
and eventually USNCAPMY 2011. This widespread approval led to the global replacement of its
forerunners, namely the EUROSID-1 and US-SID dummies. [29, 30].

Figure 3.17 ES-2 dummy [31]. Figure 3.18 WorldSID dummy [31].

In September 2007, the Federal Motor Vehicle Safety Standard (FMVSS) No. 214, focusing on "Side
Impact Protection," underwent significant enhancements. These upgrades encompassed the
integration of an updated anthropometric test device (ATD) - the ES-2re, representing a 50th
percentile male, and the inclusion of a 5th percentile female dummy (SID-lIs) within the testing
procedures. Additionally, FMVSS No. 214 underwent modifications to introduce a new testing scenario
- the oblique pole impact. In the final rule, the National Highway Traffic Safety Administration (NHTSA)
expressed its intention to assess the potential inclusion of the WorldSID dummies into the standard.
Subsequently, in 2011, the NHTSA's New Car Assessment Program (NCAP) test protocols were updated
to encompass these novel dummies and to integrate the oblique pole impact evaluation.

The development and design of the WorldSID 50th percentile male dummy (WSID-50M - Figure 3.18)
commenced in June 1997, under the auspices of the International Organization for Standardization
(1S0), specifically within the working group on anthropomorphic test devices (TC22/SC12/WGS5). The
WSID-50M was conceived to replace the prevailing ATD employed for assessing vehicles in side impact
testing. Its primary objective was to establish harmonization across various countries by introducing
a standardized 50th percentile male dummy for side impact evaluations. Crafted to serve as a
universally acknowledged model for side impact evaluations, the WorldSID dummy at the 50th
percentile embodies a commitment to robust biofidellity and comprehensive injury tracking
capabilities [32].

In 1985 J. Melvin in his paper on the ESV conference [33] summarized the research contract which has
been established between the NHTSA and the Highway Safety Research Institute at the University of
Michigan. The main idea behind this contract was to develop a new advanced ATD. Finally, after 35
years in 2020, EuroNCAP proposed the 50% Male THOR Dummy in some of their tests for Safety
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Ratings. The main advantages of the THOR over the Hlll lie not only in biofidelic kinematics but also in
the overall improvement of dynamic response, which is closer to the experimental corridors (depicted
on the left part of Figure 3.19). The main biofidelic improvements are:

. Neck that bends, twists, and stretches for realistic head motion,
. Torso with anatomically correct ribcage and shoulder,

. Flexible spine to allow proper upper body motion,

o Abdomen and pelvis that mimic human seat belt interaction,

. Legs that respond to the impact of the dashboard and pedal.

Body Region | THOR-50M | H3-50M

Thorax

Abdomen

Knee/Thigh/Hip Good
Lower Extremity Good
Whole-body Good

Figure 3.19 Biofidellity comparison of particular body parts between Hybrid Ill 50th
percentile male and THOR 50th percentile male [34].

Figure 3.20 THOR-50M with exposed biofidelic ribcage [35].

The design objective of the Humanities BioRID-Il was to facilitate the advancement of superior head
and neck safeguarding mechanisms in the context of rear impact collisions. Preceding iterations of
anthropomorphic test dummies had underscored a conspicuous deficiency in replicating biological
authenticity. Consequently, the BioRID was meticulously engineered to showcase a biomechanical
veracity that aligns with the inherent neck kinetics ensuing from the forces associated with rear
impact-induced whiplash. The validation of the BioRID-II entails meticulous comparisons against low-
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velocity volunteer data. This anatomical test device was a collaborative endeavor involving Chalmers
University and Denton ATD [36].

Figure 3.21 Side view of BioRID-Il with the state-of-the-art neck for the rear impact

scenarios purposes [36].

Properties of the BioRID-II body parts [37]:

Head: The BioRID-II incorporates modifications from the Hybrid Ill model, resulting in a
refined configuration that ensures clearance of the cervical vertebrae. This adaptation
facilitates the precise placement of a leveling tool for mounting.

Neck, Thorax, and Abdomen: The salient innovation of the BioRID-Il resides in its vertebral
column, a comprehensive assembly encompassing 24 distinct vertebrae, comprising
seven cervical, 12 thoracic, and five lumbar segments. This intricate architecture is
meticulously emulated using a combination of washers, urethane bumpers, and springs
that emulate muscular responses. Within a silicone sheath, the vertebral column features
pin linkages to the vertebrae and includes a water-filled bladder in the abdominal region,
thus achieving a remarkably authentic physiological representation.

Pelvis: The fusion between the spine assembly and the adapted Hybrid lIl pelvis is realized
through the Sacrum-to-L5 Interface Plate. This amalgamation incorporates a modified
pelvic structure featuring a lower cut iliac and an expanded leg opening to ensure an
anatomically faithful integration.
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o Legs and Arms: The extremities of the dummy remain consistent with the standard Hybrid
[Il 50th model, with the option of integrating a spectrum of available sensors tailored to
these appendages.

3.1.2 Post Mortem Human Surrogates

The Post Mortem Human Surrogate (PMHS) application often raises the hands of ethical committee
members. However, if utilized properly (according to the law, with the handling not detached from
respect to the donor) they became an irreplaceable source of valuable data. The appearance of PMHS
in biomechanics evolved from the medical autopsies of corpses.

The most common usages of Post Mortem Human Surrogates (PMHS), often also called Cadavers, in
the field of biomechanical research, firstly lie in the validation of the response for other artificial
surrogates, secondly, their particular body parts can be investigated (for example brain) for the
development of injury criteria (IC). The first application allows the parts of the ATD to have the physical
response as the biological tissues. An example could be the response of the HIll neck in the frontal
crash, where the kinematics of the ATD head must be in the prescribed corridor. This corridor came
from the range of the tests with PMHS in prescribed conditions and expressed the behavior of the
spine-neck-head system for the population. These full-body biomechanical experiments are
conducted by very few laboratories in the world (for example by the Centre of Applied Biomechanics
at the University of Virginia, Wayne State University). The property of the ATD which expresses the
goodness of fit of a particular response to the corridor is called biofidellity. The Sled-test in which the
kinematical response for the head and the T1 vertebrae is depicted in Figure 3.22. With the set of tests
in the same setup but with different stature and corridor of responses can be acquired (as shown in
Figure 3.23). The second application is connected with the development of the criteria for tissue injury.
Those criteria are made by the biomechanical research teams to correlate the physical values such as
force, acceleration, velocity, and deformation with the injury of a particular organ or body part. Above
mentioned correlation allows to implementation of the criteria in different typed of surrogates (ATDs,
HBMs, freefall head forms).

100 ms

Figure 3.22. The sled test with the PMHS [38].



27

Figure 3.23. Head and T1 X-dir. Displacement (frontal) from the obtained from the PMHS
experimental study [38].

There are no known studies that applied the PMHS as a motorcycle driver for full-scale crash tests or
similar sled-like tests. However, for the sake of the motorcycle accidents analysis improvement, the
C.R. Brass team re-evaluated the one of neck injury criteria used in the standard ISO 13232 (related to
the motorcycle mounted protective devices) by using 36 head-neck PMHS system with attached mass,
which was acting as a helmet dummy [39].

It should be noted that the PMHS application does not only come with advantages. Firstly the
acquisition of desirable surrogates is often problematic. Even the well-established laboratories with
the know-how in this field and with the agreements, signed with hospitals, are limited to the
anthropometries’ and the age of the donor bodies. Secondly, the handling of the cadavers is
problematic due to the need to keep them cold before the planned test. The body of the donor must
be thawed and re-articulated in the joints before the test. Thirdly the cadavers represent only the
response of the dead/unconscious body. There is no active muscle response [10].

3.1.3 Volunteers

From the tissue response and anthropometry point of view, the volunteers are perfect surrogates for
biomechanical research. Basically in this situation, the human being is surrogated by itself, and the
kinematic, kinetic, and dynamical behavior of the test subject is the same (without the view on the
differences in anthropometry and other body parameters that differentiate one person from another)
as the occupant of the vehicle or different user of the transportation system (pedestrian, motorcycle
driver, etc.). As stated by J. R. Crandall [10] volunteer testing has one main disadvantage — it needs to
be planned with a high margin of safety coefficient related to the volunteer loading. Directly speaking,
no volunteer testing is allowed beyond the well-defined limit for the human capabilities of bearing the
load (the volunteer cannot be injured during the test). One of the most severe volunteer tests were
conducted in the 70’s by the Naval Biodynamic Laboratory (NBDL) with a group of male participants
at a young age. The purpose of the tests was to assess the head and neck (T1 vertebrae) motion. The
NBDL tests [40] are depicted in Figure 3.24 on the left side along with the numerical model which
utilized the results to achieve the outer biofidellity (right) [41].
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156 g frontal impact

Figure 3.24. The high-speed volunteer tests done in Naval Biodynamic

Laboratory (NBDL) [40, 41].

Above mentioned limit of the volunteer testing was not well established in the early days of the
occupant safety research. Partially because the human injury limits haven’t been yet known. The best-
known volunteer testing experiments are the rocket sled-tests done by John Stapp, It should be noted
that Col. Stapp wasn’t the only volunteer in those tests (there was a group of 11 volunteers), and
nonetheless before each volunteer, he was testing himself on the planned setup. The fastest
experiment on the rocket sled conducted and participated by him set a record of the ground speed of
the man (1017 km/h in six seconds) and gave him the title of “Fastest Man on Earth.” Intentionally or
not, the deceleration (from 1017 km/h to 0 in 2 seconds) of the test made him black out, but after the
examination by the doctors, it appeared that he did not suffer major injuries [42]. The six phases of
the Stapp rocked-sled test can be seen in Figure 3.25. (phase 1 to 3 was the acceleration with the 12
g and the phase 4-6 was the deceleration with 22g) [43].
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Figure 3.25. Col. Stapp during the sled test [43].

3.1.4 Human Body Models

Human body models (HBM) or numerical models of the human body are idealized by particular
numerical approaches (lumped-mass, multi-body system, finite element method) representations of
an entire human body or its parts. By utilizing one of the above-mentioned formulations the equation
of motion could be solved to gain the model behavior under prescribed loading. The increasing
complexity of formulation brings not only a more detailed description of the problem but also comes
with a higher computational cost and a bigger burden on obtaining the model parameters, also
detailed models are often expecting wider validation of response. Where the one- or two-
dimensional lumped-mass models, in which the system is built from a couple of rigid parts described
by its mass/inertia, and are coupled by the springs with prescribed stiffness (often without their own
mass) expect the user just to provide as a input this small number of parameters (topology of
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connection, masses of parts, stiffness of springs) and the excitation description (acceleration, force,
deflection), the full 3 dimensional models of entire human body (FEM) are often described by the
hundreds if not thousands constitutive materials describing each modelled body part. The modeling
approach should be used concerning the problem that the engineer/researcher wants to solve. As was
shown by the early research of R. Willinger even the simple lumped-mass models (depicted in Figure
3.26) could be efficiently used for predicting the resonances oh the head-brain system [44, 45].

c2
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Figure 3.26. One dimensional (1D) Lumped-mass model of the head (where the distribution
of head mass is as follows m1 = 10%, m2 = 35%, m3 = 55%) [44].

PR
| g === 1 \'\
| s\
\ \
o <
o —%f
Figure 3.27. A two-dimensional (2D) Figure 3.28. The 3-dimensional (3D) model for
multi-body system model referred as frontal collisions with the multi-body system
Crash Victim Simulation (CVS) [46]. model of the driver [47].

One of the first two-dimensional (2D) multi-body system model with 7 degrees of freedom was
developed on the 60 by R.R. McHenry to assess the correlation of the restrained human body model
with the experiment [48, 46].
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3.1.41 HUMOS, HUMOS2

Presently, automotive engineers rely on anthropometric crash dummies, which exhibit notable
constraints in terms of biofidellity and the scope of their application (frontal, lateral, and side impacts).
As a result, these dummies exhibit significant deficiencies that prevent them from replicating real-
world crash scenarios with accuracy, displaying biofidelic behavior only within a limited application
range. With the advancement of computational capabilities, engineers have embraced simulation
techniques as an integral part of their prototype design process. This integration extends to numerical
dummy models, which are now seamlessly incorporated into crash simulation procedures.
Nonetheless, these numerical models inherit the shortcomings of their physical counterparts, such as
limitations in biofidellity.

The subsequent phase of simulation naturally involves the development of occupant models that
more faithfully represent the complexities of the human body. This advancement holds the promise
of enhanced insights and predictive capabilities concerning injury risks, benefiting both vehicle
occupants and pedestrians alike. Crafting such a model necessitates a profound understanding of
human body geometry, material properties, and an extensive experimental dataset for validation
purposes. While some relevant data exists in the literature, its utility is constrained by experimental
heterogeneity. The HUMOS project seeks to gather and complement existing data, overcoming this
limitation [49].

The project's primary goals encompass three key facets:

e Formulating human body models and tools optimized for application within design offices,
thereby augmenting the safety dimensions of road transportation. This analytical capacity is
also poised to mitigate the environmental costs of accidents. Notably, other transportation
sectors (aviation, railways) and design considerations like ergonomics and comfort, not
exclusively linked to safety, could likewise gain from the outcomes of the HUMOS project.

e Embedding human variability aspects (including geometry, behavior, and tolerance) within
the design cycle, thereby achieving a holistic approach.

e Serving as a collaborative initiative on a European scale, addressing shared concerns
(production, prevention, regulation) of the European community by providing a reliable
mathematical tool that could replace the reliance on Post Mortem Human Subjects (PMHS)
and Anthropomorphic Test Devices (ATDs) [50].

Figure 3.29 The mesh of the upper body of HUMOS (sagittal plane section).
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The HUMOS?2 project, funded by the European Commission (EC), aimed to develop Finite Element (FE)
human models that encompass a broad spectrum of the European population. These models are
intended to accurately predict injury risks for individuals involved in road accidents. In a previous
iteration, the HUMOS project introduced the HUMOS model, representing a male in a driving position
close to the 50th percentile.

Firstly, the HUMOS2 project has devised methods for personalizing numerical human models,
encompassing anthropometry, geometry, and positioning. This includes a scaling tool that can
generate individualized models from the original one using mesh control points and statistical
relationships derived from external and internal dimensions. These relationships were established
through geometric data collected from standing and sitting human volunteers, employing a low-dose
bi-plane X-ray system, as well as directly measured data from isolated bone parts. Additionally, a
positioning tool has been created, based on a set of reference postures ranging from seated car
occupants and out-of-position (OOP) scenarios to pedestrian postures. This tool allows for model
adjustments and testing across various sitting and standing poses.

Secondly, the consortium under the HUMOS2 has conducted experimental studies on human
volunteers to determine the influence of muscular tension on body response to moderate impacts.
This effort has led to the establishment of a comprehensive biomechanical test database, tailored for
model validation. The database incorporates new biomaterial laws for ligaments and skeletal muscles,
along with existing cadaver test results from previous EC projects and Heidelberg University [51].

Figure 3.30 HUMOS2 model showing the leg positioning capabilities [51].

The HUMOS in its second version: HUMOS2, was used by S. Peldschus [52] in the APROSYS project for
the development of a test standard for the impacts of powered two-wheelers on roadside barriers. It
was possible as his validation of the PAM-Crash implementation of the HUMOS2 model has
encompassed lateral thorax loading, as evidenced by Merten in 2006. Furthermore, the model's
capabilities extend to portraying injury mechanisms resulting from motorcyclists' collisions with
roadside barriers, as demonstrated by S. Peldschus and E. Schuller in 2006. The results of this research
are depicted in Figure 3.31 and were summarized by the authors: “The deflections of the affected part
of the thorax were assessed in this simulation using the approach described in [53]. The highest
deflections at 50% of the thorax's half circumference at the height of ribs 4 and 8 were 51mm and
48mm, respectively. These findings point to the possibility of serious thoracic injuries as a result of
lateral stress in such an incident.”
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Figure 3.31 Virtual barrier test with HUMOS2 model.

In 2010 the HUMOS car driver model was used by L. Thelon, [54] to evaluate the thoracic airbag for
motorcyclists as depicted in Figure 3.32. In his research two configurations were evaluated: lower
sternum impact and upper sternum impact, with and without the analyzed airbag concept. The
impactor has the shape of an 80mm solid cylinder with 12 kg of mass. Lower sternum impacts were
conducted with the impactor perpendicular to the body part with three impact speeds: 3.33, 4.33,
and 5.33 m/s. In the upper sternum configuration, the impactor was set parallel to the body (similar
to the orientation of the hypothetic straight handlebar), with impact speeds: of 2.78, 5.56, 8.33, and
11.11 m/s. The scenarios were evaluated in terms of the chest compression criterion and transcoded
to the AIS by the following expression:

AIS = —3.78+19.56 * C, (3.1)

where: AlS is the thoracic injury in the AlS scale (discussed in chapter 3.2.1.1), and Cis the compression
of the chest in %.
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Figure 3.32. The stress in the HUMOS ribs for configuration with airbag and without.[54]

The research paper summarized the main outcome of the research: “The benefits of using of an airbag
jacket as a new protection system were also assessed, as it could significantly reduce the sternum
deflection and the injury gravity (from AIS = 5 without airbag to AIS = 2 with the airbag jacket).”[54]

3.1.42 THUMS

THUMS (Total HUman Model for Safety) is an advanced crash test human body FE model developed
by Toyota Motor Corporation (TMC). In its most stable 4.0 version, this male dummy builds upon the
previous generation, which introduced bone-like structures and a brain model, by incorporating
detailed models of internal organs. This enhancement is particularly significant due to real-world
instances where seat belts and airbags failed to prevent internal organs from retaining inertia during
car crashes, resulting in hemorrhages. Toyota's THUMS 4 enables researchers and engineers to assess
the extent of damage to torso regions and internal organs in collisions, providing valuable insights into
crash safety and improving safety measures. Whereas version 5 offers the muscle-tendon complexes
which were modeled by truss elements with Hill-type muscle material and seat belt elements with
tension-only material [55]. The development process of the model is depicted in Figure 3.33. Itis worth
mentioning that since 2020 the THUMS model has been released as free software accessible for
anyone who wants to use it for safety improvement purposes. The newest version offers both:
detailed FE models of the organs with the active muscles (Table 3.2).
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Figure 3.33 THUMS development timeline [56].

Table 3.2 THUMS versions improvements [56].

PROGRESS

Toyota begins developing THUMS
together with Toyota Central R&D Labs, Inc.

Version 1 released
Version 2 released
Version 3 released

Version 4 released
A variety of different physiques added to Version
4

Version 5 released

Child models added to Version 4

Version 6 released

Free access will be offered

DETAILS

Detailed modeling of bones added
Detailed modeling of faces added
Detailed modeling of the brain added

Detailed modeling of internal organs
added

Small female, and large male models
added

Modeling of all body muscles added

Child models aged 3, 6, and 10 years
old added

Modeling of muscles added to
modeling of internal organs

Current release

35



36

The application of the THUMS is not limited to automotive safety. In 2016 W. Wang [57] utilized
THUMS 50 percentile model as a surrogate for the train driver which allow him to assess the loading
of the driver's chest during an event (Figure 3.34-3.35). The detailed FE HBM in this case allowed not
only to evaluate the safety by the injury criteria means but also by direct assessment of the organ
deformation (for example chest strain).

Figure 3.34 THUMS vs HIll numerical model Figure 3.35 Chest assessment during
[57]. rail event [57].

3.143 GHBMC

Established in April 2006, the Global Human Body Models Consortium (GHBMC) emerged with the
overarching goal of amalgamating global research and developmental endeavors in human body
modeling, unifying these initiatives into a cohesive international endeavor aimed at propelling the
advancement of crash safety technology. The primary mission of the GHBMC revolves around the
creation and maintenance of Finite Element human body models of exceptional fidelity, expressly
tailored for employment in automotive crash simulations.

Membership within the GHBMC currently encompasses prominent entities such as General Motors
Holdings LLC, Honda R&D Co., Hyundai Motor Co., Nissan Motor Corp. Ltd., Renault S.A., and Stellantis
N.V. The National Highway Traffic Safety Administration (NHTSA) holds the position of Sponsor, while
Autoliv Inc., Ford Motor Co., and Faurecia SE serve as Participants, contributing substantively to the
technical evolution of the consortium's initiatives.

Distinguished by its endeavors, the GHBMC has successfully conceived a comprehensive suite of
virtual human models, spanning male and female seated occupants of diverse statures, as well as
pedestrians, encompassing even a representation of a six-year-old child. The meticulously designed
models and Computer-Aided Design (CAD) constructs developed by the GHBMC are available for
licensing purposes. Furthermore, an academic license, provided at no cost, is extended to qualified
academic institutions, facilitating broader dissemination and exploration of the consortium's
contributions [58].
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Figure 3.36 The GHBMC base model (left - organs, middle - muscles and skeletal system,
right - soft organs and skeleton).

3.1.5 Summary

Surrogates for the human body encompass a range of tools and methodologies used in biomechanical
research to simulate human responses in various scenarios. These surrogates play a crucial role in
assessing injury risks, evaluating safety measures, and advancing our understanding of human
biomechanics. They include numerical human body models, anthropometric testing devices, volunteer
testing, and cadaver testing.

Human Body Models (HBM):

Numerical human body models are computer simulations that replicate the anatomical structure and
biomechanical behavior of the human body. These models use computational methods, such as finite
element analysis, to predict how tissues, bones, and organs respond to mechanical forces in different
situations, like crashes. NHBMs provide insights into injury mechanisms, allow virtual testing of safety
systems, and offer cost-effective ways to study a wide range of scenarios.

Anthropometric Testing Devices (ATDs):

ATDs, commonly known as crash test dummies, are physical replicas of the human body used to
simulate the response of a human in vehicle crashes. These devices are designed with various sensors
to measure forces, accelerations, and deformations during impacts. ATDs provide valuable data for
evaluating the effectiveness of safety features like seat belts, airbags, and restraint systems. They
come in different sizes and types to represent diverse demographics, such as adults, children, and
pedestrians.

Volunteer Testing:

Volunteer testing involves using human volunteers to participate in controlled experiments that
replicate real-world scenarios. This approach allows researchers to collect data on human responses
to impacts, falls, and other mechanical forces. While volunteer testing provides valuable data on
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human behavior and tolerances, it's limited in terms of ethical considerations, sample size, and the
range of impact severities that can be tested.

Cadaver Testing:

Cadaver testing involves using post-mortem human bodies to study biomechanical responses under
controlled conditions. This method helps researchers understand injury mechanisms, assess injury
thresholds, and develop safety measures. Cadaver tests provide insights into the actual physical
behavior of human tissues, bones, and organs during impacts. However, ethical concerns, specimen
availability, and limitations in reproducing living conditions are challenges associated with cadaver
testing.

These surrogate methods collectively contribute to a comprehensive understanding of human
biomechanics, injury patterns, and the effectiveness of safety interventions. While each approach has
its advantages and limitations, combining data from numerical models, ATDs, volunteer testing, and
cadaver tests helps researchers refine safety measures, design more effective vehicles, and develop
strategies to mitigate injuries in various scenarios.

Table 3.3 Important properties of human surrogates in injury biomechanics [10].

ATD Models Human Cadavers

(HBM'’s) volunteers
Human anthropometry Yes Yes Yes Yes
Human anatomy Partial Yes Yes Yes
Physiologic response No Potential Yes No
Testing to injurious Levels | Yes Yes No Yes
Direct Observation of No Potential No Yes
Injury

3.2 Injury metrics

The injury metrics are the quantitative tools to describe the injury of the human body. These tools are
designed ad evaluated to be useful for the comparison of the injury between different crash cases.
This feature allows accident statisticians to use them in the accident databases, which gives them a
way to see the bigger picture of road safety. An example could be the assessment of the helmet
enforcement policy introduction: the statistician checks the database cases before and after the date
of policy introduction for the head injury metrics; if the number of cases with the head injury dropped
it means the policy has some effect on the road safety. The injury metrics could be divided into two
types: injury scales and injury criteria, one is used to code the injury of the crash participants in a
numerical way, whereas the second correlate the dynamical parameters of the accident with the injury
of the part of the road user body.
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3.2.1 Injury scales

Injury scales are standardized systems used to assess and classify the severity of injuries sustained by
individuals in various types of accidents, such as vehicle crashes, falls, and other traumatic events.
These scales provide a consistent and objective way to quantify and communicate the extent of
injuries.

3.2.11 AIS

One of the most used anatomic scales for traumatic injuries is the AIS. The Society for the
Advancement of Automotive Medicine developed the Abbreviated Injury Scale (AIS) to define and
explain the severity of injuries. It depicts the injury's threat to life rather than a full assessment of the
severity of the damage. The scale was initially published in 1969, with substantial modifications in
1976, 1980, 1985, 1990, 1998, 2005, 2008, and 2015. The score codes three characteristics (type,
location, and severity) of the injury using seven numbers inscribed as 12(34) (56).7. The meaning of
the number is as follows ( 1- body region, 2- type of anatomical structure, 3,4- specific anatomical
structure, 5,6- level, 7- severity code (depicted on Figure 3.37)) [59].

AlS Code  Description
Minor

Moderate

Serious

Severe

Critical

Maximal
(currently
untreatable)

o kWM =

Figure 3.37. The general format of AIS severity coding [59].

Easily it can by defined by one phrase: “The AIS is an anatomically-based, consensus-derived, global
severity scoring system that classifies each injury by body region according to its relative importance
on a 6- 6-point ordinal scale.” [59] [60].

3.2.1.2 ISS

A different situation appears when the patient has multiple injuries and for some reason (for example
statistical, archiving, etc.) his case needs to have assigned one injury level. One easy solution to this
problem could be just using the Maximum AIS number, but such a shortcut does not give a wider view
of the case. Fortunately, in 1974 one metric that solves this problem was developed. It is called the
Injury Severity Score (ISS), and over the years it has been adopted as the most widely used scoring
system in trauma literature. The ISS can characterize the trauma of a patient with multiple injuries of
multiple body parts by just one number. The input for the formula is the three highest injuries by body
region described in the AlS scale:
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2 2 2
ISS = (AISbodyregion A) + (Alsbodyregion B) + (AISbodyregion C) ’ (3,2)
where: A, consists of the head, neck, and face; B, the thorax and abdomen, and C, the extremities.

Table 3.4. example calculation of ISS based on AIS codes [61].

ISS Body Region* Injury AIS Code H'%ESI AlS?
HEAD/NECK Cerebral contusion NFS | 140602

Internal carotid artery | 320212 4 16

transection (neck)
FACE Closed fractured nose 251000 1
CHEST Rib fractures on left 450202 >

side, ribs 3 -4
ABDOMEN Retroperitoneal 543800

Hematoma 2 4
EXTREMITIES Fractured femur (NFS) | 853000 3 9
EXTERNAL Abrasions (NFS) 910200 1

ISS =29

It can be seen based on Table 3.4., that the maximum score of ISS cannot exceed 75 (three regions
with an AIS of 5). An additional constraint is that: any AIS6 (unsurvivable) makes the maximum ISS of
75 [62].

3.2.2 Injury Criteria
3.2.2.1 Injury criteria for the head

The Head Injury Criterion (HIC) criterion is often referred in the literature as the evolution of the Wane
State Tolerance Curve [63]. This initial segment of the WSTC (Figure 3.38) curve (2 <t < 6 ms) was
deduced from cadaver experiments, focusing on skull fracture as the basis for injury assessment. The
intermediate pulse durations (6 < t < 10 ms) were informed by cadaver tests utilizing intracranial
pressure as the injury indicator, as well as animal tests using concussion as the injury parameter. The
extended portion of the curve (t > 10 ms) was established through volunteer trials. The Head Injury
Criterion has its origins in the work of Gadd, who developed the so-called severity index using the
WSTC (SlI) [64]. Versace (1971) presented a version of the HIC as an average acceleration metric that
corresponds with the WSTC in 1971. The US National Highway Traffic Safety Agency (NHTSA) then
recommended the current form of HIC, which is incorporated in FMVSS 208. HIC is calculated using
the following formula:

1 t 2.5
HIC = max[ f a(t)dt] (t, —ty), (3.3)
2~ U ¢

1
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t; and t; can be any two arbitrary time points throughout the acceleration pulse. Time is recorded in
seconds and acceleration is measured in multiples of gravity's acceleration [g]. For the computation,
the resulting acceleration is employed. FMVSS 208 mandates t2 and t1 to be no more than 36 ms apart
(referred to as HIC36), with the maximum HIC36 not exceeding 1000 for the 50" percentile. NHTSA
also developed the HIC15 in 1998, which is the HIC assessed over a maximum time interval of 15 ms
[65].

500
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|
|
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|
|
|

100

0 | I | ! | | !
0 2 b 6 8 10 12 \/\ 30 100

Impulse duration t (ms)

Figure 3.38 Wayne State Tolerance Curve [63].

A maximum of 700 was indicated for the 50" percentile man for the corresponding threshold value.
The above-mentioned threshold is valid for the full-scale frontal crash test of motor vehicle, for the
case of motorcycle helmet testing the HIC should not exceed the value of 2400 according to the ECE
22.05 for the impact with the higher velocity: 7.5 m/s [66]. Besides the most established HIC criterion
in the literature, we can find at least another nine head/ brain injury criteria with different definitions
and a wide range of applications (GAMBIT [67], HIP [68], WPCS [69], PRHIC [70], RIC [70], BRIC [71],
BriC [72], BITS [73] and RVCI [74] - Table 3.5).

Table 3.5 List of advanced head/bran criteria.

Criterion Equation Missing parameter
GAMBIT [(a(t)>n <a(t)m>r - unlknown critical
GAMBIT = + values
ac ac - noduration
- nodirection
dependency
- missing [;;
- nodirection
sensitivity
for a
WPCS PCS =10-((0.4718 - sGSI + 0.4742 - sHIC + 0.4336 no physical model
*sLin + 0.2164 - sROT) + 2) - no time history for
rotation

Jury

HIP HIP =Zmai jaidt+21ii-a-jaidt
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PRHIC 1 ta - missing [;;
PRHIC = (t, — t;) -max [(t—
2

2.5
HIP,,.dt
_ tl) f rot ]

1 ta 25 - No direction-
RIC = (t; — ty) ~max [—f a(t)dt] sensitivity
(tz B tl) t1

BRIC BRIC = Zmax n Amax - noduration
Wer Acr - nodirection
dependency
- nolinear
accelerations
- no duration

BriC 2 o2 o
BrIC = ( ad ) + (—y> + ( z ) - nolinear
Wyc (‘)yC Wzc

RIC

accelerations
- impact duration
not considered

BITS (Brain BITS — Oma\%  (Cmax\?  (Aterie) - nodirection
Injury - ( Wer ) +( Aoy ) _( At ) dependency
Threshold - cannot be applied
Surface) for humans now
RVCI ts 2 t 2 - nolinear
(Rotational RVCI = Ry, <f “xdt> + Ry (f “xdt> accelerations
Velocity f ) o - determination of
Change +R, (f axdt> At

Index) t,

The evaluation of the head and brain injury criterion should be done with a view on the entire head
motion and possible interactions with other objects (ground, helmet, and vehicle interior). An example
of such evaluation is depicted in Figure 3.39. We can imagine a fast-moving head hitting something
that's not moving. The front of the head is at the top of each picture. When the back of the skull hits
and moves downward (shown by the big arrow), it makes the skull temporarily change its shape (small
arrows; A). But then, the skull stops quickly (in less than a second, about 50 milliseconds). The brain,
though, still has momentum and wants to keep moving, so it moves relative to the skull (B). This brain
movement creates pressure where the hit happened (we call it "coup") and opposite that point,
there's lower pressure (we call it "counter-coup") (C). The hatched areas in the front of the skull show
where the brain moved away from the skull [75]. In this case, the criterion which takes into account
just the linear accelerations could be sufficient for the scull injury evaluation.

A Deformation B Relative motion C Pressure gradients

Contre-
coup

ORI,

Top view of
the skull

Direction
of impact

PSSR e el i il e 4l s 4

Figure 3.39 Deformation types of scull and brain in case of the impact [76].
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3.2.2.2 Injury criteria for the neck

When the Nij criterion was created, crash test data from dummies were analyzed along with its
importance. In these tests, a standard 6-axis upper neck load cell recorded the forces and moments
in all three directions at the top of the neck when the dummy experienced a certain force. In frontal
crashes, the main movements and measured neck reactions occur in the up-and-down plane. Other
sideways movements and reactions are usually not as important. Because of this, only the
measurements related to the up-and-down movement are used for the current Nij neck injury criteria.
These measurements include the force along the neck (Fz) and the bending force that makes the neck
bend forward or backward at the base of the skull (My). The sideways force (Fx) is only used to figure
out the effective bending force at the base of the skull. To do this, the sideways force is multiplied by
how far the load cell is from the base of the skull and then subtracted from the up-and-down twisting
force recorded by the load cell, following the rules set by SAE [77].

F. M
Z + y .
F int M int

Bostrom et al. in 1996 [78] introduced the neck injury criterion NIC by assuming that abrupt changes
in fluid flow within the fluid compartments of the cervical spine are connected to neck injuries. To
define NIC over time, they validated it through experiments on animals. They established a
relationship (Equation 3.5) that predicts injuries due to pressure gradients. This relationship connects
the acceleration in the front-back direction (referred to as the x-direction when using SAE J211/2) of
the head's center of gravity in relation to the first thoracic vertebra (T1) with the resulting velocity:

NIC = 0.2a,;(t) + Ve (1)?, (3.5)

The established threshold value indicating a considerable likelihood of experiencing minor (AIS1) neck
injury was determined as 15 m?/s. This value has proven effective in accident analysis and remains in
use. Nonetheless, it has become evident that accurate values are only applicable during the retraction
phase of a rear-end collision, wherein both acceleration and velocity are directed backward within a
fixed vehicle reference system [76].

The Lower Neck Load Index (LNL) serves as an assessment tool for the potential risk of neck injury,
relying on the load experienced by the T1 thoracic vertebra. This indicator is particularly responsive to
the safety seat's design factors and aligns with the facet joint injury mechanism endorsed by
Yoganandan [79]. The formula for its calculation is as follows:

\/(FYZower(t))z +(FXjower(t))?

Cshear

FZiowet (t)

Ctension

LNL(t) — \/(Mylower(t))z+(Mxlower(t))2

Cmoment

+ +

, (36)

where Fi(t) and Mi(t) are the force and moment components, respectively.

The Nkm metric was introduced by Schmitt [80]. It is derived from a linear combination of shear forces
occurring in the sagittal plane and extension/flexion bending moments, both recorded at the occipital
condyles. This methodology is akin to the formulation of the Nij criterion used for frontal impact
assessment, making the newly introduced N a variation of the prior approach. The Ny, criterion is
expressed by the following equation:
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Ny () = F;(? + 1\1/1\;‘(?. 3.7)

In this equation, Fx(t) and My(t) stand for the shear force and flexion/extension bending moment,
respectively. These measurements are acquired from the upper neck's load cell. Fint and M are the
critical intercept values utilized for normalization purposes.

The UNE 135900 [81, 82] requirements are not in line with the direct definition of injury criterion,
however, in the context of motorcyclist protection they could be treated as so. Besides the intercept
value of the HIC, the protocol defines the intercept values for the neck forces and moments (Table
3.6). Acceptable ATD response for the neck shear, tension, and compression must remain under the
solid lines. The blue line corresponds to Level | certification; the orange line to Level Il (Figure 3.4-
3.42).

Table 3.6 UNE 135900/2008 intercept values.

Body region Parameter Severity Level | Limit
Head HIC3s I 650
Il 1000
Neck
Neck Shear I
T Figure 3.40
Neck Tension I
T Figure 3.41
Neck Compression I )
T Figure 3.42
Neck Lateral Flexion I 134 Nm
Il 134 Nm
Neck Extension I 42 Nm
Il 57 Nm
Neck Flexion I 190 Nm

Il 190 Nm
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Figure 3.40 Neck shear force vs. Time risk curve [82].
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Figure 3.41 - Neck axial tension force vs. Time risk curve [82].
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Figure 3.42 Neck compression force vs. Time risk curve [82].
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3.2.2.3 Injury criteria for the extremities

Lower extremity injuries in motorcycle accidents are a significant concern, often involving the legs and
feet. These injuries can range from fractures and dislocations to soft tissue damage. Common lower
extremity injuries include tibia and fibula fractures, ankle fractures, knee injuries, and foot injuries.
These injuries can occur due to direct impact, crushing, or twisting forces during collisions. Protective
gear such as sturdy boots and pants with reinforced padding can help reduce the severity of these

injuries. The injury criteria for the extremities have been designed to help with the assessment of
these body parts.

Compression Force of the femur is one of the basic criterion accepted by the FMVSS 208. This standard

states that to protect the hip-thigh-knee complex the loading in the longitudinal axis of the femur
should not exceed 10 kN.

A similar threshold but for the tibia (TCFC) is defined by the UN R94 [83], where the European standard
states that “the force axially transmitted to each tibia of a test dummy” should not go beyond 8 kN.

In the UN R94, the femur safety assessment criterion is a little more complicated and defined as the
Femur Force Criterion (FFC). In this case the criterion not only checks the compression force working
on the femur but also the duration (as depicted in Figure 3.43).

10
0.07kN@ 0 ms

g \ 7.58kN@ =10 ms
=
=
® 671
L=}
S
E
£ 44
L]
>
4]

2 <

0 ¢ + - : .

0 10 20 30 40 50 &)

duration of loading over given force [ms]

Figure 3.43 The FFC threshold definition in UN R94 [83].

The Tibia Index (Tl) encompasses both bending moments and axial force acting on the tibia. The

fundamental concept of the Tl is to mitigate tibia shaft fractures. The calculation of the Tl is defined
by the following equation:
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TI = J (Mx)Z2+(My)? Fz (3 8)
N (M), (Fo), I’ '

where Mx and My are the bending moments at the tibia ends, and the Fz is the compressive force.
The critical values (Mc and Fc) are different for specific percentiles of the HIll dummy and can be
seen in Table 3.7.

Table 3.7 The Tl critical values for HIll anthropometries [84].

Dummy Type Mc: Fc:
Critical Bending Moment Critical Compression Force (N)
(Nm)

Hybrid 11l 5th percentile 307 44.2

female

Hybrid 11l 50th percentile 225 35.9

male

Hybrid 11l 95th percentile 115 22.9

male

3.3 Virthuman

The Virthuman model [85] which is a scalable hybrid human body model has been developed over the
years by the team of researchers gathered around L. Hyn¢ik. The main idea which was standing behind
the creation of this HBM was the possibility to easily scale and position the model without losing the
outer biofidellity. It was possible by building up the model from scratch with the MBS structure
supported by the fine-tuned system of springs and dumpers which connects the outer so-called super-
elements with the non-deformable MBS skeleton. The first attempts that resulted in a working scaling
algorithm could be dated back to 2007 [86]. Whereas the name Virthuman first time appears in the
year 2012 with the presentation of a working and partially validated (against the Kroell chest
deflection corridors) model [87]. This stage of model development couldn’t be done without the
cooperation with the MECAS ESl s.r.o, Plzen, the Czech branch of ESI Corporation (currently ESI Eastern
Europe), and the financial support from the Technology Agency of the Czech Republic (grant number
TA01031628). The next step of the model improvement was to extend its validity for different body
parts by performing the extended biofidellity tuning and validation against the experimental tests.
This stage of development was in its current state in 2014 by publishing the SAE Tech paper [88].
Meanwhile, the scaling algorithm has also reached its adulthood and was presented to a wider
audience at the SAE World Congress in 2013 [89]. The improvements of the Virthuman biofidellity and
its application (as pedestrian [90, 91], pedestrian impacted by tram [92], autonomous car occupant
[93], and finally motorcycle driver [94]). It is worth mentioning that the Virthuman was even used for
the evaluation of possible death scenarios of J. Masaryk [95].
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3.3.1 Geometry

The selection of reference surface geometry is based on the European CAESAR database. The CAESAR
database aimed to update and broaden the existing body measurement database by gathering new
body measurements from approximately 2,500 individuals in the United States and 2,500 in Europe.
These individuals encompassed diverse weight categories and included both males and females within
the age range of 18 to 65. The collected data was carefully analyzed and presented in a format that
proved valuable to scientists and engineers worldwide [96]. It allows to close match the body
dimensions of Hybrid Il 50% and EuroSID Il ATDs [87].

MBS structure
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Figure 3.44. The Virthuman geometry creation process [87].

3.3.2 Structure

The entire model was constructed using the Multi-Body System (MBS) approach. The MBS method
offers notable advantages, such as reducing computation time and accommodating the deformation
of individual components [97, 98]. MBS employs rigid bodies linked by specific types of joints or springs

and dumpers.

Grovitafionsl forces

{M@ m
‘5%;; f‘\ Sl ’q%

Spherical joint

Revolute joint
with clearance

Applied torgue

Figure 3.45 The MBS system open tree concept [99].



49

This structure follows an open tree arrangement (depicted in Figure 3.45), commencing from the base
body. The external shape was meshed utilizing a specialized approach (depicted in Figure 3.46),
considering that the model can be positioned in various configurations, such as a seated position for
frontal or side crash tests, a standing position for pedestrian tests, or other general orientations.
Specific segments of the Virthuman model were developed with attention to incorporating sensors
and complying with measured injury criteria, aligning with methodologies commonly used in the
automotive industry. These properties of the Virthuman are especially useful for PTW-related
scenarios, where the positioning of the model itself for the FEM models (THUMS, GHBMC) could be a
demanding task.

@ Joint L-Hip (spherical) L-Hip (spherical)
L-LJ1 (spherical)
L-LJ2 (spherical)
L-LJ3 (spherical)
—> L-Knee (general) irion: asnerdl)
L-LJ4 (spherical) §
Sprlng L-LJ5 (spherical) ‘\
\ L-LJ6 (spherical)
—> Ankle (spherical) S s (sharonl)

Figure 3.46 The structure of the Virthuman model [89].

3.3.3  Scaling

The scaling algorithm, developed by L. Hyncik [89], operates on height and age parameters for body
dimensions. Specifically, given a certain age, the corresponding height percentile is selected,
determining the required set of measurements. Notably, age influences body flexibility. While the
CAESAR database was used to establish the reference model size, the scaling algorithm draws from
Blaha's measurements [100], supplemented by additional data. This compilation forms a distinctive
database due to its comprehensive measurements from a significant number of individuals,
statistically analyzed across different age groups. The database encompasses age-related percentiles
linked to anthropometric dimensions for all major body segments, delineated by distinct landmarks.
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Figure 3.47 Implementation of the VH scaling Figure 3.48 Models generated by the
algorithm in the VPS add-on [101]. scaling tool [101].

3.3.4 Injury assessment

Injury values within the models exhibit variations based on age. Notably, injuries tend to be more
pronounced in children as compared to adults under identical load conditions. Consequently, the
depiction of injury contours is segmented into distinct age categories, primarily encompassing 6 years,
20 years (Table 3.8), and 100 years. For intermediate age groups, values are derived through linear
interpolation. Evaluation of injury severity involves a color-coded scheme classified into four
fundamental levels (depicted in Figure 3.49). The color spectrum is stratified as follows: green signifies
either no injury or a minor degree of injury, yellow indicates an acceptable level of injury, orange
denotes a marginal degree of injury, and red signifies injuries that are either fatal or gravely serious.
Besides this simple assessment, a detailed evaluation by analyzing the time series of the loads is
possible [102].

Good
Acceptable

Marginal

%

Figure 3.49 Color coding for different Figure 3.50 Example of injury of simple
thresholds [102]. color injury evaluation [102].



Table 3.8 Virthuman injury criteria color coding for age category 20 years [102].

o 20Y Injury Criteria
Criterion

< < »=

Head HIC36 650 8225 825
Neck Upper neck MY EXTENSION [Nm] -42 -49.5 -49.5
Upper neck MY FLEXION [Nm] 28 139 139

Upper neck FZ TENSION [kN] 2.7 3 3

Upper neck FZ COMPRESSION [kN] -2.7 -3.35 -3.35

Upper neck SHEAR [kN] 19 25 25

Thorax Front DEFLECTION [mm] 22 36 36
Front VC [m/s] 0.5 0.75 0.75

Side DEFLECTION [mm] 22 32 32

Side VC [m/s] 0.32 0.66 0.66

Abdomen | Compression FORCE [kN] 1 1.75 1.75

Pelvis Pubic FORCE [kM] 3 45 4.5
Legs Femur compression FORCE [kN] 3.8 6.435 6.435
Fernur MOMENT [Nm] 300 340 340

Knee MOMENTS [Nm] 100 120 120

Tibia compression FORCE [kN] 2 5 5
Tibia MOMENT [Nm] 200 240 240
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The Virthuman lower extremities are equipped with 12 breakable joints (Figure 3.52). The following

naming convention is used to identify these joints:
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Figure 3.51 Breakable joints

naming

convention?,

L-Hip (spherical)

L-LJ1 (spherical) \
L-LJ2 (spherical) §
L-LJ3 (spherical) Y
L-Knee (general)

L-LJ4 (spherical) §
L-LJ5 (spherical)
L-LJ6 (spherical) \

—> Ankle (spherical)

Figure 3.52 Breakable VH leg joints [101].

2 Image adapted from http://hippie.nu/~nocte/tutorial-currentchapter/img/basics/humananatomy/leg-

bones.jpeg
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3.3.5 Sliding simulation

As reported by the MAIDS study [8], single-vehicle accidents constitute approximately 16% of the
overall motorcycle crash incidents. Among these, the "low side" scenario stands out as a particular
type of single motorcycle accident characterized by a loss of traction. Particularly at elevated speeds,
this form of accident can lead to the rider being forcefully ejected from the seat. It is essential to note
that during such low-side events, the only safeguard shielding the rider's body against the abrasive
forces of the road is appropriate protective attire. Thus, the significance of wearing proper protective
clothing cannot be overstated as it offers a critical layer of defense in mitigating potential injuries
[103].

3.3.5.1 Real accident and simulation setup

The instance involving the sliding of a motorcycle rider transpired during a riveting Moto GP racing
event in the year 2011, which unfolded on the iconic TT Circuit Assen. It was on the 17th turn of the
circuit that Karel Abraham, the skilled Czech rider, found himself sliding along the asphalt surface
following a low-side crash incident (depicted in Figure 3.53). This particular occurrence served as a
pivotal case study for the research team, affording them a prime opportunity to develop a high-speed
low-side accident simulation. The foremost objective of this simulation endeavor was to derive
accurate and lifelike estimations of the contact forces that manifest between the rider's body and the
road surface during such events. By closely examining this real-world occurrence and effectively
translating it into a simulated scenario, the research team aimed to capture the intricate dynamics
and physical interactions that unfold in these types of high-speed sliding accidents.

Figure 3.53. The image® of the first contact of the rider's body with the ground, and the

numerical representation.

3 Provided by PSi Hubik, s.r.o., Daimlerova 3, 301 00 Plzeri, Czech Republic
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horizontal velocity = 50 km/h

gravity

ground friction f

Figure 3.54 Sliding setup simplification.

To assess the genuine human body response during the accident scenario, the author employed the
VPS Explicit Virthuman model, meticulously tailored to match Karel Abraham's body mass and
dimensions by the Virthuman scaling algorithm. In light of the unavailability of experimental data
concerning the friction coefficient, a thorough sensitivity analysis was conducted. The positioning of
the Virthuman model closely followed the configuration illustrated in Figure 3.52. Our simulation was
executed nine times, encompassing three distinct values of the friction coefficient (f. = 0.1, 0.5, and
0.9) combined with three varying alpha angles. Each of the alpha angles corresponded to a distinct
scenario of initial contact points: 110° representing the shoulder impact first, 115° signifying
simultaneous head and shoulder impact, and 135° indicating the head impact as the initial contact.

3.3.5.2 Sliding simulation results

Throughout the simulation, two primary parameters were meticulously observed and recorded as
outputs: the head injury criteria and the contact force experienced by the right arm. The computed
head injury criteria exhibited a variation spanning from 710 to 14,417 (Table 3.9), encompassing the
lowest value for a f of 0.1 and an angle of 135°, and the highest for an f of 0.9 and an angle of 110°. In
tandem, the contact force exerted on the right arm exhibited a range of 2 to 4.2 kN (depicted in Figure
3.55). Notably, it's important to acknowledge the limitation of this study, which pertains to the
absence of a helmet model integrated with the motorcycle rider. In light of this, future work was
planned to address this limitation by incorporating a comprehensive helmet model into the simulation
framework. Furthermore, the investigation brought to light a significant observation regarding the
behavior of the model's neck when subjected to a direct impact of the head against the ground. This
realization underscored the need for improvements in this specific aspect of the model to ensure a
more accurate and biofidelic response.



54

Table 3.9 The HIC dependency on f. and alpha.
Max Right Arm Contact Force [kN]

alpha [deg.]
f[-] 135 115 110
HIC15 =710 HIC15=1 738 HIC15 =3 189 .
01 t.=273;t = t =346t =348 t =364;t =
1 2 1 2 1 2 4
279 366 3
HIC15=2514 HIC15 = 3308 HIC15 = 3 030 2 09
05 t=273;t = t=346t=351 t =364;t= 1 05
. 1 2 1 2 1 2 0 01
280 366 135 115 110
HIC15=5425 HIC15 = 5425 HIC15=14 417 ) )
09 t =273t = t =273;t =278  t =364;t = Figure 3.55 Right arm contact
' 2178 2 ! 2 3169 2 force [kN].

3.3.6 Improvements of VH

In the context of PTW impact scenarios, the head, neck, and extremities are subjected to intricate
multi-directional forces. This arises from the body's near-unrestricted motion in space due to inertia.
This section outlines the efforts aimed at refining the model to better accommodate pedestrian
testing, involving updates to the neck and shoulder components specifically tailored for PTW riders.

3.3.6.1 Neckimprovement for direct impacts

The Virthuman neck model comprises seven vertebrae connected by six joints, with an additional two
joints facilitating the connection between the neck and the head, as well as the torso. These joints
possess six degrees of freedom, each characterized by nonlinear stiffness and damping attributes. The
endeavor to achieve authentic and biologically faithful kinematics of the head-neck complex led the
author to establish a range of motion (ROM) for individual joints based on physiological data [94]. The
problem of the neck non-biofidelic behavior was found by the author during his first attempts to
establish the working simulation [104]. We could call it “0”-iteration of the framework, where the
Virthuman positioned in the driving position (without any other model) was impacting the rigid wall
(Figure 3.56).
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Figure 3.56 Iteration "0" framework - neck problem in direct impact identified.

Figure 3.57. The behavior of the neck during direct 50km/h impact to rigid wall
(left: original neck, right: improved neck).

Given that scenarios involving VRUs, such as collisions between pedestrians and vehicles or the PTWs
accidents, often entail substantial neck deformations, the stiffness parameters of specific joints
around their ROM were adjusted. Importantly, these adjustments were carefully made without
compromising the validation against 15 g frontal and 7 g lateral sled tests. The validation process
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centers on sled tests, wherein the head and neck are isolated from the model, encompassing all neck

vertebrae and even the first thoracic vertebra, T1. These isolated components are subjected to a
frontal load of 15 g and a lateral load of 7 g.
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Figure 3.58 Head movement observed during the 15 g frontal impact test (left: in the
frontal direction, right: in the vertical direction).
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Figure 3.59 Head movement observed during the 7 g lateral impact test (left: in the lateral
direction, right: in the vertical direction).

The model featuring the enhanced range of motion (ROM) in the neck joints demonstrates accurate
biofidelic behavior. While the improved neck model's kinematic behavior is depicted in Figure 3.57

during the frontal rigid wall impact at 50 km/h, its responses to both 7 g and 15 g impacts remain
within acceptable limits, as illustrated in Figure 3.58 and Figure 3.59.

3.3.6.2 Shoulder structure improvement

In standard sled test setups, where upper extremities have limited influence, the shoulder complex
can be simplified to a single joint with a well-validated ROM. However, for accident scenarios involving

VRUs including the PTW drivers, where the body experiences intricate motions, an accurate shoulder
response is essential [94].
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MBS structure (left: original, right: enhanced). shoulder at 4.5 m/s — validation setup.

To capture the intricate shoulder motion resulting from the impact on the upper arm, a two-part rigid
structure was employed for the upper arm (as shown in Figure 3.60). The first part forms the
framework of the entire MBS, while the second part is connected to the first, allowing for
compressibility of the upper arm complex and realistic behavior of the shoulder under impact

conditions. The parameters governing compression were adjusted to align with experimental
benchmarks.
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Figure 3.62. Force response from validation.

The time-series of the contact force is illustrated in Figure 3.62. Overall, the projected curve falls within
the designated range, indicating a favorable alignment with the experimental data. Towards the
conclusion of the impact, the force slightly descends below the expected corridor. This could
potentially be attributed to the reduction in the contact area between the impactor and the shoulder,
implying that the contact area simulated in the model (rigid impactor on rigid segment) is smaller
compared to the contact area observed in the actual experiment (soft tissues of the shoulder adapting
to the flat surface of the rigid impactor).
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3.3.7 Ground impact with the helmet

In the majority of motorcycle accidents, the body angle towards the ground is typically 30 degrees or
less, as indicated by the findings of COST327 [105]. Thus, an oblique impact scenario is chosen for
evaluation, following the methodology proposed by Ghajari et al. in 2013 [106]. This analysis involves
a comprehensive investigation using the fully validated FE model THUMS for benchmarking against
the hybrid model Virthuman. The loading conditions encompass the effects of gravity and variable
impact normal (v,) and tangential (v¢) velocities. The experimental configuration is depicted in Figure
3.63.

3.3.7.1 Methods

The Virthuman model scaled to the THUMS (175 cm, 77 kg). Since the scaling algorithm desires age,
the age group chosen was 30 — 35 years, because the average height (50 percentile) equals 176 cm
and average mass equals 78 kg, which are the closest values for scaling.

The medium size FE helmet model developed within the MYMOSA project [106, 107] is coupled to the
human head. Due to the head and helmet geometry, minor mesh corrections on the head are done to
avoid penetrations to position the helmet with a small constant gap between the helmet liner and the
head. This gap is usually filled by the comfort foam in reality. The helmet chin strap is passed under
the chin and tightened by the pretension force of 5 N and there is defined a sliding contact between
the liner and the head with friction coefficient equal (f.) to 0.2 [106].

Figure 3.63. Ground impact simulation setup.

3.3.7.2 Results on helmeted VH ground impact

The interplay of normal and tangential velocities introduces intricate head and neck kinematics
following ground impact. The efficacy of the scaled virtual human body model Virthuman is assessed
in an oblique impact scenario, with a comparison against the THUMS model. The evaluation is based
on parameters including the maximum tangential and normal contact forces (Fimax and Fnmax
respectively), their ratio Fimax / Fnmax, and the maximum head acceleration (amex) as outlined in
Ghajari’s work [106], presented in Table 3.10.
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Table 3.10. Response comparison between VH and THUMS.

Impact velocity Contact force Head acceleration
Vn Fn,max [kN] Ft,max [kN] Ft,max/Fn,max ['] Omax [g]
vi [m/s]
[m/s] VH THUMS VH THUMS VH THUMS VH THUMS
5 4.27 3.82 1.59 1.31 0.37 0.33 67 73
2.5
10 4.40 3.85 1.75 1.54 0.40 0.40 68 73
5 9.93 7.90 3.01 2.21 0.30 0.22 132 144
5
10 9.97 7.68 3.96 3.08 0.40 0.38 136 143
5 12.88 11.54 4.09 3.32 0.32 0.18 190 199
7.5
10 12.52 11.72 4.72 3.50 0.38 0.31 190 191

The simulation results indicate consistent outcomes across various normal and tangential velocities.
As the normal velocity increases, the impact of the MBS approach used in the development of the
Virthuman model becomes evident, leading to a stiffer response and higher contact forces. However,
when assessing head acceleration and potential injury, the maximum head acceleration values align
closely with those obtained using the FE model THUMS.

The chapter's comprehensive coverage creates a robust foundation for understanding the landscape
of human surrogates, injury assessment methodologies, and the applications of the Virthuman model
within the context of PTW safety.
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4 Injury countermeasures testing

In the realm of PTW passive safety, ensuring the well-being of riders is of paramount importance. As
opposite to other modes of transport, the PTW does not protect the rider well by energy absorption,
because the size of the PTW is comparable to the rider. As riders are more exposed and vulnerable to
potential accidents compared to occupants of enclosed vehicles, the development and testing of
effective injury countermeasures become essential. This pursuit involves a multifaceted approach,
encompassing Personal Protective Equipment (PPE) and Roadside Barriers. This introduction sheds
light on the critical endeavor to test and validate these countermeasures, with a focus on their
significance in enhancing PTW rider safety.

Personal Protective Equipment (PPE): A Shield of Passive Safety

The rider's last line of defense against potential injuries, PPE plays a pivotal role in minimizing the
outcomes of accidents. Helmets, body suits, gloves, and specialized footwear constitute the ensemble
of PPE designed to mitigate injury risks. Rigorous testing of these protective gears involves evaluating
their ability to absorb and distribute impact forces, reduce the risk of head and limb injuries, and offer
crucial safeguards against abrasions and fractures.

Roadside Barriers: Safeguarding Beyond the Vehicle

The physical environment in which PTW riders operate presents its own set of challenges. Roadside
barriers, while designed to enhance road safety, need to be carefully engineered to minimize harm to
riders in the event of a collision. Testing the effectiveness of these barriers involves analyzing their
ability to redirect, absorb, or dissipate impact forces, thereby preventing riders from being thrown
into more dangerous terrain or colliding with rigid structures.

The Intersection of Numerical Simulation Technology and PTW Passive Safety

Advances in technology have paved the way for sophisticated testing methodologies. Crash
simulations, virtual scenarios, and biomechanical models offer insights into how injury
countermeasures perform under various conditions. These tools allow researchers and engineers to
iterate, optimize, and tailor countermeasures to the unique dynamics of PTW accidents. The pursuit
of safer PTW riding experiences hinges on meticulous testing and validation of injury
countermeasures. By rigorously assessing the effectiveness of PPE and engineering Roadside Barriers
that prioritize rider safety, we can establish a robust foundation for reducing injury risks and
safeguarding the lives of PTW riders. As we navigate the intricacies of PTW safety, the collaborative
efforts of researchers, engineers, and stakeholders pave the path towards a future where every rider
embarks on their journey with greater confidence and security.
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4.1 State of the Art

This chapter delves into the prevalent helmet standards governing both European and US markets.
Specifically, it focuses on ECE 22.05 [108], DOT FMVSS 218 [109], and Snell M2015 [110] for motorcycle
helmets. The primary objectives of these helmet standards are twofold: Firstly, they serve as a robust
mechanism for assessing helmet performance, ensuring their efficacy in real-world scenarios.
Secondly, they provide valuable guidelines for the development of new helmet designs that meet
stringent safety requirements. As these standards gain mandatory status, they necessitate that every
helmet available in the respective market adheres to their stipulated regulations. This interplay
between standardization and safety profoundly impacts the design, manufacturing, and sale of
helmets, ultimately safeguarding users by promoting the highest levels of protection.

4.1.1 Helmet impact testing standards

During testing, a headform equipped with a helmet is released from a predetermined height and
directed toward a rigid anvil. In nearly all of these tests, the peak linear acceleration (PLA) experienced
during impact is measured and recorded.

To achieve the appropriate testing speed, the drop towers are utilized. Broadly speaking, test drop
towers can be categorized into two primary types: guided and unguided freefall systems (depicted in
Figure 4.1). Guided freefall drop towers typically adopt either a twin wire or monorail arrangement.
Within the guided freefall setup, there is a constraint that prevents any rotation of the headform
during impact. On the other hand, unguided freefall systems do not have this restriction, allowing for
rotational motion of the headform upon impact. The most used impact surfaces are the flat,
hemispherical, and curbstone anvils, all of which are made of steel.



62

Figure 4.1 Two types of drop towers (left -guided, right- unguided).

Figure 4.2 ECE R22.05 helmet
impact points [111].
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Figure 4.3 Test surface definition for DOT
standard [109].
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The comparison of the headform sizes and their masses (in kg) for the different testing standards looks
as follows:

DOT Standard:

The DOT standard employs three headform sizes. The small headform weighs between 3.4 to 3.6 kg.
The medium-sized headform has a weight range of 4.9 to 5.1 kg. Lastly, the large headform falls within
a weight range of 6.0 to 6.2 kg.

ECE Standard:

The ECE standard utilizes five different headform sizes. The headform with a circumference of 50 cm
weighs 3.1 kg. For the headform with a circumference of 54 cm, the weight is 4.1 kg. The headform
measuring 57 cm in circumference weighs 4.7 kg. Moving up to a headform of 60 cm circumference,
the weight is 5.6 kg. Finally, the largest headform with a circumference of 62 cm weights 6.1 kg.

SNELL Standard:

The SNELL standard incorporates six headform sizes. The headform with a circumference of 50 cm
weighs 3.1 kg. For the 52 cm headform, the weight is 3.6 kg. The headform with a circumference of 54
cm weighs 4.1 kg. The headform measuring 57 c¢cm in circumference weights 4.7 kg. As the
circumference increases to 60 cm, the weight becomes 5.6 kg. Lastly, the largest headform with a
circumference of 62 cm weighs 6.1 kg.

It's important to note that each size includes a variation of £100 g in weight. The DOT standard
comprises three sizes, the ECE standard features five sizes, and the SNELL standard employs six sizes
for their respective headforms. 60 cm: Weighing 5.6 kg

All existing standards utilize pass/fail criteria that are based on translational measurements. These
criteria can be categorized into two main types: Peak Linear Acceleration (PLA) criteria and those
linked to impact duration, such as Dwell time and HIC. To pass the ECE test the helmet should not
exceed gmax<275g, HIC15<2400 from the 7.5 m/s impact (at points B, P, R, X, and S depicted in Figure
4.2). The DOT FMVSS 218 standard passing means to have gmax<400g, Dwell time<2ms@200g and
Dwell time<4dms@150g. Dwell time is defined as the duration or time interval during which a specific
level of force or acceleration is sustained on a human body or an object. The SNELL standard evaluates
only the peak acceleration and has different thresholds for particular sizes of headforms gma.x<275g for
A, C, E, J, gmax<264g for M, and gmax<243g for O. It should be noted that for SNELL the impact velocity
is higher than the ECEs (7.75 m/s), where for DOT standard impact velocity is lower and related to the
headform size (6.0 m/s for small and 5.2 m/s for large headform). Anillustrative instance of a pass/fail
criterion and its application to a specific acceleration pulse is demonstrated in the following example
(Figure 4.4, Figure 4.5, Figure 4.6) time-series of head COG acceleration [112]:



CoG Acceleration [g]

g

N
g B

CoG Acceleration [g]
3

8

3

64

< 2ms ] Figure 4.4 DOT standard PLA and Dwell time
< 4ms | thresholds [66].
") 0.{‘}05 0.1'31 0.015 0.62 06;5 0.03
Time [s]

Figure 4.5 ECE standard PLA and HIC
------ HIC= 2400 thresholds [66].

(=]

0 0.005 om 0.015 0.02 0.025 0.03
Time [s]
ACEWJ
M
A/;-f_'o
E
Figure 4.6 SNELL PLA thresholds for
different headform sizes [66].
0 0.005 0.01 0.015 0.02 0.025 0.03

Time [s]



65

4.1.2 Motorcycle barrier testing standards

Presently, a variety of national standards and testing procedures are in place to evaluate the
effectiveness of barriers in safeguarding motorcyclists across Europe (Figure 4.7). In addition to these
standards, the CEN (Centre Européen de Normalisation), in partnership with the Technical Committee
(TC) 226, has developed a Technical Specification aimed at enhancing infrastructure design concerning
motorcyclists. This segment provides an overview of the prevailing national standards and introduces
the proposal originating from the European Union.
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Figure 4.7 Barrier testing standards in Europe [113].

The French authorities approached L.I.E.R.* with a request for a test protocol aimed at mitigating the
severity of motorcycle crashes involving collisions with road barriers. Formulated in 1998, the protocol
encompasses two distinct tests. Each test involves the use of an anthropomorphic test device (ATD)
or crash test dummy, equipped with sensors, propelled from a sled to impact the barrier. The sole
variation between the two tests lies in the relative angle between the ATD and the barrier, illustrated
in Figure 4.8. Both scenarios entail a velocity vector positioned at a 30-degree angle in relation to the

4 Currently the LIER laboratory is registered as a TRANSPOLIS, 340 Rue de Hongrie 69125 LYON SAINT-EXUPERY
AEROPORT, France
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barrier, with a magnitude of 60 km/h, while the dummy skids on its back. Notably, the ATD consistently
impacts the barrier post in this protocol. The employed ATD is a hybrid combination of components
from different dummies: the Hybrid Il thorax coupled with the head/neck assembly of the Hybrid III,
complemented by a pedestrian kit. The dummy is attired in protective motorcyclist clothing and a
helmet.

Figure 4.8 L.I.E.R test protocol [113].

Under this testing standard, the evaluation focuses on two specific anatomical areas, namely the head
and the neck (Table 4.1). The aim is to determine the safety barrier's capacity to safeguard a
motorcyclist who is sliding along the ground and subsequently colliding with the system.

Table 4.1 L.I.LE.R. thresholds and criteria for the barriers.

Body region Parameter Limit
Head HICs6 1000
Neck
Neck Shear 3300 N
Neck Tension 3300 N
Neck Compression 4000 N

The Spanish UNE 135900 standard exhibits a notable distinction from the French L.I.E.R program in its
approach. It introduces the division of testing protocols into two distinct categories: "discontinuous
systems" (those encircling barrier poles) and "continuous systems" (lower rails extending between
barrier poles). For both these categories, the standard mandates two distinct impact scenarios: a
central impact where the displacement vector aligns with the barrier pole, and either an off-center
(for punctual systems) or central (for continuous systems) impact. In the former case, the ATD is
directed 20 cm away from the center of the discontinuous system, and in the latter case, the ATD is
aimed at the midpoint between two barrier posts. Schematic representations of these three impact
configurations can be seen in Figure 4.9, Figure 4.10, and Figure 4.11.
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The acceptance criteria for the UNE 135900 were already discussed in the Chapter: Injury criteria for
the neck.

The German Federal Bureau for Road Safety (BASt) has devised a homologation process aimed at
endorsing protective systems for motorcyclists. This procedure categorizes devices into two classes:
Class 1, subjected to testing at 20 km/h, and Class 2, subjected to testing at 35 km/h. The prescribed
acceptance criteria entail that the recorded peak deceleration must remain below 60 g, and the mean
acceleration within a 3 ms timeframe should not surpass 40 g.
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4.2 Numerical testing of safety measures

4.2.1 Helmet testing
4.2.1.1 Material and methods

The focus of this part of the study revolves around the creation of a simplified finite element model
for helmets and its subsequent numerical testing to meet European regulations [108]. This model is
intended to be integrated with the existing human body model for evaluating the safety of motorcycle
riders. The AVG-T2 helmet [106, 107]served as the basis for geometry. To ensure compatibility with
the human body model (Virthuman), the finite element mesh was developed in accordance. An
additional advantage of this helmet is the simplicity of having the calculation time step comparable to
Virthuman. The helmet comprises two distinct components: the outer shell, 4 mm thick, and the inner
protective padding, measuring 40 mm in thickness, as depicted in Figure 4.12, and Figure 4.13.
Material properties were adopted from C. Deck [114], as illustrated in Figure 4.14.

Figure 4.12 Frontal view of simplified Figure 4.13 Side view of simplified helm
helm FE model. FE model.
3
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=-==EPS foam, Ghajari (2011), p = 40 kg/m3, E0 =10.6 MPa

==EPS foam, Pinnoji (2006), p = 44 kgfms, E0 =11.6 MPa
—EPS foam, p = 50 kglm3, E0 =16.3 MPa
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Figure 4.14 Material curve of the helmet liner



69

Following European regulations, every helmet introduced to the European market must comply with
the ECE-R22.05 standard, which was outlined in the previous section (4.1.1). These standards
encompass a dynamic retention system test, rigidity assessment, shock absorption evaluation, and a
visor penetration resistance test. In terms of impact protection for the head, a drop test is conducted.
As per the regulations, a helmet, complete with a headform, is dropped against an anvil at a velocity
of 7.5 m/s. specifically, for the developed helmet size, the ECE R22.05 regulation employs the M-size
headform (depicted in Figure 4.15), weighing 5.6 kg. Two distinct anvils, a flat one and a kerbstone
(illustrated in Figure 4.16), are utilized, along with four designated impact points. These impact
configurations (P, B, R, and X) for the flat anvil are displayed in Figure 4.17.

The developed helmet is subjected to testing across eight impact configurations, covering four impact
directions for both anvils. According to the guidelines, the helmet must not exceed a maximum
acceleration of 275 g, and the HIC should not surpass 2400 for each impact scenario to meet the
regulation's requirements.

(a) Frontal view (b) Side view
Figure 4.15 A headform FE model.

(a) Flat anvil (b) Kerbstone
Figure 4.16 Two FE models of the anvil from ECE R22.05.



Point R Point X
Figure 4.17 Four impact configurations of MC helmet.
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4.2.1.2 Results

The impacts were evaluated according to the example presented in Figure 4.5. For each anvil (flat,
circular) and impact point four types of liner’'s material model were assessed (LE, EPS 40, EPS 44, EPS
50). The example of HIC and PLA threshold evaluation for this study is depicted in Figure 4.18.
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Figure 4.18 Acceleration curve and HIC of headform in flat anvil impact simulation (liner:
linear elastic).

The simulated HICs and PLAs of the headform are presented in Table 4.2 and Table 4.3. Per the
regulations, the maximum acceleration should not surpass 275 g, and the maximum HIC must remain
below 2400 for each impact test to meet the stipulated criteria. Notably, the red values in both tables
indicate instances where a specific material model (as well as the helmet model itself) failed to meet
the requirements. Notably, the results in these tables highlight that the EPS with a density of 50 kg/m?3
successfully fulfills the requirements across all impact simulations.

The helmet equipped with a linear elastic shell and linear foam liner meet the requirements of the
ECE-R22.05 tests only when subjected to the flat anvil impact. On the other hand, the helmet featuring
a linear elastic shell and an EPS foam liner with a density of 44 kg/m?3 successfully meets the ECE-
R22.05 tests except for the P impact on the flat anvil. Remarkably, the helmet fitted with a linear
elastic shell and an EPS foam liner of 50 kg/m3 density meets all ECE-R22.05 test criteria. Particularly
noteworthy is that the EPS foam with a density of 50 kg/m? passed all tests, thus validating the model.
This validated model is recommended for future utilization in motorcycle accident reconstructions
and the assessment of injury risk.
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Table 4.2 HIC assessment for particular liner material model.

ECE Flat anvil Kerbstone anvil

HIC EPS EPS
R22.05 LE EPS 40 LE EPS40 | EPS44 | EPS50

44 50
Point B 1180 1338 2209 | 1425 | 5339 2834 1231 1108
Point P 2 400 1745 1994 3224 | 2160 | 8427 3316 1650 1447

Point R 738 941 1704 972 4 335 1147 1065 802

Point X 1055 1055 2222 | 1207 | 4636 2064 1338 1090

Table 4.3 PLA assessment for particular liner material model.

ECE Flat anvil Kerbstone anvil
dmax
max (€] R22.05 LE E;)S EPS44 | EPS50 | LE | EPS40 | EPS44 | EPS50
Point B 147 172 | 207 164 496 392 129 163
Point P 575 183 212 | 274 204 589 415 171 186
Point R 125 152 | 173 137 442 232 137 128
Point X 139 146 | 208 153 464 330 158 161

4.2.2 Population diversity helmet testing
4.2.2.1 Methods and simulation setup

This study aimed to investigate the influence of diversity factors such as age and sex on helmet testing
using a hybrid scalable human body model. The Virthuman model was employed as the HBM, which
was further scaled to cover six age categories (16, 17, 18, 22, 26, and 34 years) for both males and
females. The selection of these age categories was guided by an analysis of the MAIDS database, as
illustrated in Figure 2.2.

Each scaled Virthuman model was combined with the Finite Element (FE) representation of the T2 AGV
helmet [106, 107]. To accommodate differences between material law implementations in LS-Dyna
[102] and VPS, the T2 AGV helmet was reconfigured within the VPS environment. The coefficient of
friction between the VH and the helmet was set at 0.5, following [115]. After being integrated with the
helmet, the VH was oriented at a 15° angle between the model's coronal plane and the ground [105],
as depicted in Figure 4.19. The initial velocity of 7.5 m/s adhered to the European Standard for helmet
testing utilized in the previous chapter. Throughout the simulation, the acceleration of the head's COG
was continuously tracked. The signal was filtered by the SAE J211-1 standard, employing the CFC 1000
filter.
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Figure 4.19 Simulation setup.

4.2.2.2 Results

Table 4.4 displays the variations in HIC at 15 ms time intervals for the scaled models. The outcomes
indicate that in all instances, the T2 AGV helmet successfully met the certification criteria of ECE
R22.05 (where the maximum HIC must not exceed 2400). However, it's noteworthy that only the
scenarios involving male VH models approached the HIC threshold for significant head injuries (HIC =
1500). Conversely, the evaluation of HIC for female VH models exhibited an increase ranging from
13.8% to 20.4% compared to their male VH counterparts of the same age.

Table 4.4 HIC evaluation for particular sex, mass, and height.

Age [years] 16 17 18 22 26 34
mass[kg] 56 59 58 61 59 62
Female height[m] 1.64 1.66 1.66 1.67 1.66 1.65
HIC 1811 1849 1819 1817 1799 1837
mass[kg] 66 70 72 77 76 78
Male height[m] 1.76 1.77 1.78 1.79 1.78 1.76
HIC 1502 1471 1565 1522 1551 1519

A comprehensive analysis, coupling finite element (helmet) and hybrid (VH) models, was conducted
to investigate the variations in HIC assessment within a diverse population. The focal point was the
acceleration of the head's COG resulting from helmet impact.

The outcomes demonstrate that the employed helmet successfully meets the requirements of ECE
R22.05 certification for both genders. The evaluation of HIC revealed no noteworthy disparities within
the same-gender groups. However, the simulations unveiled noticeable differences in HIC values
between females and males. Specifically, the HIC value for females was 13.8% to 20.4% higher than
that for males. This dissimilarity might be attributed to the smaller head diameter of the VH model,
scaled to the dimensions of females.



74

4.2.3 Virthuman-based barrier assessment

In the present context, a range of national standards and test protocols is currently in place across
Europe to evaluate the protective capacity of barriers for motorcyclists, these norms were described
in section 4.1.2. Generally, the prescribed impact tests entail utilizing an ATD placed in a supine
position and impacting the barrier at a 30-degree angle and a velocity of 60 km/h. The ATD in the
protocol is outfitted with motorcyclist protective attire and a helmet, with particular attention to the
performance of the head and neck. In the direction of harmonization, the CEN formulated the
European Technical Specification (TS) CEN TS 1317-8, outlining a comprehensive impact test that
involves launching a dummy at a predetermined speed towards a barrier, as depicted in Figure 4.20.
The sole disparities between TS 1317-8 and UNE 135900 lie in the fact that the Technical Specification
permits segments of the barrier to detach during testing and allows for the ATD's hand to penetrate
and traverse the barrier, which in our case is irrelevant due to the utilization of simplified barrier
model [113].

42.3.1 Method

Given that barrier impact testing involves intricate body motion at high velocities and encompasses
personal protective equipment, virtual simulations have emerged as a suitable avenue for evaluating
such impacts and designing secure barriers. To execute barrier impact simulations, the Virthuman
model, which has previously undergone development and validation for intricate impact scenarios, is
linked with the same helmet as above. Currently, there isn't specialized protective attire, and the
interaction between the Virthuman model and protective clothing solely hinges on frictional contact.
Although protective clothing can significantly influence the ROM in specific joints, its effect is minimal
in the present context, as the extremities remain close to the body. The simulation setup looks as
follows:

e VH lying on his back impacting the barrier by 60 km/h at 30°,

e Motorcyclist protective helmet coupled,

e Head and neck performance monitored,

e  (ritical values of HIC and neck moments (levels | and Il) evaluated according to UNE 135900
/ CEN TS 1317-8,

e Three types of virtual models of barrier evaluated ( rigid, thin steel barrier, thick steel
barrier),

e Barrier material parameters: E =210 GPa, v=0.3, y =200 MPa
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Vo = 60 km/h

Figure 4.20 Barrier impact simulation setup.

4.2.3.2 Results

Upon evaluating the results, it becomes evident that these uncomplicated barrier models fail to meet
the criteria outlined in the UNE 135900 / CEN TS 1317 — 8 regulations. The thin steel barrier comes
closest to satisfying the criteria, with the shear force during impact slightly surpassing the safe
envelope. For each of the barrier simulations, the neck initially experiences shear and compression
forces beyond acceptable limits (around 7-10 ms into the simulation), followed by tension forces
around 20 ms into the virtual experiment (depicted in Figure 4.22, Figure 4.23, Figure 4.24). These
tension forces also exceed the Il severity level. However, for the thick and rigid barrier, the maximum
peak of this tension force is approximately 30% lower than that of the thin barrier. Table 4.5 shows
that all the barriers were close to meeting the max. flexion momentum criterion.
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Figure 4.21. First and last time-frame of simulation, with IC color coding according to Table
3.8.

This study demonstrates the utilization of the Virthuman human body model in the evaluation of
safety barriers. Simulations were conducted using hypothetical barriers, positioning the human body
model as specified in UNE 135900 / CEN TS 1317-8. By subjecting the model to impacts at a velocity
of 60 km/h, specific outputs were compared against the criteria defined in UNE 135900 / CEN TS 1317—
8. The research underscores the capability of virtual human body models in the advancement and
design of secure PTW infrastructure.
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Table 4.5 UNE 135900/ CEN TS 1317 - 8 head and neck severity evaluation.

Segment Criterion Severity level Limit Rigid Thick
| 650
Head HIC 2418 2420 2447
Il 1000
|
Shear
I
. |
Tension " Next Figures
. 1
Compression "
Neck
| 134 Nm
Lateral flexion 260 254 257
Il 134 Nm
| 42 Nm
Extension 109 180 111
Il 57 Nm
| 190 Nm
Flexion 197 191 196
Il 190 Nm
sl — Uit s — oot — Unper it
4 Rigid : Thin Thick
zs barrier 5 barrier barrier

£ 100

1lmsl

20 ) &0 [ 100
Limel

Figure 4.22 Evaluation of neck shear force limits.
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Figure 4.23 Evaluation of neck tension force limits.
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Figure 4.24 Evaluation of neck compression force limits.
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4.3  Summary

The primary focus of this part of the dissertation was the numerical development of helmets and
virtual testing of safety barriers following established standards. The discussion encompassed various
aspects, including helmet finite element modeling, impact testing methodologies, and injury
assessment criteria. The examination of helmet standards such as ECE-R22.05, DOT FMVSS 218, and
Snell M2015, as well as the testing procedures for head protection against impact, was a central
theme.

Additionally, attention was given to the evaluation of safety barriers for motorcyclists, involving
multiple national standards such as UNE 135900, CEN TS 1317-8, and others. The process included
the use of human body models like Virthuman, coupled with helmet models, to assess barrier impact
performance. Virthuman's successful utilization as an alternative to ATD in numerical barrier
development further underscored its significance.

Moreover, the development of a numerical model for a simple helmet, which is set to be employed in
subsequent chapters, was another crucial aspect discussed in this conversation. This model holds the
potential to enhance the understanding of helmet performance and contribute to the broader context
of safety for motorcyclists.

In summary, this chapter delved into the intricacies of injury countermeasures testing, ranging from
helmet development and impact assessment to safety barrier evaluation. It underscored the
significance of virtual testing methodologies for enhancing safety measures and designing protective
equipment and infrastructure for motorcyclists. The promising use of Virthuman as an ATD substitute
and the introduction of the developed helmet model lay the groundwork for future chapters'
exploration and analysis.
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5 Accident Reconstruction

5.1 State of the Art

An accident is an incidental (unplanned) event that causes unintentional injury and/or damage to
property. Using accident reconstruction, we can describe the process of recreating the causal link
between accident outcomes and the circumstances leading to it. This process can be based on the
remaining traces and testimony of eyewitnesses. In this chapter, the term "accident reconstruction"
will be used to describe the reconstruction of traffic accidents. Particular emphasis is placed on traffic
accidents that involve PTW with the presence of the rider in de form of a numerical surrogate.
Accident reconstruction is one of the components of forensic sciences. Usually, this term describes
the application of scientific principles to determine accident mechanics.

The development of this forensic area was accelerated by the Industrial Revolution. The first recorded
automobile accident happened in 1891 in Ohio City, Ohio. This accident involved a gasoline-powered
buggy driven by engineer James Lambert. After hitting a tree root, Lambert lost control of his buggy
and crashed into a hitching post. Because of this accident, the driver and his passenger suffered minor
injuries [116]. Later on, in the times when the Ford-T became the common household good, the
number of traffic accidents rose. To improve the work of the police departments photography became
one of the most important tools for reconstruction teams as can be seen in Figure 5.1.

Figure 5.1. One of the first photographs shows a car accident with the Ford Model T [116].
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The first basic concept that should be applied during accident reconstruction is a coordinate system.
Without using a coordinate system, any mechanical analysis cannot go too far. A reference frame
concept allows the creation of a description of the position of bodies and/or parts of vehicles involved
in an accident. Often the Earth is taken as a reference. For events that are discussed during traffic
accident reconstruction, the Earth could be assumed as an inertial reference frame. Coordinates
attached to the Earth are usually called “global coordinates”. There is a second type of coordinates,
which are not fixed to the Earth. For them, the term “local coordinates” is usually used. For the
reconstructionist, they are affixed to the various aspects of the accident parts. It should be recalled
that “local coordinates” are often described as the non-inertial reference frame (they are exposed to
non-zero acceleration).

~ Py (xyyy2)

|
1 ; : X y
|

Y

Figure 5.2. Cartesian coordinate system. [117]  Figure 5.3. SAE coordinate system. [118]

Cartesian coordinates (depicted in Figure 5.2) are the most used system for accident reconstruction.
The coordinates are described in three dimensions by mutually perpendicular coordinate axes. The
convention of coordinate names goes in line with the right-hand rule. In this rule, the direction of the
Z-axis is shown by the thumb during the rotation of the X-axis to the Y-axis position. The Society of
Automotive Engineers (SAE International) has its own way of describing the “local coordinates” of a
vehicle. This system is presented in Figure 5.3 It is also assumed to be right-handed; therefore, the Z-
axis should point downwards. This system is widely known as SAE J670e-Vehicle Dynamics
Terminology (1976).

One of the pivotal factors in determining the severity of a crash is the Energy Equivalent Speed (EES).
In essence, EES signifies "The velocity of a vehicle impacting a fixed, rigid barrier that would yield a
comparable level of damage to the observed damage on the analyzed vehicle"[119]. It's important to
note that EES isn't synonymous with delta-V. Achieving a realistic simulation of an accident
necessitates an accurate and realistic estimation of EES. Comparing the damage incurred by the
vehicle with that of a vehicle possessing a known EES (sourced from various references) is integral.
These references can encompass:

. Expert insights from accident reconstructionists,
. Databases of crash test results,
. Catalogs of EES values,
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. Crash tests conducted by organizations like NCAP,
. Execution of dedicated crash tests (Figure 5.4).

Figure 5.4 Vehicle after an accident vs.
Vehicle after dedicated experimental reconstruction [119].

COMPARISON OF VEHICLE COLLISION ROTATIONAL DYNAMI/CS

e | | sk |_ ol

Figure 5.5 Rotational dynamics, car vs. powered-two-wheeler during a frontal crash [120].

The comparison of the deformation observed on the vehicle that was crashed to the deformation on
the reference crash-test vehicle allows us to estimate the absorbed energy. The EES is a quantity that
is @ more convenient derivative of the deformation energy and can be defined as:
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*
EES = |———L (5.1)

where: Ep.r is the deformation energy of the vehicle [J], and the m is vehicle mass [kg]. The
conservation of the energy after the accompanying deformation energy could be described by the
following equation:

Epin1 + Ekinz = Exin1 + Exinz — Epef1 — Epesz (5.2)

where: Ep;,; and Ey;,, represents the kinetic energy of vehicles after impact, and Eyjn; and Eginz
before the impact [121].

In 2012 O. Masory, in a series of papers [122, 123] presented a deep overview of current methods for
motorcycle accident reconstruction. The first research paper analyzed the five most common methods
for estimating the impact speed of the motorcycle to the side of the opposite vehicle (wheelbase
reduction, two “total” crush models — with soft and stiff structure, conservation of linear momentum,
and conservation of angular momentum). It was found that in the real accident scene the “total” crush
models estimates the impact speed with highest confidence. The second paper [123] presented a
preliminary study on applying adductive networks (AIM) for the estimation of the impact speed, the
AIM studied in this paper was supervised trained with the experimental data. In his own words, the
AIM method presents significant advantages: “It was obtained automatically using the AIM system
and it is reasonably accurate. The model is explicit in contrast to non-explicit model that can be
obtained by other learning procedures such an Artificial Neural Networks”[123]. A similar comparison
of analytical and empirical methods in motorcycle accident reconstruction was presented by McNally
[124], with case-by-case application of each method to the particular accident. This methodological
effort allows the author to draw the conclusions about the limitations and applicability of the
“momentum techniques “. Especially the differences in the motorcycle and opposite vehicle mass
often seen in PTW collisions guided McNally to conclusion: “that momentum techniques are probably
not appropriate, since even small changes in the input variables will produce large changes in the
calculated speed of the motorcycle”[124]. However the author did not dismiss the methods which
employ the conservation of angular momentum rule: “By properly evaluating the results of the
momentum analysis with a sensitivity analysis, the reconstructionist can evaluate the applicability of
these techniques to each individual collision.”[124]

The Shanghai Jiao Tong University team led by Qian Wang conducted in 2020 advanced reconstruction
of motorcycle accidents [125] by employing the MADYMO human body model, facet model of the
opposite vehicle, and rigid model of PTW. The advantage of this research was to provide the
kinematical validation of the simulation by utilizing the video recording from the real accident.
Additionally, the MADYMO HBM has been modified to account for the realistic deformation of the
lower and upper limb by changing the modeling approach for the lower limb and crating a hybrid
human body model. The advantage of the Qian Wang research was the detailed modeling of the
handlebar gripping by the PTW driver. The disadvantages of this approach was not to account for the
deformation of the PTW structure which could led to the overestimation of the driver injury and also
cause unrealistic kinematics from the time point of crash between the PTW and the OV.

Research expanding the reconstruction procedures to cases where the PTW has more than one
occupant was published in 2019 by the team of Donghua Zou [126]. In his research, the MADYMO
environment with the MBS modelling approach was employed for all accident participants (opposite
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vehicle, PTW — scooter, and three scooter occupants). Besides reconstructing the real case, a
parametric study on possible impact angle and crash speed was conducted. As with all reconstruction
procedures that employ simulation also here the reconstruction approach could be described as
forward-type, where by analyzing a large number of simulations the most fitted set of input
parameters was chosen to find the best kinematical fit of the participants to the final position. The
authors stated: “The most closely matched results were acquired when the speed of the microvan was
set at 18 km/h and that of the scooter was set as 28.8 km/h.”[126].

Besides the general purpose multi-body solvers (MADYMO, Adams) and general purpose explicit FEM
environments (Ls-dyna, Pam-crash, Radioss) there are also special accident reconstruction software
(PC-Crash [127], Virtual-Crash[128]) which can be used by forensic specialists without (or with
reduced) labor intensive identification of material parameters. These softwares often utilized the
same numerical methods as general-purpose environments. The main difference is the ease of use,
already validated workflows for specific accidents, and build-in database of vehicles with their physical
parameters ( mass, inertia, coefficient of friction, etc.). They are especially useful for experts who
needs working tool for accident reconstruction [129-131], without the time to deliberate the methods
which stand behind the software.

Vehicles Accident location and Final position of the Victims
damages traces vehicles and bodies injuries

......................................................................................

: : Impact No
Point of impact P s <
velocities
Multibody simulation l
....................................................... Analysis of
Final positions Final positions Damages the results es

of the vehicles of the victims and injuries Consistent ’ End

........................................................

Figure 5.6. The forward(simulation-based) reconstruction methodology [130].

The entire MBS-based reconstruction of 240 motorcycle accidents was conducted in the framework
of “SECU2RM” project [132]. The reconstruction was made by the forward-looking approach by
utilizing the MADYMO v7.5 software. The MBS 50™ percentile human body model was weighted to
body mass index (BMI) which represents the 5™, 50", and 95" percentile of the population, BMI: 19
(1.76m, 59 kg), 24 (1.76m, 74 kg) and 32 (1,76, 99 kg) accordingly. To evaluate impact region to division
for 15 impact zones was performed as depicted in Figure 5.7.
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Figure 5.7. Division of body impact zones [132].
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5.2 Methodology

The inception of applying numerical methodologies to motorcycle passive safety can be traced back
to as early as 1970 when LM models were employed to depict motorcycle crash scenarios [133]. The
evolution of numerical simulations for PTW crash analysis has progressed from initial LM [134] to
advanced MBS models and culminated in sophisticated FEM models, as succinctly summarized by
Barbani [135]. Barbani also chronicled the historical trajectory of advancements in PTW crash
simulations, which encompassed diverse studies [136-144] aiming to establish comprehensive
numerical frameworks. These frameworks often incorporated models of the motorcycle itself, an
opposing vehicle (OV), a surrogate for the motorcycle rider known as MATD, and, in select instances,
even the helmet model (the most widely mandated protective gear by legal jurisdictions).

5.2.1 PTW Modelling

Noteworthy efforts were invested by researchers such as Chawla [145], Namiki [142], and Barbani
[135] in the meticulous validation of their numerical representations of these accidents. However, as
highlighted by Barbani [135], a universally accepted industry standard for motorcycle accident
simulation remains elusive. This absence, coupled with the limitations in applying concepts like
restraint or crashworthiness to PTW safety system development, perpetuates an unequal footing for
PTW riders within the broader road transportation ecosystem, thereby underscoring the criticality of
continued research in this domain.

In alighnment with the findings from the MAIDS, the motorcycle was replicated as a PTW adopting a
scooter-style configuration and mass characteristics that align with the L3 vehicle category (gross mass
of 180 kg). This particular PTW archetype, commonly known as a Maxi Scooter, corresponds to models
such as Suzuki Burgman or Piaggio Beverly. The depiction of this vehicle utilized a multi-body system
framework, supplemented by an additional plastic joint hinge [146]. The multi-body system
representation of the motorcycle encompassed 7 distinct bodies and 8 interconnecting joints (as
depicted in Figure 5.8). The torque-rotation behavior of the plastic hinge joint was derived through
the FEM simulation of a fork-bending test, adding an additional layer of detail to the model's realism.
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Figure 5.8 Conceptual MBS model of L3 scooter style PTW.

The numerical FEM experiment involved securing the fork's column in a stationary position, followed
by the application of a bending force to the wheel mounting holes. Throughout the bending process,
both the force exerted and the deflection angle were closely monitored. To determine the torque, the
measurement of the distance from the region of peak stress to the mounting holes was utilized. Once
a deflection angle of 0.25 radians was attained, the characteristics of the test were adjusted to
replicate the interaction between the wheel and the chassis (depicted in Figure 5.9, Figure 5.10).
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Figure 5.9 FEM procedure for obtaining Figure 5.10 Fork plastic hinge
bending characteristics for plastic hinges. characteristics.

The inertia properties of the PTW body parts have been obtained from the project partner in the
MOTORIST project (Table 5.1). The inertia data were described in relation to the principal axis of
particular motorcycle body part and can be found in the following table. The suspension properties
were adopted from the Piaggio Beverly 350 PTW (depicted in Figure 5.12).
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Table 5.1 PTW MBS model body part inertia and mass.

Mass [kg] I [kg*m?] lyy [kg*m?] I, [kg*m?]

Frame 106.6 7.1 16.6 15.3
Fork upper 4.13 0.207 0.013 0.212
Fork lower 9.39 0.351 0.305 0.052
Front wheel 7.5 0.25 0.25 0.5
Rear wheel 7.5 0.25 0.25 0.5
Swing arm 50 1.26 3.6 1.26
Sub-frame 0.01 - - -

The coupling interfaces for the modeled PTW are: wheels meshed geometry by automatic contact 33),
chassis and seat (by automatic contact 33), and handlebar to VH hands (by breakable spring joining
hands and handlebar). The geometry of these parts (chassis with seat, wheels, handlebar) was
modeled by using the shell elements with the Young modulus in the range which allows obtain quasi-
realistic contact forces (here it is worth noting that the contact force by the PAM-Crash algorithm 33
between two parts has a component of Young modulus, that why it was necessary to tune this
parameter, otherwise for the MBS body part the inertia parameters are enough to describe the
dynamics of the system). Parts of the PTW in the MBS representation which are not expected to be in
contact with another object did not receive their own geometrical representation besides the simple
bar which depicts the distance between the joints connected to the particular part of the MBS. This
strategy can be seen by comparing the images in Figure 5.8 and Figure 5.11 (subframe, swing arm, and
the lower fork).

Figure 5.11 Implemented MBS model of maxi-scooter.
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Figure 5.12 Implemented suspension characteristics.

5.2.2 0OV Model and Simplification
5.2.2.1 Base model

The FEM approach was utilized by NCAC [147] to create the numerical model of the Chrysler vehicle.
The initial iteration of this model was developed using the commercial FEM software, LS-Dyna 970-
5434a. The components comprising the building blocks of the numerical Neon model are itemized in

the subsequent table.

Table 5.2 Chrysler Neon FEM model parameters.

Parts Nodes Solids Beams Shells Elements

336 283859 2852 122 267786 270768

The primary focus of the model's development was on frontal impact scenarios. Its validation was
conducted through NCAP frontal crash procedures [147]. The NCAC validation process indicated the
model's numerical stability up to speeds of approximately 40 miles per hour (~17.9 m/s). Additionally,
the ESI Group recreated this specific car model in their software, as shown in Figure 5.14. In the cases
discussed in this chapter, the differences in mass between the Chrysler and the opposing vehicles
(OVs) were adjusted using the built-in "Mass Trimming" tool within VPS. This tool enables the
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distribution of additional mass among all nodes of the model. It's worth noting that while a complete
FEM model could prove valuable for real accident reconstructions, it might introduce high time step-
related computational demands for parametric studies or optimization processes. To address this,
model simplification could be considered, followed by an assessment of its behavior relative to the
intended scenario configuration for which the model will be employed.

Figure 5.13 The NCAC validation of Figure 5.14 The VPS (PAM-Crash) version of
the Neon FE model [147]. the Chrysler Neon.
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5.2.2.2 Simplified models and validation

Considering the substantial quantity of elements and components in the original vehicle base model
(Table 5.2), a streamlined version of the vehicle model was devised, maintaining the same mass and
inertia properties. Furthermore, to cater to prevalent real-world crash scenarios (frontal impact, side
impact, rear impact), several simplified Neon models were formulated. During this simplification
process, the primary structure responsible for energy absorption in impact simulations was preserved.
Refer to Figure 5.15 for an illustration of the simplified Neon FE models designed for frontal, rear, and
side impact simulations.

ey @

(a) Frontal impact

(c) Side impact

Figure 5.15 Side view and top view of simplified Neon FE models.

To reconfirm the mechanical behavior of the simplified models, a procedure was employed that
compares the deformation of these simplified models with their respective full models. The moving
deformable barrier (MDB), possessing a gross mass of 950 kg, was utilized as the impactor in each
revalidation scenario. Initial velocities of 30 km/h or 50 km/h were assigned for the MDB in each case.

The revalidation of the simplified frontal impact model encompassed four configurations: full frontal
impact, 50% offset frontal impact, bumper end impact at 45 degrees, and side-impact onto the fender.
Detailed setups for each scenario are outlined in the appendix. For the rear impact simplified Neon
model, validation involved constructing simulations for 100% rear impact and 50% offset rear impact,
with MDB speeds of 30 km/h and 50 km/h. The simplified side-impact model was validated in a single
configuration with the MDB impacting the B pillar (see appendix). In each configuration, the maximum
deformation of two horizontal and one vertical lines on the body part was assessed. The nodal line
positions are illustrated in the appendix.
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The outcomes of the revalidation efforts are summarized in Table 5.3. The results reveal that the
frontal impact model conforms to the 5% error criterion for agreement with the full model in six out
of eight cases. In the remaining two cases (side fender impact at 30 km/h and bumper end impact at
50 km/h), the deformation was within the threshold of 10% error. Evaluation of the simplified side
model indicates that in every instance, the deformation satisfies the 10% error criterion.

Table 5.3 Simplified FE Neon model assessment.

Frontal model Rear model nf:ii:l
Full | Frontal | Bumper 100% | 50% _
frontal | 50% end Fender | rear rear | BPillar
offset | (45 deg.) impact | impact Impact
30
km/h
50
km/h

5.2.3 Models Coupling

Throughout the simulation, four key macroscopic entities were employed, including the PTW, the OV
(opposite vehicle), the occupant, and the helmet. Prior to commencing the numerical calculations, it
was imperative to meticulously position and integrate these entities. The coupling procedure
encompassed the following steps:

Scaling the Virthuman in accordance with the PTW occupant's specifications.

Coupling the Virthuman with the PPE.

Placing the Virthuman in a seated posture.

Establishing coupling between the Virthuman and the PTW at their contact points.
Positioning the PTW alongside the occupant.

Defining the initial velocities of both the PTW and the OV.

These systematic steps ensured the coherent integration and alignment of the various entities
involved in the simulation.

NoukswnNpRE

A symmetrical contact interaction between the rider and the motorcycle is established in the
simulation. The connection between the hands and handlebars is represented through breakable
springs with a stiffness of 9.36 kN/m [148] and a maximum force limit of 350 N [149] for each hand.
The simulation is conducted until the point of reaching the most critical injury criterion.

The ground is modeled as a rigid plane with a consistent friction coefficient of 0.7 [150, 151, 152]. To
ensure accuracy and compliance, the outputs of specific joints (forces and moments) and nodes (head
center of gravity acceleration) are filtered according to the guidelines of the SAE J211 standard prior
to result evaluation. For clarification, it should be noted that the entire model preparation — simulation
— evaluation pipeline is performed under the ESI Virtual Performance Solution software package.
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5.3 Results

The subsequent chapter of this work will delve into the practical application of the discussed concepts
and methodologies. Specifically, it will focus on the numerical reconstruction of three different
Powered Two-Wheeler (PTW) accidents. These reconstructions will utilize the forward reconstruction
method outlined in the state of the art review, combined with the simulation pipeline detailed in the
current chapter.

By implementing this approach, the chapter will aim to provide comprehensive insights into the
dynamics of the selected PTW accidents. The simulation pipeline, incorporating the virtual human
body model, motorcycle dynamics, and helmet interactions, will be employed to recreate and analyze
the sequence of events leading to each accident scenario.

Through this numerical reconstruction, the chapter intends to demonstrate the applicability and
effectiveness of the developed methodologies in shedding light on the critical factors and mechanisms
involved in real-world PTW accidents. This approach offers a valuable opportunity to gain a deeper
understanding of accident scenarios, contributing to the improvement of motorcycle safety measures
and accident prevention strategies.

5.3.1 In-SAFE cases

The In-depth Study of Road Accidents in Florence (In-SAFE) initiative was established by creating the
methodology involved forging a collaboration between the Department of Mechanics and Industrial
Technologies at the University of Florence and the Intensive Care Unit of the Emergency Department
at Careggi Teaching Hospital, Florence. The primary objective was to gather comprehensive
information related to road accidents. The compiled dataset encompasses a range of details, including
on-scene observations, vehicle examination findings, crash dynamics and kinematics data, injury
documentation, treatment procedures, and injury mechanisms. Each injury is systematically coded
using the AIS score, accurately localized using a three-dimensional human body model derived from
computed tomography slices, and relevant key scores are computed. This data is subsequently linked
to the specific causes of injuries and the technical parameters of the crashes. The entirety of this data
is systematically stored and organized within the In-SAFE database [153]. The author of this
dissertation obtains the records from the database by collaboration under the MOTORIST project.

5.3.1.1 Casel
5.3.1.1.1 Accident description

The initial case under examination occurred in October 2012 and is centered on an incident that
transpired on Dante Alighieri Street in the city of Calenzano during the evening hours. The collision
entailed a Piaggio Beverly 400 and a 2004 Ford Fiesta. The nature of the accident can be categorized
as a "Head-on-side collision." The event unfolded on a dry asphalt surface, and the street was
illuminated by public street lights.

According to the site summary, the accident unfolded on a dark autumn afternoon, with the road
visibility enhanced by public illumination. The driver of the car was proceeding in the direction of the
oncoming PTW. The car driver had come to a halt in the middle of the road, with the intention of
making a left turn into the vicinity of a petrol station. Unfortunately, the PTW rider became aware of
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the driver's maneuver when it was too late to react effectively. Although the rider attempted to brake,
the collision could not be averted [154].
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Figure 5.16 The Case 1 accident site [154].

Employing cutting-edge technology, an investigative team conducted an examination of the site. A
sketch of the scene was created, which was subsequently integrated into Google Maps for enhanced
visualization (Figure 5.16). Furthermore, photographs capturing the damage sustained by the involved
vehicles were taken and meticulously cataloged for reference (Figure 5.17 - Figure 5.23).



Figure 5.17 Case 1: Vehicle A front [154].

Figure 5.18 Case 1: Vehicle A front glass [154].
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Figure 5.20 Case 1: Vehicle A zoomed crumple zone [154].
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Figure 5.22 Case 1: Damages on vehicle B zoomed [154].
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Figure 5.23 Case 1: Vehicle B bended front fork [154].

Subsequently, the configuration of the accident was determined by considering factors such as the
final positions of the vehicles, the presence of skid marks, and the accounts provided by the drivers.
The PTW collided with the car from its right side, specifically, it can be seen around the front lamp
area (Figure 5.19). The angle formed between the Vertical longitudinal planes of the vehicles was
approximately 114 + 5 degrees (Figure 5.24), conforming to the guidelines set forth by the ISO 13232-
2005 standard [155]. Vehicle A, a car with three occupants, had a mass of roughly 1300 kg, while the
PTW weighed around 260 kg with the driver on board. Importantly, the PTW rider was wearing a
helmet at the time of the accident, and he was identified as a male approximately 52 years of age.
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Figure 5.24 Case 1 accident configuration [154].

{1 18013232-2005

~{ — Car
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Figure 5.25 Case 1: ISO description [154].

Utilizing the Virtual-Crash software (depicted in Figure 22), the IN-SAFE team undertook the
reconstruction of the Case 1 accident. The analysis yielded the following findings:

Vehicle A, which corresponds to the car:

Was in the process of executing a U-turn.

Initiated braking approximately 2.5 seconds prior to the collision.
Was traveling at an approximate speed of 15 + 5 km/h.

Collided with a speed of around 10 * 3 km/h.

Experienced the EES of about 12 + 3 km/h.

Vehicle B, representing the PTW:
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e Engaged in braking maneuvers around 0.5 seconds before the accident.
e Was traveling at a velocity of approximately 74 £ 5 km/h.

e Experienced a crash impact speed of about 55 * 3 km/h.

e Had aroll angle of -90 degrees at the time of collision.

e Demonstrated the EES of approximately 12 + 3 km/h.

Figure 5.26 The reconstruction made by the IN-SAFE team [154].

From a medical examination, the PTW driver’s injuries were found. The driver suffered four types of
injuries:

o Serious injury of the left femur,

o Moderate injury of the left tibia,
o Moderate injury of the left fibula,
o Serious injury of the thorax.

5.3.1.1.2 Accident numerical setup

The first step for an accident simulation is the positioning of the vehicles and the occupant. In Case 1,
the OV and the PTW were positioned according to the figures from the case description (Figure 5.24 -
Figure 5.25). The angle between the vehicles was equal to 114 deg.
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Figure 5.27 Case 1 simulation setup.

The initial velocities were as follows:

e The PTW: 55 km/h,
e The OV: 10 km/h.

5.3.1.1.3 Results and discussion

The accident's kinematics are illustrated in the preceding figures (Figure 5.28, Figure 5.29), showcasing
distinct sub-phases of the PTW crash. These sub-phases reveal the progressive sequence of events.
Initially, the PTW's front fork experiences compression (0 — 30 ms). Subsequently, deformation of the
fork becomes evident (30 — 60 ms). The third phase of kinematics involves the PTW's rotation around
the contact point. Simultaneously, the occupant's movement can be characterized as follows: Initially,
the rider's body begins to slide forward from the seat due to the PTW's deceleration. As the PTW slows
down, the rider's hands experience compression against the handlebar. Upon reaching the coupling
spring force of 350 N between the hands and handlebar, the spring fractures. Subsequently, the upper
part of the rider's body overtakes the PTW, while the lower part remains compressed by inertia forces
acting on the PTW's front frame. Consequently, the lower extremities become immobilized by the
PTW frame, leading to the generation of a torque affecting the rider's body. This torque induces
rotation of the rider around the point of contact between the abdomen and the motorcycle (90 - 120
ms). As a result of this rotational motion, the rider's head ultimately makes contact with the hood of
the OV.
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Figure 5.28 Side view on the Case 1 simulation time-frames.
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Figure 5.29 Top view on the Case 1 simulation time-frames.
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Figure 5.30 Head COG acceleration in Case 1.

The initial momentum and angle of the oncoming vehicle lead to a modification in the trajectory of
the motorcycle (causing it to rotate clockwise). This adjustment results in contact between the left
side of the motorcycle and the left leg of the rider (between 150 - 240 ms). The force of this contact
between the leg and the motorcycle's side has the potential to induce significant leg injuries. By
analyzing the acceleration experienced by the head's CO), it's possible to calculate the HIC. For this
reconstructed case, the HIC is measured at 489 (as shown in Figure 5.30). This value aligns with the
medical examination of the motorcycle rider, which reported injuries no higher than AlS1.

Assessment of the accelerations of the T1, T8, and T12 vertebrae (as seen in Figure 5.31-5.33) reveals
that between 175 and 225 ms, the thoracic portion of the vertebral column encountered exceedingly
high acceleration peaks (ranging from 6 to 24 mm/ms”2). Prior to analysis, the acceleration data was
filtered according to the SAE standard [156], utilizing the CFC 1000 filter. Virtual accelerometers
positioned at the 4th and 8th rib areas manifest similar acceleration peaks (as indicated in Figure 5.34,
5.37). This peak acceleration could be attributed to the extensive rib fractures documented by the
hospital. Examination of the rider's kinematics unveils that these acceleration peaks coincide with the
rotational movement of the rider's body. Throughout this rotational motion, the rider's ribcage came
into contact with the front section of the motorcycle frame.
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Figure 5.31 T1 vertebra acceleration.
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Figure 5.32 T8 vertebra acceleration.
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Figure 5.33 T12 vertebra acceleration.
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Figure 5.36 8th left rib acceleration. Figure 5.37 8th right rib acceleration.
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Figure 5.39 Force magnitude in joint 430.
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Figure 5.44 Force magnitude in joint 520.
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Figure 5.45 Force magnitude in joint 530.
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Figure 5.49 Force magnitude in joint 570.
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The medical examination of the motorcycle rider revealed a fracture in the shaft of the left femur,
classified with an AIS code of 3. In the region of the left femur, the Virthuman model incorporates
three breakable joints:

e Joint 420 - upper femur,
e Joint 440 - middle femur,
e Joint 460 - lower femur.

The force magnitudes in these joints are depicted in Figure 5.38, Figure 5.40, Figure 5.42. These virtual
force readings exhibit significant peaks between 175 and 250 ms. The peak forces in the respective
joints were as follows:

e Joint 420: 27 kN,
e Joint 440: 36 kN,
e Joint 460: 90 kN.

Conversely, the right femur (joints 430, 450, and 470) did not experience such pronounced peaks.
Similar, albeit lower magnitude, peaks were also observed in joints located within the area of the left
fibula and the left tibia:

e Joint 520 - Figure 5.44,
e Joint 540 - Figure 5.46,
e Joint 560 - Figure 5.48.

Within this region, the peak forces range from 9 to 14 kN. The medical records also indicated injuries
to the left tibia and left fibula (shaft fracture and fracture above the joint - AlS2). These injuries
correspond with the aforementioned force peaks.

Neck forces and moments (as seen in Figure 5.50) were measured in the joint between the CO and C1
vertebrae, following SAE regulations J1727 and J1733. The SAE standards define the measurement
procedure for Nij calculation, involving the filtration of signals as follows:

e Moment: CFC600 filter,
e Forces: CFC180 filter.

The force signal filtration aligns with the SAE J211-1 standard [152]. While SAE recommends using a
CFC600 filter for force signal filtration, it was observed that the CFC180 filter yields a higher signal-to-
noise ratio (SNR).

Upon calculating Nij after filtration, the results were placed within the 50th percentile male corridor
(as shown in Figure 5.51). The figure illustrates that the corridor was exceeded due to elevated neck
extension force peaks at 75 ms and 120 ms. However, despite this, the medical examination did not
report any neck injuries in the region.
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5.3.1.2 Case?2
5.3.1.2.1 Accident description

The second scenario involves a collision on Forlivese Street in Dicomano, occurring around 2:30 p.m.
The accident took place during daylight hours on a dry asphalt road. According to the site summary,

"It was a summer afternoon with sunny and clear visibility conditions. The driver came to a halt at a

Stop sign. Upon proceeding and accelerating, the driver executed a left turn, colliding with the PTW.
The motorcycle rider was approaching rapidly from the left side of the driver. The rider only noticed
the impending danger 0.5 seconds before the collision" [157].

| Point of Impact .‘.

v

r

Fig. 1 Case 2 accident site on Google Maps [157].

The accident location was documented through both a sketch and a series of photographs (Figure 5.52
- Figure 5.57). The incident involved two vehicles: a Piaggio Beverly 300 cc PTW (with a total mass of
180 kg, including an 80 kg rider) and an Opposite Vehicle (OV) - a Fiat Grande Punto with a single
occupant (the combined mass of the vehicle and driver was approximately 1130 kg).
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Figure 5.53 Case 2 accident site - the PTW and left side of the car [157].
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Figure 5.55 Case 2 accident site - rear view of the car [157].
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Figure 5.57 Case 2 accident site - the view of the accident surroundings [157].
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The Reconstructionist from the IN-SAFE team analyzed the available evidence. The investigation
revealed that the PTW collided with the OV from its left side (depicted in Figure 5.58). The angle
between the two vehicles was measured to be 111 degrees (Figure 5.59).

Figure 5.58 Case 2 configuration [157].

e 1ISO13232-2005

, - — Plw
Car

Figure 5.59 The ISO description of Case 2 configuration [157].
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It was found that:
Vehicle A —the Car

e Executed a left turn maneuver,

e Accelerated 1.8 seconds before the collision,
e Moved at a speed of 0 £ 5 km/h,

e Had a collision speed of 9.5 = 3 km/h,

e FEESwas 13.8 +3 km/h.

Vehicle B - the PTW

e Applied brakes 0.5 seconds before the accident,
e Traveled at a speed of 67 + 5 km/h,

e Had a collision speed of 56 + 3 km/h,

e EESwas 38.5+3km/h.

Figure 5.60 The IN-SAFE team Case 2 reconstruction [157].

Based on a medical examination, the PTW driver sustained injuries of various types, including:

. Serious and moderate injuries to the rib cage,
. Moderate injury to the spine in the T8 region,
. Moderate injury to the right fibula,

. Severe injury to the internal organs of the thorax.
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5.3.1.2.2 Accident numerical setup

Following the established procedure, the initial phase involved scaling the Virthuman model to match
the anthropometric characteristics of the actual PTW occupant. Subsequently, the scaled model was
positioned, integrated with the helmet, and linked with the PB350. The OV model was then adjusted
to align with the reported mass from the police documentation (1130 kg). Upon completing these
adjustments, the PTW model was placed adjacent to the OV model (as shown in Figure 5.61), with an
approximate angle of 111 degrees between the vehicles.

Figure 5.61 Case 2 numerical setup.

The initial velocities were as follows:

e The PTW: 56 km/h,
e The OV:9.5 km/h.
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5.3.1.2.3 Results and discussion

The sequence of events during the crash is visualized in the preceding figures (Figure 5.62- 5.63). The
collision initiates with the PTW's front wheel contacting the left fender of the OV. Within the initial 20
ms, the PTW's fork undergoes compression. Subsequently, from 20 to 45 ms, the fork begins to bend
until contact occurs between the PTW's front wheel and its frame. At the 45 ms mark, the PTW starts
rotating around the point of contact with the OV (Y-axis of the PTW). This rotation causes the rear part
of the PTW to lift.

Throughout the crash, the movement of the PTW driver unfolds through the following stages:

o 0 — 30 ms: Sliding on the seat

. 30 ms: Reaching the maximum handlebar grip force (350 N) and releasing the hands
o 30 — 60 ms: Continuous sliding from the seat

. 60 ms: First contact between the occupant's abdomen and the PTW frame

o 60 - 180 ms: Rotation of the body leading to the head-to-hood impact (175 - 185 ms)

Analyzing the signal from the virtual accelerometer at the head's center of gravity (Figure 5.64) reveals
the largest acceleration peak occurring around 180 ms, which corresponds with the simulation's
contour plot at 180 ms (Figure 5.62). The calculated HIC value (399) aligns with the medical records
that indicate no head injuries were sustained.

The acceleration time series recorded from the T1, T8, and T12 vertebrae (Figure 5.65-5.67) exhibits
pronounced peaks:

T1: 68 ms —4 mm/ms2; 90 ms — 4.8 mm/ms2
T8: 68 ms—7.1 mm/ms2; 90 ms — 6.9 mm/ms2
T12: 68 ms—12.1 mm/ms2; 90 ms — 10.5 mm/ms2

Within the same time frame (68, 90 ms of simulation), substantial acceleration peaks (ranging from 4
to 14 mm/ms2) are recorded in the regions of the 4th and 8th ribs (Figure 5.68- 5.71). Medical
assessments of the PTW driver report rib cage fractures categorized as AIS2 and 3. These fractures
potentially stem from the impact of the driver's body with the PTW's upper front frame. The hospital's
records also note injuries to the spinal cord around the T8 and T9 vertebrae. The acceleration peaks
at 68 and 90 ms could be implicated in causing these injuries.
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Figure 5.62 Case 2 reconstruction - side view.
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Figure 5.63 Case 2 reconstruction - top view.
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Figure 5.64 Head COG acceleration in Case 2.

The PTW driver also sustained an injury to the lower extremity, specifically a fracture above the joint
in the right fibula, categorized as AIS2. Regrettably, the assessment of the force in the region of the
right fibula and tibia (joints: 530, 550, 570 - Figure 5.79, Figure 5.81, Figure 5.83) indicates no evident
correlation.

An examination of the Nij criterion (Figure 5.84-5.85) reveals that throughout the accident, the PTW
occupant consistently remained within the safe corridor for neck injuries. This outcome corresponds
with the medical examination, as no neck injuries were documented.
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Figure 5.67 T12 vertebra acceleration.
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Figure 5.76 Force magnitude in joint 460.
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Figure 5.73 Force magnitude in joint 430.
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Figure 5.75 Force magnitude in joint 450.
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Figure 5.77 Force magnitude in joint 470.
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Figure 5.80 Force magnitude in joint 540.

JOINT
a3
— CFC 600_560 Force_Magnitude(L1)
36
g 2.4
w
)
[~
o 12
(55
0
12 1 1 1 1 1
i} 50 100 150 200 250 2300

TIME(millisec)

Figure 5.82 Force magnitude in joint 560.
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Figure 5.79 Force magnitude in joint 530.
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Figure 5.83 Force magnitude in joint 570.
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5.3.2 LMU Institute for Legal Medicine case

Established in 1472 as Bavaria's inaugural university under papal concession, Ludwig Maximilian
University of Munich (LMU) has evolved into a prominent institution renowned for its academic
excellence and pioneering research endeavors. Positioned as a major beneficiary of Germany's
excellence program, LMU stands as one of Europe's foremost research universities today.

Within LMU, the Institute for Legal Medicine holds a significant role as part of one of Germany's
premier faculties of medicine. Since its inception in 1909, the institute has consistently contributed
groundbreaking research in its field. With a dedicated team of 11 permanent researchers, the Institute
for Legal Medicine possesses a diverse range of interdisciplinary expertise encompassing Engineering,
Computational Mechanics, Medicine, Anthropometry, Biology, Physics, and Epidemiology.

The institute boasts extensive proficiency in areas such as anthropometry and image-based modeling,
Impact-Biomechanics, Crash Simulation, and comprehensive accident analysis. With a specific
emphasis on road traffic incidents, the institute has garnered significant experience in data
acquisition, accident reconstruction, and the nuanced analysis of accidents.

One of the central objectives of the institute is the advancement of accident analysis and prevention.
Leveraging its multi-disciplinary knowledge base and state-of-the-art methodologies, the Institute for
Legal Medicine at LMU seeks to enhance the understanding of accidents and their underlying
mechanisms. By focusing on road traffic accidents, their research aims to contribute to the overall
improvement of road safety and accident prevention strategies [158].

5321 Case3
5.3.2.1.1 Accident description

Accident reconstruction serves as a crucial means of acquiring comprehensive insights into accidents,
encompassing their dynamics and outcomes. It plays a pivotal role in building extensive accident
databases, essential for enhancing safety systems through optimization across various impact
scenarios.

The motorcycle accident under analysis occurred at an intersection. The opposing vehicle came to a
halt at a red traffic signal, and the motorcycle collided with the rear of the car. The accident
configuration is visually depicted in Figure 5.86.

555 km/h

Figure 5.86 LMU Case accident scenario depicted on the left, sourced from accident case
documentation, alongside the simulation setup sketch on the right [159].
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The accident involved two vehicles, one being a BMW 318i Cabrio (depicted on the left in Figure 5.87)
with a dry mass of 1370 kg. The car was operated by a single occupant, the driver, whose mass
amounted to 70 kg. Consequently, the overall mass of the car, including the driver, was 1440 kg.

The other vehicle in question was a Suzuki Burgman 200 maxi scooter (illustrated on the right in Figure
5.87) with an empty mass of 161 kg. The rider, a 66-year-old individual with a height of 171 cm,
weighed 70 kg. Hence, the total mass of the motorcycle, encompassing the rider, tallied at 241 kg. The
recorded impact speed, as determined by the accident analysis team, was within the range of 5515
km/h.

Figure 5.87 Depiction of OV [160] and PTW [161].

The motorcycle rider sustained severe injuries, including extensive head and brain trauma,
displacement of the skull base from the spine, multiple rib fractures, a torn aorta, and substantial
collarbone and sternum fractures. The severity of these injuries, assessed using the maximum
abbreviated injury scale (MAIS [6]), were categorized as follows: a MAIS of 6 for the head, 6 for the
neck, 5 for the thorax, 5 for the abdomen, and 1 for the extremities. The most critical injuries sustained
by the scooter rider included significant head and brain trauma, skull base dislocation from the spine,
a series of rib fractures, an aortic tear, and substantial collarbone and sternum fractures.

5.3.2.1.2 Accident numerical setup

The reconstructed accident scenario by LMU was subjected to thorough analysis. Numerical models
were created for both vehicles involved in the accident. The PTW model was developed following the
aforementioned method, incorporating an elastic joint on the front fork. The mass and inertia
properties were adjusted to match those of the Suzuki Burgman. As a specific model for the BMW 318i
Cabrio was unavailable, the existing finite element model of the Neon was adapted and customized
to align with the vehicle's dimensions and mass. Given that extensive parametric study wasn't needed
to apply the framework to the accident reconstruction, the non-simplified OV model was employed.
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While the mass of the opposite vehicle driver is encompassed in the total mass of the opposing vehicle,
the motorcycle rider's representation was created by scaling the Virthuman model to specific
dimensions (66 years, 70 kg, 171 cm). This rider model was then linked to the personal protective
equipment, including the detailed numerical helmet model (AGV-T2). The helmet was attached
symmetrically to the head, making contact with the helmet foam and head as well as being secured
by the chinstrap (refer to Figure 5.88).

The human body model was positioned in a sitting posture on the motorcycle and connected to the
motorcycle structure that holds the handlebars. This connection featured a sliding contact with a
stiffness of 9.36 kN/m and a maximum force limit of 350 N for each hand, following the prescribed
approach. Subsequently, the numerical models representing the involved parties (motorcycle,
motorcycle rider, and opposite vehicle) were positioned based on the accident's configuration (see
Figure 5.88). The passenger car was positioned at a 5-degree angle with zero speed. The motorcycle's
initial velocity was set at 55 km/h, aligned with its vector in the vertical longitudinal plane. The
simulation was executed within the VPS numerical environment.

Figure 5.88 Numerical setup of LMU case.
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5.3.2.1.3 Results and discussion

The initial 300 ms of the accident scenario were meticulously simulated, and the outcomes were
juxtaposed with the actual accident occurrences (see Figure 5.89-5.90). Notably, there are observable
resemblances in the deformation patterns between the real accident and the simulation results. A
notable divergence in the numerical outcomes is identified in the modest deformation of the car's
upper rear, resulting in a less direct head impact and consequently lower head acceleration. This
discrepancy highlights the need to integrate a genuine car model tailored to the specific accident
scenario for improved simulation accuracy.

Figure 5.90 Deformations of the simulated vehicles.

The sequence of events involving the accident participants' kinematics is vividly depicted in Figure
5.91. In the initial phase of the collision, the motorcycle's wheel came into contact with the rear
bumper of the car. This contact triggered the bending of the elastic joint positioned on the fork,
leading to wheelbase shortening. The above figures effectively demonstrate a commendable
congruence between actual and virtual deformation trends. As the scenario progresses, at 35 ms, the
motorcycle rider begins to slide off the seat, losing contact between the hands and the handlebars. By
55 ms, full-scale deformation of the vehicles became apparent, halting the rider's linear motion and
initiating body rotation around the handlebars.
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A whiplash effect manifested prior to the head's impact with the rear window at 105 ms, resulting in
a severe neck injury. Ultimately, the rotational motion culminated in the head striking the rear window
at 150 ms.

Table 5.4 Comparison between the numerical results and
the real injuries from the LMU case.

Body Degree of injury MAIS from
part by numerical simulation accident report [159]
Head Green (Good)® 6 (Fatal)
Neck Red (Poor) 6 (Fatal)
Thorax Orange (Marginal) 5 (Critical)
Abdomen Yellow (Marginal) 5 (Critical)
Extremities Yellow / Red (Marginal / Poor) 1 (Minor)

| Good

Acceptable
| Marginal

Poor

Figure 5.91 LMU case numerical reconstruction accident kinematics
with the ongoing fast IC evaluation.

i Good

Acceptable
i larginal

Poar

Figure 5.92 Final injury risk prediction.

5 The head was seriously injured in the real case. The numerical simulation results might be influenced by the
used model of the helmet, where in real case the particular type of helmet is unknown.
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The evaluation of driver injuries in this case was undertaken using a tool designed for swift accident
outcome assessment (refer to Figure 3.49 and Figure 3.50). In brief, injury criteria across major body
regions (head, neck, thorax, abdomen, pelvis, legs) were gauged in line with EuroNCAP standards. The
color code scheme employed signifies risk levels—red implies high injury risk, orange indicates
marginal injury risk, yellow represents acceptable injury risk, and green signifies low or negligible
injury risk.

The most substantial injury risks during the significant vehicle contact were observed in the neck
(highlighted by red hues in Figure 5.91-5.92) and the abdominal region (indicated by orange tones in
Figure 5.91-5.92). These findings align with the actual injury report. Table 5.4 offers a comparative
analysis of the numerical and actual injury outcomes. Moreover, the simulation identified elevated
injury risks in the lower extremities. On the contrary, the head did not exhibit a heightened injury risk,
potentially attributed to the utilization of a highly protective helmet model (AGV T2) for the simulation
in this case.

The selected crash scenario extracted from the LMU accident dataset is emulated through the
harmonious coupling of multiple components: a FEM passenger car model, a Multibody System MBS
motorcycle, and an anthropometry-scaled model. This anthropometry-scaled model embodies the
physical attributes of the motorcycle driver. The model is enhanced with a helmet, a standard
protective gear for motorcycle riders. Employing virtual simulation techniques, the reconstruction
process effectively replicates the intricate kinematics and dynamics of the motorcycle driver's actions
during the accident event.

The evaluation of injury criteria exhibits a notable correspondence between the simulated outcomes
and actual observed results. This alignment showcases the potential value of the virtual human body
model, particularly in scenarios characterized by intricate kinematic and loading patterns. It points
towards promising applications in scenarios where both complexity and accuracy are essential.
Nonetheless, it is essential to underscore that while the virtual human body model proves valuable,
the incorporation of a realistic vehicle model remains crucial to ensure the heightened predictability
and reliability of the numerical simulations.
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5.4 Summary

This chapter comprehensively delves into the intricate field of reconstructing accidents, encompassing
both backward and forward reconstruction methodologies. By critically assessing the current state of
the art in this domain, the chapter establishes a solid foundation for the subsequent analyses.
Moreover, the chapter presents a detailed exploration of three distinct accident cases, with two cases
originating from Florence and one from Munich, which were meticulously reconstructed using the
proposed framework.

The first critical building block pertains to the PTW model, a fundamental representation of the
motorcycle involved in the accidents. This model employs advanced techniques to adapt the
motorcycle's mass and inertia properties, allowing it to mimic the behavior of the specific PTW in
guestion. The PTW model's coupling with other elements is meticulously facilitated through various
contact points, facilitating accurate replication of interaction scenarios.

In conjunction with the PTW, HBM adds another layer of complexity to the reconstruction process.
Scaled and tailored to match the real-life rider's anthropometric attributes, the HBM brings the human
element into the simulation. This model is meticulously coupled to the PTW and the PPE represented
by a detailed helmet FE model, which is integrated through symmetrical contact and breakable spring
mechanisms, simulating realistic interactions.

The chapter highlights the utilization of the proposed framework to successfully reconstruct the
accident scenarios. It underscores the integration of both backward and forward reconstruction
methods to yield accurate insights into the accident dynamics, sequences, and outcomes. Additionally,
the efficacy of the framework in analyzing real-world accidents underscores its relevance in improving
accident analysis and prevention strategies.

A noteworthy aspect of the framework is the introduction of simplified OV models, which are
effectively employed in subsequent chapters. These models streamline the simulation process while
retaining essential energy absorption structures for relevant impact scenarios.

In essence, the chapter serves as a pivotal juncture in the research journey, effectively applying
advanced methodologies to replicate and understand intricate real-world accident scenarios. The
comprehensive analyses of three distinct cases underscore the applicability and effectiveness of the
proposed framework, positioning it as a promising avenue for enhancing accident reconstruction
techniques and contributing to the broader field of PTW passive safety.
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6 Full-scale crash tests

Full-scale crash tests are pivotal components of modern vehicle safety research and development.
These tests involve subjecting entire vehicles to controlled, real-world collision scenarios to assess
their crashworthiness, occupant protection, and overall structural integrity. Unlike computer
simulations or small-scale experiments, full-scale crash tests provide comprehensive and accurate
insights into how vehicles and their occupants respond to impact forces in actual crash situations.
However numerical approach slowly started to become a standard not only in initial development but
also in consumer testing [162].

These tests play a critical role in ensuring that vehicles meet stringent safety standards and
regulations, ultimately aiming to reduce the severity of injuries sustained in accidents. They offer a
means to evaluate the effectiveness of various safety systems, such as airbags, seat belts, crumple
zones, and structural reinforcements. Moreover, full-scale crash tests help researchers and engineers
refine vehicle designs, optimize safety features, and develop new technologies to enhance passenger
and pedestrian safety.

The information gathered from these tests contributes to a deeper understanding of how different
types of collisions impact vehicle occupants and the structural components of the vehicle itself. By
observing and measuring forces, accelerations, and deformations during controlled crash scenarios,
researchers can fine-tune safety systems and assess the potential for injury reduction. This empirical
data forms the foundation for improving vehicle safety across a wide range of crash scenarios,
including frontal, side, rear, and rollover collisions.

Full-scale crash tests provide invaluable data that inform regulatory agencies, manufacturers, and
consumers about a vehicle's safety performance. As technology continues to advance, these tests
remain indispensable tools in the ongoing efforts to create vehicles that better protect passengers
and mitigate the consequences of accidents on our roads.
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6.1 State of the Art

Full-scale crash tests are common procedures for the assessment of the crashworthiness and passive
safety of new cars introduced to the market. These experimental tests must be conducted to achieve
the type approval and prove the fulfilling the certain safety criteria (described for example in ECE-R 94
[163], FMVSS 208 [164], and similar standards). Another type of crash test are the customer test, these
sets of test are not mandatory for the car manufacturers and often have far higher requirements
according to the vehicle safety. The most common and recognized customer test organization is the
European New Car Assessment Programme (Euro NCAP).

One of the first applications of the 1ISO 13232 standard for the full-scale motorcycle crash tests was
done by the Berg F. from the DEKRA [3]. As a second part of the research paper, the four full-scale
crash tests made in the DEKRA laboratories were presented. The constellations I1SO 413 and ISO 414
with stationary and moving opposite vehicle were investigated. Due to the cost of the MATD the
Hybrid Il ATD was used as the driver surrogate. One of the evaluations of the accident participant’s
kinematics with the assessment of injury criteria is shown in Figure 6.1. One of the direct findings from
the crash tests was “The results of these tests indicate that crash tests featuring a frontal impact of
the motorcycle with the side of the standing vehicle tend to lead to higher loadings on the dummy
head than corresponding collisions with moving vehicles.”[3]. The decelerations of the ATD chest and
head were measured below the injurious limit of SI = 1000 and a_3ms = 60 g respectively.

t = 0 ms (start of impact) SH96.21

t = 86 ... 200 ms (dummy dive into cabin)

t=0... 86 ms (impact of dummy head)

Head: a;,, =84g, HIC =379

....... Chest: a;,,=32¢g SI=174

Pelvis: a 35, =~

Femur: Fiq=+3.0 kN Fp, = +4.6 kN

Figure 6.1. Evaluation of the ISO 413 constellation with stationary vehicle [3].

To understand the retrospective analysis of the statistical data from the field accident research the
team of researchers from Opel A.G and DEKRA [165] carried out the two most relevant (based on real
accidents) types of full-scale crash tests. Namely frontal and side impacts of moving PTW into the
opposite vehicle (car). The constellations of full-scale crash tests are depicted in Figure 6.2.
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Figure 6.2. Motorcycle full-scale crash tests were performed in 1985 in Opel facility [165].

This study allows to draw conclusions about the rider's kinematics and the deformation of the
motorcycle during the accident. It was found that the fork usually deforms in the close time range of
10ms from the start of the crash. The analysis of the velocity correlated with the video analysis allows
to draw the conclusion that most of the kinetic energy is dissipated/converted in the second crush
phase (between 20 and 50 ms). The lifting of the rear wheel starts around 36 to 84 ms after contact.
From all the constellations (with the dependence on initial velocity) the event stops at 54 to 120 ms,
with the full conversion of the PTW kinetic energy to plastic or elastic deformation. The elastic
deformation then causes the rebound phase which could be horizontal or upward around the front

wheel.
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Figure 6.3. Kinematics of the rider's body parts during impact [165].

The conclusions about the interaction of the motorcycle and dummy (ATD) kinematics were found as
follows: “when finally rider's legs are trapped by the handle bars, while cycle is already rebounding,
this input increases cycle's upward rotation considerably” [165]. That means in means that is
reasonable to expect higher rear motorcycle wheel raising in case of the trapping of the surrogate
between the handlebars. This conclusion could be also used for the design of crash energy
management systems for particular PTWs’ design. The results depicted in Figure 6.3 show that during
the accident ATD head continues the almost horizontal movement on the initial path (up to the roof
contact).

Full-scale motorcycle crash tests could be also performed without the utilization of any driver
surrogate, such a situation occurred during the 2016 World Reconstruction Exposition [166]. During
the exposition, the researchers prepared and ran eleven instrumented crash tests with the Harley-
Davidson motorcycles. The aim of this study was to update the empirical equations that are used for
the estimation of the impact speed by measuring the wheelbase reduction or total crush. By applying
the experimental data to the “Modified Eubanks” [167, 168] equations a new set of “Modified Bartlett
Equations (MBEs)” has been derived:

Axle: S =216+ (L+C)+17.33, (2)
Bumper or pillar: S =1.36+* (L + C) + 19.50, 3)
Door: S =150 (L+C)+9.27, 4)
Fender: S =126 (L+C)+ 2295, (5)

where: S is impact speed in [mph], L is wheelbase reduction in [in], C is opposite vehicle crush in [in],
and L+C is total crush in [in].
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Since the PTW group of motorcycles is not only limited to the supersport, touring, or chopper style
bikes, crash-tests of two-wheeler PTW with the scooter/ pedelec style are also in the interest of the
safety research groups. This is especially true in countries like Malesia where the PTWs are often used
as a main mode of transportation. This type of full-scale scooter crash test was presented by a research
team from the Malaysian Institute of Road Safety Research (MIROS) [169]. The method section
describes and preparation of three crash tests with the PTW in the scooter style with the average mass
of 94 kg, and with the 29.3 km/h, 43.6 km/h, and 52.1 km/h impact speed respectively. As the driver
surrogate the official MATD manikin was used. The total mass of the pre-crash accelerated system was
in the range of 180 kg. Constellation was not described in the 1ISO 13232 terms, however from the
pictures it can be assumed as the ISO 413 configuration with the small city car (perhaps Hyundai i10,
model year 2008, which according to the datasheet has a 948kg dry mass) acting as a stationary
opposite vehicle. The entire kinematics can be seen in Table 6.1, which in detail describes each phase
of the post-impact movement. Regarding the injuries, the researchers summarized that the highest
injury was recorded in the ATD chest (on the level of AIS 6, but the injury criteria were not indicated).
The HIC criterion was evaluated to be in the range of 104, the team summarized it could indicate the
good performance of the used helmet. However by re-analyzing the high-speed footing (100 — 130 ms
of Table 6.1), it can be seen that most of kinetic energy from the MATD was dissipated during the
contact of the chest to the dashboard and handlebar (AlS 6 injury confirms there was high transfer of
the energy in this body region), and finally the head impacted and broke the side glass, where some
of the remained head kinetic energy was also transformed into plastic, elastic deformation of the glass
up to the ultimate strength of the side window. These experiments confirm the conclusions of the D.
Schaper team [165], that the body/handlebar interaction can cause the uplifting of the rear wheel
(depicted between 100 - 350 ms), and that in the interaction with the standing vehicle, the path of the
head is uninterrupted up to the contact with the OV structure (-20 — 100 ms).

Table 6.1. Accident kinematics of crash test performed by the MIROS team at 43.6 km/h
impact speed [169].

Time Description High-Speed Image

Motorcycle position

-20 ms immediately before impact.




0O ms

20 ms

50 ms

100 ms

130 ms

Beginning of the impact
sequence, the wheel
contacted the car side sill.

The front wheel started to
deform and the front
suspension began to deflect
inward.

The front wheel and the
suspension experienced
maximum crush. At this
moment, the rear suspension
springs begin to expand and
the rider slide forward.

The rear wheel began to lift.
and the rider slide to the
maximum  distance  with
lower extremities hitting the
plastic fairing and handle
frame. Subsequently, the
rider helmet started to hit the
side glass.

The wheel rotation
increased. The rider
abdomen pivoted around the
handle bar and the helmet
penetrated through the car
window while the chest hit
the window frame.

137
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The motorcycle rotated
completely off the ground.
350ms  Riders head + helmet stuck
momentarily in the car
compartment.

The motorcycle rotated to
the maximum height as the

640 ms front wheel subsequently hit
the ground.
The motorcycle started to
200 ms drop to the ground. The

rider’s head began to flex out
of the car.

Another conclusion drawn from these three crash tests was the graph which was correlating the
impact speed with the wheelbase shortening. However, the equation in the form of Eubanks [167] of
Bartlett was not derived. This deficiency could be easily fixed by applying the linear fit curve to the
bare data provided by the MIROS paper:

Verasn = 0.1314 * delta,, + 25.026, (5)

where: V.46, is crash speed in [km/h], and delta, is wheelbase shortening in [mm], it should be
added that the symbols are not similar to Bartlett’s equations due to the different unit systems (Sl vs.
Imperial).

The full-scale crash tests of the motorcycles are not limited to the constellations with the stationary
opposite vehicle, which by common sense comes from the real-world PTW crash. However the
preparation of a reliable and robust setup for conducting a crash test with two accelerated vehicles,
in which one is single track is far more complicated than with a stationary target. These tests are
especially important because due to the direct interaction of the front wheel ( and its sidewise
rotation) and front suspension of the PTW with the moving opposite vehicle, it’s almost impossible to
make an accurate approximation with just one moving vehicle test. The extensive methodology for
conducting above-mentioned tests has been developed over the years by Exponent's Test and
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Engineering Centre [170]. One of the Exponent team publications [171] describes a set of four crash
tests as presented in Table 6.2.

Table 6.2. Parameters of Exponent Inc. moving to moving vehicle crash tests [171].

Bullet Target
Jj:; Bullet Vehicle \é;l;i:(lie Target Vehicle \é;l;i;:(lie
[mph] [mph]
1 g‘;;ggwasaki 300 | 1986 Ford Mustang | 14.0
2 g;;ggwasaki 209 | 1986 Ford Mustang | 30.1
3 i?gfa%\;” ﬁﬁi‘i 63.2 | 1986 Jaguar XJ6 419
4 iﬁgj’agyjﬁd 68.1 | 1985 Jaguar XJ6 46.6

The full-scale crash tests of the motorcycles in recent years were not only conducted in Germany and
the USA but also in Poland. The detailed analysis of the post-crash movement of the motorcycle [172]
and rider surrogate [173] was published by the team led by Prof. Prochowski. As input data for the
detailed analysis, his team has used high-speed camera recordings from a crash-test case conducted
by the Automotive Industry Institute (PIMOT) in Warsaw (Figure 6.4 ). The main outcome was that in
the analyzed case a motorcycle rear wheel is reaching the 2.5m/s lifting speed and that around 15%
of pre-crash kinetic energy is consumed by the rotation movement. From the point of the PTW driver
injury the published analysis concluded that “the head hit the car with a velocity of 14.2 m/s and a
force of 23 kN and the maximum acceleration value measured in the center of mass of the head
reached a level of 110 g”.

Figure 6.4 Motorcycle crash test conducted in Polish Automotive
Industry Institute (PIMOT) in Warsaw

In 2010 M. Toma, with the team from the MYMOSA project was conducting the research on finding
the optimal foam liner for the motorcycle helmet. As an inter-step, the full-scale numerical crash test
was employed in their research. The side impact of the motorcycle to the 50% length (the B pillar) was
utilized to find the impact conditions for the optimization of the liner. The disadvantage of this study
was the employment of the “semi-rigid” Hybrid Ill ATD model as a driver. This limitation could (and
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probably has) influence the “realistic” behavior of the driver's neck, as the Hybrid Il did not have a
biofidelic neck for this type of configuration. [174]

The team of Zhi Xiao [175] by utilizing the numerical approach to the full-scale crash test, conducted
a parametric study on the impact speed to find which speed level is critical for the occurrence of the
driver injury described by the HIC and CSDM (Cumulative Strain Damage Measure). For HIC the
threshold was found on 15m/s and for CSDM on 10m/s.

6.2 Numerical full-scale crash test
6.2.1 Standard Configurations —1SO 13232

The I1SO 13232 standard [155], titled "Motorcycles - Test and analysis procedures for research
evaluation of rider crash protective devices fitted to motorcycles," provides guidelines and procedures
for assessing and testing rider crash protective devices on motorcycles. This standard is crucial in
evaluating the safety and effectiveness of various protective measures designed to minimize injuries
to motorcycle riders during crashes. One of the key components of the ISO 13232 standard is the
definition of seven standardized motorcycle crash configurations. These configurations serve as
specific testing scenarios that replicate common real-world crash situations. These standardized
configurations help ensure consistent and reproducible testing procedures across different testing
facilities and studies. Each configuration aims to assess the performance of protective devices under
specific crash conditions.

The seven standard motorcycle crash configurations defined by the 1ISO 13232 standard are as follows
and depicted in Figure 6.5.

Configuration 143 - Side Stationary Motorcycle Impact:
Impact Velocities: 9.8 m/s (OV), 0 m/s (PTW)

Description: In this scenario, the OV crashes into the side of the PTW. This evaluates the impact's
effect of the moving OV into the PTW and its rider when impacted by the OV.

Configuration 114 - Frontal Skew Impact:
Impact Velocities: 6.7 m/s (OV), 13.4 m/s (PTW)

Description: A PTW collides obliquely into an opposite vehicle the OV that is moving at a lower speed.
This configuration assesses the impact of a skewed frontal collision between two vehicles.

Configuration 413.1 - Side Opposite Vehicle Impact:
Impact Velocities: 6.7 m/s (OV), 13.4 m/s (PTW)

Description: A PTW crashes into the side of an OV that is in motion. This scenario evaluates the
consequences of a side impact between a motorcycle and an opposite vehicle.

Configuration 412 - Side Rear Skew Vehicle Impact:
Impact Velocities: 6.7 m/s (OV), 13.4 m/s (PTW)

Description: The PTW collides obliquely into the side of the OV that is moving at a lower speed. The
tangential component of the PTW velocity vector in this situation has the same direction as the OV
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speed vector. This configuration assesses the outcome of a skewed side collision between a
motorcycle and a vehicle.

Configuration 414 - Side Front Skew Vehicle Impact:
Impact Velocities: 6.7 m/s (OV), 13.4 m/s (PTW)

Description: The PTW collides obliquely into the side (B pillar) of the OV that is moving at a lower
speed. The tangential component of the PTW velocity vector in this situation has different direction
than the OV speed vector. This scenario examines the consequences of a skewed side collision
between a motorcycle and a vehicle.

Configuration 225 - Near-Miss Frontal Impact:
Impact Velocities: 0 m/s (OV), 13.4 m/s (PTW)

Description: The PTW approaches an opposite vehicle OV head-on but avoids the direct collision,
however slightly touches the side of the OV fender. This configuration evaluates the rider's responses
and dynamics during a near-miss situation.

Configuration 413.2 - Side Stationary Opposite Vehicle Impact:
Impact Velocities: 0 m/s (OV), 13.4 m/s (PTW)

Description: The PTW crashes into the side of a stationary OV normally to the B pillar. This scenario
assesses the impact of the moving motorcycle on a stationary object.
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Figure 6.5 1SO 13232 seven standard configurations [155].

These standardized crash scenarios provide valuable insights into the dynamics and potential injuries
associated with different types of motorcycle crashes, aiding in the development of safety measures
and protective equipment for motorcyclists. These configurations have become a standard practice in
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the industry for conducting real-world crash tests on motorcycles, as well as for conducting numerical
research studies on the PTWs [176—181]. The drawback of this standard is the utilization of mechanical
ATD — MATD, in which biofidellity is far from being validated for the abovementioned vide range of
different dynamical configurations, and due to the cost its implementation is rarely used [182].

6.2.1.1 Methods

The above-mentioned configurations were detail modeled using the proposed framework in the ESI
VPS software package. For each I1SO 13232 configuration, the motorcycle rider model represented by
VH is integrated with a simplified FE helmet model and positioned on the motorcycle, maintaining an
appropriate gap between the hip and the motorcycle seat. To recap the framework procedure:
symmetrical contact between the rider and the motorcycle is established then the interaction
between the hands and handlebars is simulated using breakable springs, characterized by a stiffness
of 9.36 kN/m and a limiting force of 350 N for each hand. The simulation is executed until the highest
possible injury criterion is reached. The ground is represented as a rigid plane with a consistent friction
coefficient of 0.7. The OV in this part is represented by two simplified models of Neon (frontal and
side), developed in the previous chapter.

Prior to result evaluation, specific joint forces, moments, and node accelerations, including the head
center of gravity, are filtered following the SAE J211 standard. To enhance result clarity, each ISO
configuration is assigned a descriptive name, as detailed in Table 6.3.

Table 6.3 ISO 13232 cases description [155].

1ISO 13132 Impact Descriptive name
Configuration velocity
OV/PTW [m/s]
143 9.8/0 side statlonz.;ury
motorcycle impact
114 6.7/13.4 frontal skew impact
413 (413.1) 6.7/13.4 | Sideopposite
vehicle impact
412 6.7/13.4 | Slderearskew
vehicle impact
414 6.7/13.4 | Sidefrontskew
vehicle impact
995 0/13.4 pear-mlss frontal
impact
side stationary
413 (413.2) 0/13.4 opposite vehicle
impact

Side Stationary Motorcycle Impact (1ISO 143 9.8/0)

ISO 13232 outlines the side stationary motorcycle impact configuration as an occurrence where the
OV undergoes a frontal impact onto the side of the PTW, which is positioned perpendicular to the OV
(Figure 6.6). In this specific setup, the PTW remains stationary, while the OV's impact velocity is set at
9.8 m/s. For the numerical simulation of this arrangement, the simplified frontal OV model is utilized.
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Notably, in this instance, the presence of the elastic joint within the front fork, which is usually
instrumental in replicating fork bending dynamics, has a lesser significance.

Figure 6.6 ISO 143 simulation setup configuration.

Frontal Skew Impact (ISO 114 6.7/13.4)

The frontal skew impact scenario (Figure 6.7) portrays a situation where the motorcycle impacts the
front of a car at a 45-degree angle relative to the car's symmetry plane. Notably, this configuration
holds the distinction of being the 3rd highest Configuration Risk Index (CRI) according to Grassi's
assessment [183], and it's identified as the 1st highest CRI in the MAIDS and Hanover-Los Angeles
databases. Both involved vehicles are in motion in this case, with the initial velocity of the PTW set at
13.4 m/s, while the OV's velocity is set at 6.7 m/s.

Figure 6.7 1ISO 114 simulation setup configuration.

Side Opposite Vehicle Impact (1SO 413 6.7/13.4)

The side opposite vehicle impact configuration is a frequently encountered scenario at intersections,
where the PTW collides with the centerline of the opposite vehicle (OV) at 90 deg. angle (Figure 6.8).
The final rider's kinematics in this setup can be notably affected by the OV's design, particularly
concerning the placement of the B pillar. In this particular study, the B pillar's position did not align
with the 50% length of the OV. Consequently, the impact point of the PTW's front wheel falls on the
front doors. In this configuration, the PTW collides with a moving OV at a speed of 13.4 m/s. The OV's
velocity at the time of impact was set at 6.7 m/s in accordance with the established standard.

Figure 6.8 1ISO 413.1 simulation setup configuration.
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Side Rear Skew Vehicle Impact (1SO 412 6.7/13.4)

The side rear skew vehicle impact configuration diverges from the side opposite vehicle impact setup
in terms of the relative heading angle of the PTW (Figure 6.9). In this particular case, the motorcycle
collides with the side of the OV at a 45-degree angle to the OV's vertical longitudinal plane. By
conducting a basic vector analysis of the velocities, it's reasonable to anticipate a lower impact speed
of the rider's head. The initial velocity values remain identical to those in the side opposite vehicle
impact case, with the OV traveling at 6.7 m/s and the PTW at 13.4 m/s.

Figure 6.9 1ISO 412 simulation setup configuration.

Side Front Skew Vehicle Impact (ISO 414 6.7/13.4)

In the scenario involving a side front skew vehicle impact (Figure 6.10), the position of the PTW is a
mirror reflection across the vertical transverse plane of the PTW's position in the side rear skew vehicle
impact configuration. The initial velocities of both vehicles remain unchanged.

Figure 6.10 ISO 414 simulation setup configuration.

Near-Miss Frontal Impact (ISO 225 0/13.4)

The 1SO 13232 configuration involving a near-miss frontal impact depicts a scenario where the
motorcycle narrowly avoids a collision with the OV. In this setup, the OV is stationary, while the PTW
starts with an initial velocity of 13.4 m/s. The configuration (Figure 6.11) is constructed through the
following steps:

e Identifying the vertical longitudinal plane of the OV (Y),

e Creating a plane perpendicular to the horizontal plane of the OV (Z),

e Rotating the plane from the previous step until it achieves a 45-degree angle to the Y plane of
the OV,

e Translating the plane to establish a single-point contact with the front fender,
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e Constructing a plane parallel to the Y plane of the OV, which is shifted 5 cm outward from the
car body at the contact point from the previous step,

e Positioning the PTW by aligning its vertical longitudinal plane with the plane from the
preceding step, ensuring that the X-axes of both vehicles face opposite directions,

e Adjusting the position of the PTW to ensure clearance for the contact algorithm (preventing
initial penetration).

Figure 6.11 ISO 225 simulation setup configuration.

Side Stationary Opposite Vehicle Impact (ISO 413 0/13.4)

The scenario involving a side stationary opposite vehicle impact is a simplified version of the side
opposite vehicle impact configuration. In this setup, the OV remains stationary, and the PTW collides
with the centerline of the OV at a velocity of 13.4 m/s (Figure 6.12).

Figure 6.12 1SO 413.2 simulation setup configuration.
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6.2.1.2 Results: kinematics

Side Stationary Motorcycle Impact (1ISO 143 9.8/0)

The kinematics of the side stationary motorcycle impact simulation are depicted in Figure 6.13. The
collision commences with the initial contact between the motorcycle frame and the rider's left shin
against the front bumper of the Neon. Subsequently, the motorcycle topples over and skids along the
ground. Throughout the crash, the movement of the rider follows these stages:

. From 0 to 150 ms, the motorcycle rider disengages from the motorcycle and undergoes
clockwise rotation in tandem with the motion of the hood.
. Between 150 and 300 ms, the motorcycle rider maintains a clockwise rotation around the

point of contact between the hip and the hood. The rider's back then makes contact with
the front windshield.

. From 300 to 750 ms, the rider continues a clockwise rotation in conjunction with the front
windshield. The rider's back remains in contact with the front windshield from a top-down
perspective.

17 0000000

Oms 150ms 300ms

450ms 600ms 750ms

Figure 6.13 Kinematic responses of ISO 143-9.8/0 simulation
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Frontal Skew Impact (ISO 114 6.7/13.4)

The kinematics of the frontal skew impact simulation are illustrated in Figure 6.14. The collision was
initiated by the initial contact between the motorcycle's front wheel and the front bumper of the
Neon. Following this, the motorcycle undergoes a clockwise rotation around the front wheel before
ultimately falling to the ground and skidding. Throughout the crash, the movement of the motorcycle
rider unfolds through the following phases:

. From 0 to 150 ms, the motorcycle rider glides along the motorcycle seat, disengaging from
the motorcycle. The rider experiences clockwise rotation over the hood, leading to
contact between the helmet and the front windshield.

. Between 150 and 300 ms, the motorcycle rider continues a clockwise rotation around the
point of contact between the helmet and the front windshield. Concurrently, the contact
point shifts to the lower right.

o From 300 to 1050 ms, the rider executes a rotation of approximately 270 degrees
clockwise.
o Between 1050 and 1200 ms, the helmet gradually makes contact with the ground, and

the rider maintains clockwise rotation. Subsequently, the back, hip, and lower limbs come
into contact with the ground.

300ms

450ms 600ms 750ms
900ms 1050ms 1200ms

Figure 6.14 Kinematic responses of ISO 114-6.7/13.4 simulation.
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Side Opposite Vehicle Impact (1ISO 413 6.7/13.4)

Figure 6.15 presents the kinematics of the simulation for side opposite vehicle impact. The collision
between the vehicle and motorcycle commences with the initial contact occurring between the
motorcycle's front wheel and the left front door of the Neon. As a result, the motorcycle undergoes
counterclockwise rotation around the front wheel. The front portion of the motorcycle frame comes
into contact with the left rear door before the motorcycle eventually falls to the ground and skids.
Throughout the crash, the motion of the motorcycle rider unfolds through the following phases:

. During the interval of 0 to 150 ms, the motorcycle rider glides along the motorcycle seat
and disengages from the motorcycle. This is accompanied by counterclockwise rotation
as observed from both the front view and the top view. Subsequently, the helmet makes
contact with the roof.

. Between 150 and 900 ms, the motorcycle rider maintains a continuous counterclockwise
rotation of about 180 degrees, as viewed from the top.
. From 900 to 1200 ms, the rider falls to the ground. The helmet, thorax, and lower limbs

come into contact with the ground, and then subsequently slide along the ground.

900ms " 1050ms 1200ms

Figure 6.15 Kinematic responses of ISO 413-6.7/13.4 simulation.
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Side Rear Skew Vehicle Impact (1SO 412 6.7/13.4)

Figure 6.16 illustrates the kinematics of the simulation for side rear skew vehicle impact. The
interaction between the vehicle and motorcycle commences with the initial contact between the
motorcycle's front wheel and the left front door of the Neon. Subsequently, the motorcycle undergoes
counterclockwise rotation around the front wheel. The motorcycle frame then comes into contact
with the left rear door, eventually leading to the motorcycle falling to the ground and sliding.
Throughout the crash, the motion of the motorcycle rider unfolds through the following phases:

. In the time span of 0 to 150 ms, the motorcycle rider glides along the motorcycle seat and
separates from the motorcycle. Concurrently, counterclockwise rotation is observed from
the front view. At this point, the right upper limb and shoulder make contact with the left
rear window.

. From 150 to 900 ms, the motorcycle rider continues to slide along the front windshield
and hood.
. Between 900 and 1200 ms, the rider falls from the hood. The helmet and lower limbs

come into contact with the ground, followed by the helmet bouncing off the ground.

600ms 750ms
- i3 .
900ms 1050ms 1200ms

Figure 6.16 Kinematic responses of ISO 412-6.7/13.4 simulation.
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Side Front Skew Vehicle Impact (ISO 414 6.7/13.4)

Figure 6.17 depicts the kinematics of the simulation for side front skew vehicle impact. The collision
between the vehicle and motorcycle initiates with the initial contact between the motorcycle's front
wheel and the left front door of the Neon. Consequently, the motorcycle undergoes clockwise rotation
around the front wheel from the top view. The motorcycle frame makes contact with the left rear
door, ultimately leading to the motorcycle toppling over and sliding on the ground. Throughout the
crash, the progression of the motorcycle rider's motion unfolds through the following stages:

. In the time span of 0 to 100 ms, the motorcycle rider glides along the motorcycle seat and
separates from the motorcycle. Concurrently, clockwise rotation is observed from the top
view.

. From 100 to 200 ms, the motorcycle rider executes a clockwise rotation over the trunk as
viewed from the side.

o From 200 to 900 ms, the rider completes a clockwise rotation of about 180 degrees when

viewed from the side. Additionally, the helmet begins to make contact with the ground.

100ms 200ms

- - - r

300ms 400ms 600ms
700ms 800ms 900ms

Figure 6.17 Kinematic responses of ISO 414-6.7/13.4 simulation.
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Near Miss Frontal Impact (ISO 225 0/13.4)

Displayed in Figure 6.18 is the kinematics of the near-miss frontal impact simulation. The interaction
between the vehicle and motorcycle is initiated by the initial contact between the motorcycle frame
and the left front wheel of the Neon. Subsequently, the motorcycle experiences a fall and slides across
the ground. Throughout the crash sequence, the motorcycle rider's movement unfolds in the
subsequent stages:

. From 0 to 100 ms, the motorcycle rider glides along the motorcycle seat.
. From 100 to 200 ms, the rider disengages from the motorcycle.
. From 200 to 600 ms, the motorcycle rider undergoes clockwise rotation as observed from

the side view. This motion ultimately leads to a fall, and the helmet begins to make contact
with the ground.

300ms

Figure 6.18 Kinematic responses of ISO 225-0/13.4 simulation.

Side Stationary Opposite Vehicle Impact (ISO 413 0/13.4)

Illustrated in Figure 6.19 is the kinematics of the side stationary opposite vehicle impact simulation.
The collision sequence between the vehicle and the motorcycle is initiated by the initial contact
between the motorcycle's front wheel and the left front wheel of the Neon. Subsequently, the PTW
undergoes a counterclockwise rotation as observed from the front view, followed by a fall of the
motorcycle. Throughout the crash scenario, the motorcycle rider's movement unfolds in the following
steps:

o From 0 to 150 ms, the motorcycle rider glides along the motorcycle seat and separates
from the motorcycle. Subsequently, the rider executes a counterclockwise rotation as
viewed from the front, and the helmet establishes contact with the upper portion of the
left front door.

. From 150 to 450 ms, the rider continues to execute a counterclockwise rotation of about
180 degrees from the front view.
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Figure 6.19 Kinematic responses of ISO 413-0/13.4 simulation.

6.2.1.3  Results: Injury assessment

Depicted in Figure 6.20 is the comparison of the head HIC 36ms criterion across the accidents outlined
in ISO 13232. The evaluation of the HIC accounts for the secondary impact, a particularly important
consideration in scenarios lacking direct contact between the car and the rider's head. In the figure,
the impact type numbers 413.1 and 413.2 correspond respectively to side opposite vehicle impact and
side stationary opposite vehicle impact. This simplified notation is employed to enhance the clarity of
the visuals. The data presented in Figure 6.20 highlights several key observations. Specifically, the HIC
for the side stationary opposite vehicle impact demonstrates notably higher values compared to other
cases. Conversely, the HIC for the scenario involving side front skew vehicle impact registers lower
values. These findings suggest that the simulation involving side stationary opposite vehicle impact
presents a significantly elevated head injury risk compared to the simulation featuring side front skew
vehicle impact. The HIC for the side stationary opposite vehicle impact is observed during the
timeframe when the helmet makes contact with the upper portion of the left front door. On the other
hand, the HIC associated with the side front skew vehicle impact occurs as the simulation progresses
to around 900 ms, coinciding with the moment when the helmet interacts with the ground.
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Figure 6.20 Configurations evaluation of HIC 36ms.

The highest peak moments in the rider model's neck are observed at the joint connecting the CO and
C1 vertebrae across all impact simulations, as depicted in Figure 6.22. These moments encompass
both positive and negative CO-C1 values, representing flexion and extension bending moments,
respectively. The figure indicates that the peak flexion bending moments at the C0-C1 joint during the
side opposite vehicle impact, side rear skew vehicle impact, side front skew vehicle impact, and near-
miss frontal impact are greater than the absolute values of the corresponding peak extension bending
moments in the same scenarios. Notably, the side stationary opposite vehicle impact displays peak
flexion bending moments at C0-C1, and the absolute value of peak extension bending moments during
near-miss frontal impact exceeds that in other simulations.
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CO0-C1 maximum force[kN]
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Figure 6.21 Comparison of CO-C1 forces in the motorcycle rider’s neck with the UNE 135900
thresholds.
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Figure 6.21 illustrates the peak shear neck forces (Force-R, Force-S) and the axial neck force (Force-T),
all measured at the CO-C1 joint. Positive and negative axial forces signify tension and compression
forces, respectively. The figure reveals that the peak tension force during side opposite vehicle impact,
side stationary opposite vehicle impact, and side rear skew vehicle impact exceeds those in other
scenarios. Furthermore, the peak compression force in the near-miss frontal impact simulation is the
highest among all simulations. The figure also indicates that the positive peak shear force during the
side stationary opposite vehicle impact surpasses that in other scenarios. Nevertheless, when
evaluating the maximum magnitude of the vector sum of Force-R and Force-S (which together
generate shearing force in the X-Y plane of the neck), it is found that only side stationary motorcycle
impact, frontal skew impact, and side front skew vehicle impact remain below the UNE 135900 [184],
[185] level Il severity threshold of 3100N described in the chapter about neck injury criteria.
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Figure 6.22 Comparison of C0-C1 moments in the motorcycle rider’s neck with the UNE
135900 thresholds.

In evaluating neck injury potential, the initial consideration was the Nij criterion as a measure of neck
protection or risk assessment (described deeply in the neck injury criteria chapter). However, this
criterion only accounts for flexion/extension neck moments and tension/compression forces,
addressing loads primarily in the coronal plane of the human body. Recognizing that the rider's neck
loading, particularly during secondary impacts, extends beyond the coronal plane, it became evident
that the Nij criterion wasn't comprehensive enough for assessing protection.

To address this limitation, criteria for upper neck injuries, encompassing loads in the sagittal, coronal,
and transverse planes, are outlined in the UNE 135900 standard [184, 185]. Within this standard,
threshold values for shearing force, compression/extension forces, and flexion/extension moments
are derived from EuroNCAP, while the lateral bending limit [186] is adapted from FMVSS 208 [187].
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Table 6.4 UNE 135900 criteria assessment (forces — level Il severity thresholds).

Neck

limit

3100 | Neck Shear
N

3300 | Neck

N Tension
4000 | Neck

N Compression
134 Neck Lateral
Nm Flexion

57 Neck

Nm Extension
190 Neck Flexion
Nm

Table 6.4 presents the results of scenario assessments. Only the side front skew vehicle impact
scenario adheres to the thresholds across all criteria. Conversely, the near-miss frontal impact
scenario exceeds the limit in five of the six criteria. This assessment underscores that the thresholds
for neck lateral flexion are surpassed in the near-miss frontal impact simulation.

70 . . - . . - .
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50

LNL lower neck criterion
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Figure 6.23 Lower neck criterion assessment.

The UNE 135900 criteria prove to be a suitable tool for assessing upper neck severity. However, they
don't provide a single numerical value that can be universally evaluated across different scenarios or
protective equipment within the same scenario. An exception to this lies in the Lower Neck Load Index
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(LNL) criterion, the sole criterion considering loading in all five degrees of freedom (5 DOF) -
encompassing three forces and two moments. Heitplatz [188] recommended the LNL criterion as a
response to Prasad's [189] proposition, highlighting that existing criteria account for just one of several
forces and moments potentially generated in the neck during impact. The LNL criterion is calculated
based on lower neck loads, specifically employing C6-C7 joint forces and moments for its computation.

Scenario assessments concerning the LNL criterion are depicted in Figure 6.23. Nevertheless, Schmitt
[76] summarized the LNL's limitations, including the absence of a firmly established biomechanical link
to possible injury mechanisms and the lack of correlation with real-world injury outcomes.
Additionally, the LNL is limited in its application due to the requirement of ATD instrumentation with
a lower neck force/moment cell.

The thresholds used by the NCAP for injury criteria are respectively 1000 for the HIC. The HIC threshold
was exceeded only in the side opposite vehicle impact and the side stationary opposite vehicle impact,
but also for cases with the near-miss frontal impact, the value of the HIC was close to 1000, which
means that for these cases probability of injury higher than AIS3+ was greater than 50 % [187]. The
evaluation of the HIC shows that the cases with the side stationary motorcycle impact, the frontal
skew impact, and the side front skew vehicle impact present the lowest risk of skull injury (HIC far
below the 1000 threshold). For the case with the side stationary motorcycle impact, it means that the
probability of injury higher than AIS3 is lower than 10 %, and the probability of injury higher than AIS2
is lower than 25 % [187]. Respectively for the case with the frontal skew impact, it means the
probability of AIS3+ is around 19% and AIS2+ around 55 %. Where for the case with the side front
skew vehicle impact there should not be any risk of skull injury [187].

The evaluation of the LNL criterion on the C6-C7 joint (Figure 6.23) shows that the configurations with
the side opposite vehicle impact, the side stationary opposite vehicle impact, and the near-miss frontal
impact could cause the highest load on the lower neck of the rider. On the other side, the
configurations with the side stationary motorcycle impact and the side front skew vehicle impact have
the lower LNL criterion (under 15). These results are in good correlation with the UNE 135900 criteria
assessment. Due to the limited experience with the LNL criterion and lack of established
biomechanical connection to the injury, the establishing of any hard threshold is not possible, but with
the correlation to the UNE 135900 criteria, the LNL can be a simple and robust criterion for the neck
load assessment.

6.2.1.4  Full-scale numerical testing summary

This sub-chapter outlines the framework applied for numerically simulating scenarios defined in the
ISO 13232 standard within a virtual environment. This setup incorporates a multi-body system model
of a PTW, a simplified FE model of the OV, a novel hybrid human body model (Virthuman), and a
virtually "certified" model of a full motorcycle helmet. These models are interconnected using contact
interfaces and breakable springs (representing handgrips). This approach introduces novelty
compared to existing studies in the field, but it also presents challenges due to a lack of validation
data. No studies were identified that utilized post-mortem human body surrogates as motorcycle
riders in PTW crash tests, making validation challenging. Qualitative validation through accident
reconstruction was considered, but finding real-life accident cases exactly matching I1SO 13232
configurations is nearly impossible.
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Detailed analysis of rider kinematics for each case was provided. Assessment of NCAP, UNE 135900,
and LNL criteria was conducted, encompassing HIC, neck shear/tension/compression/lateral
flexion/extension/flexion. Injury risk calculations [187] demonstrated that the likelihood of skull injury
at the AIS3+ level was higher than 50% for side stationary opposite vehicle impact and near-miss
frontal impact cases. Evaluating the LNL criterion with correlation to UNE 135900 criteria revealed
that side opposite vehicle impact, side stationary opposite vehicle impact, and near-miss frontal
impact could expose the neck to higher injury risks. Notably, the near-miss frontal impact
configuration (Figure 6.21) exhibited the highest Neck Compression Criterion due to the compression
force during ground contact, potentially leading to fatal injury [76]. Conversely, the scenario with side
front skew vehicle impact posed the lowest risk of injury to both the neck and the skull.

6.2.2 Stature influence on accident outcome

The study of traffic accidents and their outcomes has been a critical focus of research aimed at
enhancing road safety and reducing injury risks. One significant factor that plays a pivotal role in the
dynamics of accidents and subsequent injuries is the stature of the individuals involved. Stature, a
fundamental anthropometric measure representing a person's height, has been recognized as having
a substantial influence on accident scenarios and outcomes. As vehicles, roads, and safety systems are
designed to accommodate a wide range of individuals, understanding how stature impacts accident
dynamics is crucial for developing effective safety strategies.

Anthropometry, which encompasses various measurements of the human body, provides insight into
how different individuals interact with their surroundings, especially during accidents. Stature, being
a major component of anthropometry, affects factors like seat positioning, visibility, restraint system
effectiveness, and interaction with vehicle structures. These factors can significantly alter the
biomechanics of injury during an accident and subsequently influence the severity and type of injuries
sustained.

This research aims to delve into the intricate relationship between stature and accident outcomes. By
employing advanced numerical simulations and computational models, we seek to unravel how
varying statures can impact collision dynamics, occupant kinematics, and injury patterns. The insights
gained from this investigation can aid in optimizing safety systems, such as airbags, seat belts, and
restraints, to cater to a broader spectrum of individuals, ultimately contributing to more effective and
inclusive road safety measures.

Throughout this study, we will explore various accident scenarios and outcomes, considering differing
statures as a key variable. The simulations and analyses conducted will shed light on the role that
stature plays in determining injury risks, highlighting areas where safety interventions can be refined
to provide better protection for individuals of all sizes. As road safety standards continue to evolve,
incorporating a nuanced understanding of stature's influence on accident outcomes is imperative for
creating a safer environment for all road users.
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6.2.2.1 Methods

A sequence of virtual human body models, employed as motorcycle riders, are produced through an
automated scaling algorithm on the Virthuman model. This scaling approach builds upon a previously
established algorithm [89], which factors in gender, geometry, mass distribution, and body stiffness.
The models' particular age (Table 6.5) was chosen based on the analysis of the MAIDS database
(depicted in Figure 2.2). Given the extensive components and elements in the numerical models, the
representations of the car, motorcycle, and helmet are streamlined to maintain a coherent time step
alongside the human body model. It was possible by employing the simplified FE models from the
chapters 5.2.2.2,5.2.1, 4.2.1 respectively.

Table 6.5 Mass, height, and corresponding helmet sizes of
six age ranges of motorcycle riders.

Age[years] 16 17 18 22 26 34
mass[kg] 56 59 58 61 59 62
Female height[m] 1.64 1.66 1.66 1.67 1.66 1.65
helmet size X X X X X X
mass[kg] 66 70 72 77 76 78
Male height[m] 1.76 1.77 1.78 1.79 1.78 1.76
helmet size XL XL XL XL XL XL

The impact simulation is rooted in an actual rear impact incident from the LMU dataset, in detail
simulated in the previous chapter. The investigated motorcycle accident occurred at an intersection
where a vehicle had come to a stop at a red traffic light, and the motorcycle collided with the car's
rear end. This event is illustrated in Figure 5.86 By analyzing the accident reconstruction, it was
determined that the angle between the vehicle's longitudinal symmetry plane and the motorcycle's
velocity direction was approximately 5 degrees. The initial velocity of the motorcycle is established as
55 km/h based on the reported impact speed range of 555 km/h from the accident report [159],
while the vehicle's velocity is set to zero. These simulations, which consider the rider's variable
anthropometry, encompass 12 scenarios and are executed within the Virtual Performance Solutions
platform. Following own framework every motorcycle rider model (VH) is linked to a simplified helmet
model and accurately positioned on the motorcycle, maintaining an appropriate distance between the
hip and the motorcycle seat. Symmetrical contact between the rider and the motorcycle is established,
and the interaction between the hands and handlebars is represented using springs with a stiffness of
9.36 kN/m and a maximum force limit of 350 N for each hand.
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Figure 6.24 Numerical setup of the study based on the LMU case.

6.2.2.2 Results

Figure 6.25 displays the kinematic response of the simulation involving a 16-year-old female
motorcycle rider, presented as an illustrative example. The entire impact simulation can be divided
into three distinct phases. In the initial phase, characterized by the linear motion of both the rider and
the motorcycle, the rider's body begins sliding away from the motorcycle seat due to the interplay of
the rider's inertia and the decrease in motorcycle speed, concurrently with the compression of the
motorcycle's front fork. The subsequent phase entails the rotation of both the rider and the
motorcycle. Here, the rider's body undergoes a counterclockwise rotation around the point of impact
between the knee and the motorcycle, while the motorcycle itself rotates counterclockwise around
the point of contact between the front wheel and the rear bumper of the car. In this phase, the neck’s
movement encompasses a combination of extension and flexion, carrying a potential risk of neck
injury. The concluding phase witnesses the movement of the head, coupled with the helmet, along
the rear windscreen, simultaneous with the rotation of the rider's body around the contact point
established between the helmet and the rear windscreen.
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Figure 6.25 Kinematic response in the simulation with the 16-year-old female motorcycle
rider.

Given the relatively subtle variations in height across the six age ranges within each gender group, this
study predominantly focuses on investigating the connections between specific injury criteria and
mass. lllustrated in Figure 6.26 is the HIC within the 36 ms time interval, encompassing all 12
motorcycle riders across the six age ranges. Notably, this figure reveals a marginally stronger
correlation between the regression variable mass and the HIC for male riders compared to their
female counterparts. For males, the HIC appears to be proportionate to mass, while for females, it
displays an inverse relationship with mass. Furthermore, it becomes evident from Figure 6.26 that the
mass's impact on the female HIC is more pronounced than its influence on the male HIC. All HIC values
across these 12 cases remain below the ECE R22.05 certification threshold of 2,400.

In the context of peak moments, assessed at the joint between the CO and C1 vertebrae as depicted
in Figure 6.27, both positive and negative C0-C1 moments—indicative of flexion and extension
bending moments—are considered. Notably, the regression variable mass showcases significantly
stronger alignment with the bending moments of male riders as opposed to their female counterparts.
The flexion bending moments for both genders, along with the extension bending moment for males,
exhibit proportionality to mass. Conversely, the extension bending moment for females is inversely
proportional to mass. A direct comparison between the absolute values of the regression lines' slopes
in Figure 6.27 reveals that the flexion bending moments' absolute values surpass those of the
extension bending moments. This highlights the stronger influence of mass on flexion bending
moments in comparison to extension bending moments. The mass's effect on the extension bending
moment for females is minimal.

Moving to peak shear force (Force-R) and axial force (Force-T) assessments at the CO-C1 joint—
illustrated in Figure 6.28 and Figure 6.29—positive and negative axial forces represent tension and
compression forces. Figure 6.28 demonstrates that the regression variable mass exhibits a much more
pronounced correlation with male negative Force-R compared to female Force-R and male positive
Force-R. For both genders, the negative Force-R and male positive Force-R display an inverse
relationship with mass, while female Force-R is proportionate to mass. Furthermore, Figure 6.28
indicates that the mass's impact on negative peak shear forces exceeds its influence on positive peak
shear forces.
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Considering Figure 6.29, the regression variable mass shows notably stronger alignment with female
peak tension force and male peak compression force in comparison to male peak tension force and
female peak compression force. Female peak tension and compression forces are proportionate to
mass, whereas male peak tension and compression forces are inversely proportional to mass.
Additionally, the impact of mass on male peak tension force is minor compared to its effect on other
peak axial forces.

Figure 6.30 depict the Nij criteria for ages 16, 17, 18, 22, 26, and 34, encompassing both male and
female riders. The Nij criteria are juxtaposed against the 50th percentile male corridor to gauge the
potential neck injury risk. Examining the envelopes, it becomes evident that the Nij criteria for ages
17 and 22 among female riders closely align with the established corridor. However, for the other Nij
criteria, they exceed the corridor due to the pronounced peak region in CO-C1 compression force
during specific time intervals—164 to 173 ms for males and 158 to 166 ms for females. This
discrepancy implies that neck injury risk might manifest earlier for female riders than their male
counterparts in the course of impact simulations. The distribution and trend variations for male riders
at ages 18, 26, and 34 mirror those for female riders.
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Further observation from the figures unveils a conspicuous distinction in Nij criteria between male
and female riders, underscoring the notable influence of rider stature on the Nij criterion at ages 16,
17, and 22. Specifically, male riders of 22 years of age exhibit considerably higher shear forces in the
neck (as depicted in last graph Figure 6.30) in comparison to their female counterparts. This
phenomenon can be attributed to the presence of stiffer joints within the male neck. However, as age
increases and subsequently neck stiffness rises, this gender difference becomes less discernible.
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The findings of this study reveal distinct patterns regarding the influence of rider stature on various
injury criteria. Specifically, the male HIC and CO-C1 flexion bending moments in both genders, the male
CO0-C1 extension bending moment, the female peak CO-C1 shear force, and the female peak CO-C1
axial forces exhibit a direct proportionality to mass. In contrast, the female HIC, the female C0-C1
extension bending moment, the male peak CO-C1 shear force, the female negative peak CO-C1 shear
force, and the male peak CO-C1 axial force display an inverse proportionality to mass. Importantly, the
impact of mass on the HIC, the CO-C1 flexion bending moments in both genders, the male peak CO-C1
shear force, the female peak CO-C1 axial force, and the male peak C0O-C1 compression force is more
pronounced than on other corresponding parameters investigated in this study. These trends are
anticipated to be observed in motorcycle-to-car frontal and rear impacts with diverse impact angles.
Moreover, the influence of rider stature on the HIC (for ages 16, 22, and 34) and on the Nij criterion
(for ages 16, 17, and 22) is found to be significant.

This study underscores the advantages of employing virtual approaches in the realm of vehicle safety
technology. Such methods prove invaluable for applications ranging from accident reconstruction and
optimization of personal protective equipment to the mitigation of injury risks.

6.3 Summary

In this chapter, the focus was on conducting full-scale virtual crash tests following the guidelines of
the ISO 13232 standard. These tests were aimed at comprehensively understanding the effects of rider
stature on injury outcomes in motorcycle accidents. The proposed framework provided a structured
approach to simulate and analyze various impact scenarios.

The first part of the chapter revolved around the execution of full-scale virtual crash tests. Following
the ISO 13232 standard, a range of impact scenarios was simulated using a combination of motorcycle,
vehicle, and human body models. These simulations captured different types of collisions, including
frontal, rear, and lateral impacts, providing a holistic perspective on injury dynamics during motorcycle
accidents. The virtual environment allowed for meticulous observation of rider kinematics and the
correlation of these observations with injury criteria.

The second part of the chapter involved a parametric study specifically investigating the influence of
rider stature on injury outcomes. The framework presented by the author facilitated the systematic
variation of rider anthropometry across different age groups. By examining a comprehensive set of
injury criteria, including HIC, neck bending moments, shear forces, axial forces, and Nij criterion, the
study provided a nuanced understanding of how rider stature interacts with injury risk. Notably, the
study highlighted the complex relationships between stature, gender, and injury criteria, revealing
both proportional and inversely proportional trends.

Overall, this chapter showcases the versatility and power of full-scale virtual crash tests in evaluating
injury outcomes in motorcycle accidents. By aligning with international standards like 1ISO 13232 and
employing a systematic approach to studying rider stature effects, the research advances our
understanding of how different factors influence injury patterns

The introduced virtual framework has the potential for simulating and optimizing personal protective
equipment, complementing ECE 22.05 [108], EN 13634 [190], and EN 1621 [191-194] standards.
However, further efforts are necessary to gather more real-life motorcycle accident cases for
enhanced validation of the established setup.
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7 Conclusions

In summation, this dissertation presents a comprehensive exploration into the intricate realm of
impact biomechanics, human body modeling, and the imperative considerations surrounding the
passive safety of powered two-wheeler (PTW) drivers. The diverse objectives laid out in the research
outline have not only effectively met but have culminated in the establishment of an extensive and
robust framework that stands poised to significantly impact the realm of motorcyclists' safety.

The overarching goal that has guided this study is the establishment of a solid and scientifically
grounded foundation in the domain of injury biomechanics. This foundation aims to pave the way for
a rigorous and comprehensive evaluation of passive safety measures for PTW drivers, bridging the gap
between theoretical models and practical real-world applications. The meticulously planned sequence
of steps, stemming from the initial problem statement, has been the backbone of achieving this
overarching objective, each contributing its unique facet to the tapestry of knowledge and
advancement.

The journey began with a meticulous and detailed statistical analysis of accident databases, a critical
exercise that yielded invaluable insights into the macroscopic impact conditions and the prevalence
of certain accident configurations. This analytical phase helped anchor the study in real-world
scenarios, grounding it in the complexities and dynamics of actual accidents.

The research encompasses a range of compelling HBM applications. It commences with the study of
real MotoGP accident, utilizing the sliding simulations of the VH model to gain a profound
understanding of accident dynamics. Further exploration involves ground surrogate impacts involving
helmets, with a meticulous comparison of injury criteria against the well-established THUMS model.
This comparative analysis elucidates helmet performance across different scenarios.

Following this, the research dived into the intricate task of modeling helmets, the paramount
protective gear for motorcyclists. These simplified helmet models were seamlessly integrated into
HBM, effectively merging the tangible physicality of helmets with the anatomical intricacies of the
human body. Validation against established standards ensured the accuracy and reliability of these
helmet models, a pivotal aspect in building the foundation for comprehensive virtual testing.

The evaluation of ECE 22.05 certified helmet performance within diverse population segments is
another pivotal facet of the research. This examination underscores the practical efficacy of HBM in
assessing and enhancing helmet safety standards, catering to a wide array of potential users.

The versatility of HBM extends to motorcycle barrier testing, where they serve as effective surrogates
for evaluating safety measures with a view to current safety standards. This application could facilitate
a comprehensive experimental assessment of the barrier impact by providing a cost-effective tool in
the initial state of barrier design.

Additionally, the research significantly contributes to accident reconstruction by employing HBM as a
driver in the meticulous reconstruction of two real accidents from the In-Safe project database and a
single LMU case. This real-world application underscores the practical utility of HBM in translating
theoretical insights into tangible solutions for accident reconstruction, and proves that the results
from the backward reconstruction technique could be comparable to the real injuries from the
accident scene.
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The subsequent stride saw the creation of a full-scale PTW numerical accident model, a substantial
step that harmonized various accident scenarios into a singular framework. This inclusive model,
representing diverse accident situations, served as the backbone for the subsequent research
endeavors. Building upon this foundation, the creation and meticulous validation of the numerical
PTW model fortified the research with a realistic and versatile tool, expanding its application across
various scenarios.

Moreover, HBM's role as an ATD substitute is evident in its utilization for evaluating seven standard
configurations defined by ISO 13232. This application could act as a culmination of the VH application
for the PTW passive safety, and be used as a virtual range to test the motorcycle safety measures in
their early stage of design/ development. The ISO 13232 is already a solid and established standard
but with one drawback which lies in the application only the MATD as HS. This limitation has been
overtaken by the application of VH which contains a scaling algorithm The focus here was on
representing diverse populations to assess the influence of stature on accident injury outcomes. This
application provides valuable insights into injury patterns based on different driver stature and builds
a scaffolding for personalized protective equipment development.

Further enhancements ensued with the streamlining of the occupant vehicle model and the careful
reconstruction of actual PTW-OV-driver collision cases. These refinements added layers of realism to
the research, simulating real-world accidents and refining the scope of the research.
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7.1 Thesis objectives evaluation

The particular thesis objectives were fulfilled in the following chapters of the work.

. Statistical analysis of the accident database to obtain macroscopic realistic impact
conditions and most common accident configurations; - Chapter 2.2 MAIDS analysis
. Modeling of simplified helmet and coupling with HBM;
. Standard-based helmet validation; - Chapter 4.2.1 Helmet testing
o Creation of full-scale multi-scenario PTW numerical accident model; -
. Creation and validation of the numerical PTW model; - Chapter 5.2.1 PTW
Modelling
. Coupling of HBM, MC, and method on HBM — PPE coupling; - Chapter 5.2.3
Models Coupling
. Simplification of the OV model; - Chapter 5.2.2.2 Simplified models and
validation
. Reconstruction of real cases involving PTW, OV, and driver; - Chapter 5.3 Results
o Simulation of most common PTW - OV accidents with injury criteria assessment -

Chapter 6.2.1 Standard Configurations — I1SO 13232

Table 7.1 Explanation of framework models application for particular tasks.

Virthuman PTW Helmet Chrysler Neon
Model
— Base | Scaled |Base Mass Detailed | Simplified | Detailed | Simplified
Application -trimmed

Basic simulations

Sliding simulation

Ground impact

Population diversity

Barrier assessment

Accident
reconstruction

IN-SAFE case 1
IN-SAFE case 2
LMU case

Full-scale tests

ISO 13232

LMU case
stature influence

Legend:

Performed Non-essential Non-recommended
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8 Future Research

In the near future author is planning to continue his interest in the Passive Safety of motorcycle
drivers by conducting the following research (but not limited to):

o Research on the development of helmets with the shear layer which will help to prevent
oblique impact-induced injuries;

. Research on improving Virthuman by altering the joint properties to express the ROM of
PTW driver in motorcycle garments;

. Development of virtual sled test methodology for the PTW's;

o Work on extending the developed framework to a wider range of vehicles (PTW with

different geometry, OV different type).
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11 Appendix 1 — Simplified Neon Validation

11.1 Frontal impact model — bumper impact

Figure 11.1. Validation setup for the full- Figure 11.2. Validation setup for 50%
frontal crash. offset frontal crash.

I—’ node 10053077

Figure 11.3. Nodes evaluated in validation for front bumper impact.
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11.2 Frontal impact model — bumper end impact

Figure 11.20. Setup for validation of
bumper end impact (45 deg).

node 10051872

Figure 11.21. Nodes evaluated in 45 deg bumper end crash.
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11.3 Frontal impact
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Figure 11.31. Nodes evaluated in side fender impact.
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Figure 11.35. Maximum deformation of
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11.4 Rear impact model
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Figure 11.41 The defomation vs time curves of node 10054200 of rear bumper at height of
239.6 mm in simulations of 100% and 50% offset rear impact.
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Figure 11.42 Deformation velocity of node 10054200 of rear bumper at height of 239.6 mm
in simulations of 100% and 50% offset rear impact.
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Figure 11.43 Deformation of middle line of trunk lid in simulations of 100% and 50% offset
rear impact.
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simulations of 50% offset rear impact.
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11.5 Side impact model
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Figure 11.46. Setup for validation in a side
impact.
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Figure 11.47. Nodes evaluated in side impact validation.
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Figure 11.48. Deformation in time of node
10124726 of B pillar (side-impact, 30km/h).
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Figure 11.52. Maximum deformation of
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Figure 11.49. Deformation in time of node
10124726 of B pillar (side-impact, 50km/h).
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Figure 11.51. Maximum deformation of B
pillar in a side impact (50 km/h).
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