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Abstract

The presencd ickfe csoympusosmisomr el ated to overpress
| omgnge precision rifle (LPR) training has be
head kinematics, overpresamndet headnnhgsadctioomnL

paths have not been previously quantified.

Il n the present study, bye xipéefee meent Re sveearec hu nalred t
Canada (DRDC) Val caugiirrg &Resiemsthurmemted head
overpressure from LPR discharges and to meas:¢.
instrumented mout hguahesmeas hueredn tgd leiemdc loe deed
to enable estimation of the relative olhset ti
LPR configurations encompass-gdpmrod hs omu zzd ref isg
Thehanpr finite element (FE) head modetse (in
guantify the effects of the measur edusleadadiong s
simulate three boundary conditions: only the

combining the two | oadings to investigate the

Thever prreesssswlirteidnigs cfrodo mitehRvas reducedwlseamnt heca
suppressor conf i gluhreata wenr pmaess seumpel GosyecadtC. hed € h et
the barre] wpfd diklse flaRoRht dg 27 . 6 kPa with ,and wi

respedthievelnset of r evcaoribletdwead loipree matoircss occu

t84.4 ms after the onset of overpressure | oad
I n addiet iFEn ,motdel s showed that the intracraniz:
demonstrated an interaction between overpress
was | argely governed by recoil head kinematic

The results of this studegaprovnget hempoet anti v

interaction between the overpressure and reco
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1l ntroduction and Motivation

The fibormgngeé Prec(BRisgn cRinf |lheasve di scernibl e
operanct uyckisruchebdg ki (Omat i eObngé&, SR 1¢xposur e
over pr(eOusedrleet & P.Molrieppens, thet®&) i s a documen
LPRi scharges and the manifEeSkattalonetofvdhicoohca@Ghb
al so be observed in other cont e&xtnse,maduehbnaey, i
202anNd exposorver poedhtsiarsees et al ., 2020)

The keandnragswlst i ng fr olmP®R haer ed idsicrheacrtgley olfi nked
experienced during the disch®ugetl-@EpacBaAGzxha) |
indicated the presence of Il inear accelz@Gation
10@/ s ) l16amd/ s, rlets piecti mpdiyt ant to note that t
val uebselfoan |Ir eechorgensihzoddads f or ¢c&abi aeg &l wthhe. j NP0
repetiti ve pdatsemtairagle §cfuprawlesEt.i Wa | L er et al ., 2

Overpressure arises as a consequence of the d
the mubHa&del | , TRO211gvel s of overpressure gener a
to stringent manufacturing standards ai med at
associatbed wanfbhbty dHEADOUMRTecERNeve®®he!l es s,
noteworthy that the potenti al rami fications o
ki nematics, particularly within the framewor

comprehensively examined.

Common concussion symptoms that may be associ .
( Mat hews ¢éhte aala.c,ld €Z%Z0z2 On)e s s , nausgddtiycudlommgad enrgt ri ant
andatf Nod .abl vy, prior research has specPiRFicall
di scharges and the occurrence of(bakashsmanet)
2022)particularly when operators engage i n fi
(HEADQUARTERS, 1994)

Concusgmphoms can result from the significant
recoi l and over pr epsoswerree dg ef nilerPdfKents t y yi klei&g AT n e

1



2015; Pal & Mihter as,pex(0Xl)c symptoms experience

factors, includidngcthhaelger o xpmi by forehem, and
(e.g., s(uMprR.ssMirlsl)er et al ., 2022; Woodall et
't is worth emphasizing thalPRihecha&ld @ges onesma @r

head kinematics and overpressure, bamdnt he spoea
can be investigated through theoapplcuobhatenthb

respo@errales et al ., 2020; Lyu et al ., 2022;
201T7hHhe response &fi ntehrbaat b rcbseveend toi fhaetaedldoish egd FE
i mpactstablishing a correlation between head

mani festation of (IBreaibrurirmujnuTrdye ssey nkpEE c2mM@s2i &) s e v
brain response @yakdmplndyyi, ndgrmetgr,i iMoo or)boabe, M
as Maximum Princcpmbl 8t r &k nnse{aMRuBiEDdA mage

Thérain tespaorm®shparse sbseuerne ya sqsueasnsteidf yi ng I ntracr a
usiFnEg mo(d@absl er kBt Salngh 20T&Gése RB1#Hhodel s pred
the conselmjiugecek oV ebriparsets)seremwtesf| i ng a di st
bet ween I CP | evels and brain injury. 't i s ci

positive or negativad,f eiciiie niyb @1 leo. snikted cpeepsrt east si i ovnes
| CP i s associated with structu(flayu datmaagiee t 02 Q
negat imaey Ilh@Pk ed t o brain injuUPgnzesuéetialg. frd0

The head kinematics and over prPRsasvier en orte srelcteii v
same lienvved s taisg ehteiaadn i mpact s an dr ebp eaastte denvaexnpt css, U re
l ead to cymptucsB® mmne quarstley, st tihesi s was dedic
head kinematics and overpressure generated by
simul ati mestploer sker diont hese measur ements.



2Background

This section serves to eetgthiedygh stkhe ft Reonrcatsisc
induced by theePEhsobhghgteheFmphpkEysasi odfootompr
address the necessary physibatkgmadoegdompusasd i D
recoi |l forces and toverlpPR,sstulme mamidluestdatbiyon
foll owing i tFEmaddeslchaemel, otdae for simulating b

essenti al tfhdnsaeewsapl ounastei n g

2. l1IRecbot@med overpressuLPRnesxcwmlatrigregq fr

ALPREsdéadr accuracy atanelkaeadedr idiced abgea cal.
i ncchewWhen these LBR harreecode $i gammédd eocviessr pmp 8 s U a &
considdovattonsheir possi bhlhe offfB®ates r&v &ro vt§ite |, |
Mor eovaenru,f amt urers adopt diverse design el emer
heavy stocks, and gas management systems, t
overpressur e, thereby emperadpfropt i mAddipteir d ma
training and adherence to effective dischargi

efficiently and uphold alcrXamasy& dhhyem,g 20 k)i s

2. 1R€elc.oi | force resulting from an LPR

RecoiLlPRisn characterized by the backward- movem
pressure gases when the proijelcase Itehe sprpajogpceetl il le
in one direction, an equal and opposite force
backward recoi li.s Tehxi psi #penwe¢endotmesnd nl aw of moti on
that every action promp{bBaael Bdqealmaignd tagpeo oif
fosecan vary <considerably, contingent upon f a:
ammuni ti drmuutnisl,i Eeddlazbl vy, LPRs tend t of cerxcheasbi t
due to the substanti al energy rel edsShcerwhersad,i
et al., 2018)



LPR Barrel
Projectile e — Reaction
Velocity 4&_’&4— Force !

FiguPeojectile propulsion through theAbdaptred &Bndm
(Hazell, 2021)

Therseecoidgefnerae ed from the backawter @n snoivtetmecd t t
boady thetbpeuwghophysical co(hY.acWanw tdhn jtanei,s $200
resulting from this recoil force can occur du:
managenmeanktsi moviim, p20ORilgul ar Bbopuhdemoira@aj uthes
momentarily cause the head t o n(oGuee lblaatkgwks r Slt,
202.1Tbh)i s backward maonweaement ried atswval Ityg daut e
previoulsaweldiléed acceleration@iernkeymi R82&onc

While the majority of individuals can manage
head movement introduces (R pot efitdran2z2rlidisBke 2flo r
extent of recoil experienced by the shooter i ¢
of the rifle, t he weight of tldMofeltkbearmt and
Consequently, several devidesstgmpmi hicgeBBOIreeasi

bwbsomobi n@ dtgreecaner gy gener at edChdautruirnvge dih e& rDew
2018; Liu.et al., 2020)

One exampleedluicangedevlce is the muzzle brake
barrel. This device is equipped with a series:¢
escaping gases either upwardngrthe bhekwaddsf
(Pegil etFiaglarle KM@R®Nt ant to note, however, tt
effective in reducing recoil|, they <can <conc|

surroundfnghaereper ator.



a. LPR Barrel

Projectile
P\;gf(e)zitt':/e < © map Recoil Force = Gas Expansion
Gas
Expansion
b. LPR Barrel with Muzzle Brake
Pressure Relieve
Projectile / / /<
Projectil , e
\;(e)f;:‘(cjt;ye L TL * Recoil Force = Gas Expansion — Pressure Relieve
Gas N
Expansion \4 R \‘
Pressure Relieve
Figa€Cempari son of forces produced by a barrel (a)

Adapt edPé gioim et al ., 2022)

2. 10We.rpressure resulting from an LPR

When the propul sion gas i mphel ssea ptihde i prcojeeacstei i
i 8ol l owed by ahsgdhheér altees easehock wave that g
(Fi g3 reacthhenghead of Sk dtea lo peftiu @alHe.00 20 p9essure e
mapgpose a ri sk Nafk asdn anasnstrmoagli .n,g 22022 )pressure W
i s crucial to ensw@midngttsher D@pHEADI QUART EBRS I0nRFR 9
Nevertheless, the specific effects of overpre
the majority of studies focusing o(ONééakamev
2018)
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Hudson et al .,

samtb | ceeetskthboemi antg  t
1996) .
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Fi gbtOeer prneesassuateed mu 0z e lafbmdi ¢ h and wi a s

thout
Taken(Kebmh Hudson et al ., 1996)
Howe vheer ,r etdi r eomiitcdhn nofa gapepgs essor has the pot e
of forces exerted on the fireaft®&Bweepnonedhid@lT)y
i mpact tends to fluctuate bdseidgonofvatrheée buphp
caliber, and the subjdKtiilv&kewarda@apsEgdhadt helRd
i ncriemsrecoi |, the overall advant ages of e mp |
overpressure, typi(cHhazleyl lo,ut2ne2ilgph t hi s effect



2. 2Brain anat omy

To expl aiann athicemybi,rsainne c e s s drayn att oo mye natnidohyuaobshiret ti otn

bodyruarer eeusscirnigpead r ef er enc e pflraghieg 6)¢ €hlea d
et al. ,TR&OrM&)are three primary anatomical

T Sagittal Plane: This plane divides the
When the sagittal pl ane passesiglaefrercrtdd

the "midsagittal"™ or "median" pl ane.

1 Coronal Pl ane (Front al Pl ane): This plane

and back (posterior) portions.

T Transverse Plane (Horizont al Pl ane) : Thi s
(superior) and | ower (inferior) portions.
sagittal and frontal planes.

a . b C

Sagittal (XY) Coronal (X2) Transverse (YZ)
£ £
£ = £
Ir: o 8
- g ~
218 mm 156 mm 150 mm

Fi getMRl head scan showing the sagit tTalk e(ng)fi,e oamor on

Vos et al ., 2023)
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The
tis

pro

2Selc.ti ons of the brain

bf ar megdrsebyy matter @Rdr guéamnt eviltGoaniploaurnd di f f e
sueg.eyWhmatet er contains cell bodies and d
cessing, whnt er meattitoenr contains ner vendfi ber

commundicfafteer ent pahésebpaeéemai Wiralkeioh i wintsh btr lae inr,

own

1.

di stiféEcargemct 2024)

Cerebrum: This is the | argest part of

t he |

ri ghitglesploonsi bl e for higher brain functi ons

and understanding | anguage, and contro
.Cerebel |l um: Situated at the back of t
cruci al for coordination, precision,

mai ntaining balance and posture.

.Brainstem: This connects the brain to
such as breathing, heart rate, blood p
.Thal amus: Located in the center of the
information, directing it to the appro
.Hypot hal amus: Thi s regi on regul ates
temperatur e, hunger, thirst, sl eep, an

hor mones from the pituitary gl and.

Pituitary Gl and: This gland secretes

including growth, reproduction, and me

.Amygdal a: Situated within the tempor al

processing of emotions, particularly f
.Hi ppocampus: Vital for the formation
hi ppocampus is | ocated in the tempor al
.Cerebr al Cortex: This outer | ayer of

I'1in

he b

and

t he ¢

ress

br ai

pri a

many

d em

hor m

tabo

| ok

ear

of n
| ob

t he |

functions, such as thinkingtdiipse dedi vinng, fpl

(Figuoyrefrontal, parietal, temporal, and o

9



functions (e.g., -makbinbhglahdbmowot hf deci isow

auditory processing)

Cerebrum

Frontal Lobe Parietal Lobe

Thalamus
74%— Occipital Lobe Hypothalamus Amygdala

Y, M Pituitary Gland
g

Temporal Lobe -

Cerebellum

Brainstem

Figun8ecti ons Ada gftreointbyradm . & EFEadtte j-W@a®CG&8nmer ci al
NoDeRilbrst er nati onal

2. 2Br2ai n cel l s

Thrmeuraones t he fundamental ,umintcd uafi ntgless peenby @l ®

transmitting information(RepevVviekt&i SaNephdnsh

consi st of a cel |l body (soma), dendrites tha
transmits signals to other <cell s, and termin
(Demir et al ., 2021)

Dentrites Soma

Nucleus

Axon ‘%
A
N

L)

Growth Cone

Cell Body

Fi g8Neuron scheme shoWakgntbemimel|l ¢t dalvi si 2021
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Theumons phyrsidcdaammdgied wunder various <cirscumst a

si g

T

A c

acdc

ove

ass

A c
br a
not
et

con

ni ficant Iimpli¢tMaddpsetodhhsak@nBgragiaonbe

Axonal (Bnpygggman :efThak. type2bY damage affe
projections of neurons responsible for tra

physical trauma, stretching, or shearing f

DendriticGdbamagealDend2 01 Elsi, ke het rbuwcatnucrhe st
signal s from other neur ons, can be d a ma

neurodegenerative conditions.

Synaptic DWMehonchai en Nelur on20td®mmuni cate wi

synapses, where neurotransmitters transmit
injury, toxins, or diseases can impair the
signal transmimsion between neuro

3Rel ation of concussion symptoms wi't

oncussion, categorized amawy mctdrtaaumbei ce
el eration or elxipdoescuirdee nttos oiivmay @pla vei srsgh I haiisgh o n -
mi | i t ary Then vd irsocnhmaerRgRese.porfe sent s a scenario
rpressur e an(dr éehcemidl dfadredtesgpatciadny at more m
ociated with acute exposure | eading to con

3Colncussion sympt oms

oncrmmarsiifomst s when Isoadsn iarddifcearedefuplon t he
i n tissue dama@kaltdabidhgs0 dl)magwa isisamise sbr a
onl yateepatriaaogys in the brain but( Molsstoo fpier
al .Gomo2na )y, this damage in brain function

cussion, which can vary widely and may not

11



Some common signs @Mat sgwmptemsal ncl 2a@d20)

1 Headache or hprasdssure in the

1T Dizziness or balance probl ems.

T Nausea or vomiting.

T Sensitivity to light and noi se.

T Confusion or feeling "foggy."

T Memory problems or difficulty concentratin

1T Fatigue or drowsiness.

1T Changes in sleep patterns (e.g., sleeping

T I'rritability or changes i n mood.

T Visual disturbances, such as blurred or do
Whil e most people recover from a concussion w
concussions can | ead to more significant and
causi agrinoncgpogni ti ve i ssuesatoifoMastsh of i nedar @all ogi
However, concussion prediction( Riams d eeitc hall .l ,e nz

1. Heterogeneity of Concussions: Concussions

symptoms, making it difficult to predict t|
experience other symptoms, and the omcover
2.Del ayed Onset of Symptoms: Il n some cases,

appear after the injury. Symptoms can mani
making it challenging to predictcthe sever

3.Lack of Objective Biomarker s: No widely a

techniques can definitively diagnose and p
often based on subjective symptoms tthhe i nd

injury.

12



4.l ndividual Factor s: Vari ous factors, such
influence how an individual responds to a

di fficulty of predicting the outcome for a

5.Cumul ative Effects: Mul ti ple concussions o
previous injuries, can |l ead to more severe
of concussions further complicate predict.i

6.Lack oTermn@Qat a: Concussions are relativel
|l omgrm data on the potenti al consetqgairemc e s

effects and the factors contributing to th
Due to these complexities, healt hcare profes
symptomaboohegegss and (aMadGewasn cetn €auls.$,b e2g0e2oln)g ,
research remains crucial for improving compret

bi omarkers to advance pr.ediction and prevent.

2. 3Me2c.hani sms of concussion

The copmnyosni cal exposuTBdahes c@diegqytoead zveidt h nmh o  h e
acceleration, or RIiVEDPE®edBsw wa &X Rasisheat dt, { rledes :

mechani sms can be identified in military pers

Head

Acceleration Overpressure

Intracranial

R Pressure
Compression

By Acceleration

o
Compression _J >
iom |
By Deacceleration ' | §

Fi ga€Coencussion could be prod ed by head i mpact (
(

exposur e

13



Head i mpacts and accelerationsstmaitnateewadlraump
the combimeeabhiias@dt emper et Ambng @o0lLbd)ary per

i mpacts and accelerations r € Koagertt. ad mmorRR 02

Conversely, i ndividual s exposed to overpressu
cul minating(Nn Wonbebsobhmies ®Mer grieslsbyrnter i zed
transmission of both positive and negative 1in
functhroani m@u sstsauneasnt e et al ., 2018; PMinlzietra rey

persemec®ldntver se r angefsa odxmmpovseurrper efsrsoum eg x pl os i
higmer gy oyvtea prriefsiseurdei s c heanregregsy porvoasrupcrRensgsMil riodwe r
al ., 2022; T. J. Nel son et al , 2006; Woodall

2. 4Fi ni t e moldedrfoessnat s s & sess phornasien

I n the investigation of brain responses to tr
FEmodel s e me rrgeel teavaaln.t T hod uthielsiet yé&Xt emaddse |l &acr o
mul tidiscip(lA.nawayngd eemmpradsi,di2®@® 29 signi ficant

engineers, and .medical practitioners
The advantagescdiMdeBE mddealls , 2012)

T Virtual Ex pneordsethah i ®w FEsearchers to conduc
would be ethically and practically <chall el
controll ed envi vamnmempta ctto ainndv eosvteirgoartees sur e

T Design Optimization: FEMs assist in opti mi
as hel mets and headgear, by evaluating thi
Designers can iterate and refi nearnche israfpetox

T I'njury Threshol ds: By simulating different

thresholds for various brain r éeeilpnsesamdlti

safety standards and guidel-iwope$df srtpaéven

14



| nt egtrarEméd)evi s hin the context of brain respon
could strengthen the discussion of tools and :
the GO%iamngh & Croni n, 2019)

Howevemopdd&lBsvre | i mitations, such as simplific
dynami cs, uncertainties I n materi al propert.i
(Henninger. eRemal d, da® A0) s cr uc imaoldsetl oewvalin idmag et

acdc

i nt

FE

t et
bio
and

Ac q

SCa

pro

Add
hea
Sma
hi g
Hen
wh e

and

uracy and enhancing our understanding of

ervention strategies.

4Gelomet ry aonfd FrEe snma dnegl s

mordeellys on t he process of discretization, wh
O interconnected elements, commonly trian
rahédxahedra iin (3Breinul At asbmarnrh,e 20E&A0)mM
mechanical applications, this discretizati
establ i sohbitnagi mas Ineersche ttheattween mesh si ze anc

uiring head anatomy necessitates the util:i

ns, to generate a digital 3D representati
ol ves image segmentati on,an3dD arsesciognnsniernutc ta fo
permti eMs Tse et al., 2014)

itionally, achi ev(Fngl@ims anpepcreospsra rayt ef onre sahc csu

d behavior, as it directly i (Sfilnenceds abdot,h

l 1l er el ements are advantageous i n represert
her el ement count , demandiEwrgn g& e@u esrr mocnodm p
ce, achieving the ideal mesh refinement be
rein 'correcstricki mgrmea wikeelnad paetce si on i n me

manageabl e c o(nZpouhtdait,i o2n0all5 )d e mand s

15



LA

Ny
[T

Fi gubEex ampl e of meshing with inappropriTaatkeen( a) an

frgmMern & Plassmann, 2000)

2. 4Costitutive materi al model s used in
| n t hicoonssttudyu,pl ag model si catifhneechani o atfett emt n
mo dted vari,owandeadmdson i s characterized by stre
of t hes(eF rfaanc-tooirss . Bt e wval e ad 2mahdedldusdceo mbi nat i on
foll owing materi al model s:

T El asnateri al s: The head parts can bdodefin

HookKk@w exhibiting a |inear relationship be:
I i riCth af i et al ., 2QH2as tRoch enmmattse re Yaol ash gajrse2 od
modulaunsRoi §sonr atdiescri bing reversible def c
mechani clalsmpoadant to noticeuitthabl el fast i i
structures and cowpbmalelfsorimata mgisneeri ng

T Hyperelastic materi al s: Hyperelastic mater

nonlinear and mechanical behavior of soft

(Khani ki .etUsailng a20s2t3r)ai n energy density fu

the-lnmrear relationship betweerFrigtufess and

16



180 Ogden N3

Instron Uniaxial Test Data
160 |- | = Ogden N3
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Y]
o

©

EIOO

2

eBD

&
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20F
0 J
( 2

Strain
Fi gliEexampl e of stress vs strain of |igamakeéens it

frgmol | aee endedMt.th i-WuATwmmbobeal vs 4.0 I nterna

1T Viscoelastic material s: Wihsec doerlaa snt itci snsauteesr
exhibit both viscous and el astliabweh&vPk wtrtsl
2016 )When subjected to stress, t hese mat e
def ormatidepandent mei scous flow, with thei

rate and durati@ngbPpethe applied | oad

(a)., (b)
124
154
— _— 1o
& L\ n 0.6 \
s %%;t%%_ B \(} | _
Rl B B s s e o o
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Figu2white (a) anrdemrmresed thdidstovoséshlaaskteinc( Waoodnd | .et al
202ulnd eAt tE i-Man Commbobernl vs 4.0 I nternati on:
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| t
mo
da

r e

i's i mporhanCetebnospi habht Ftuid (CSF) was a
del . This tissue | ayer bet ween the brain a
mpeni ng Pampgpact €t wali cle paveedZ)ffoilgui d materi al p
presented by a bulk modulus and viscosity

2. 4Ei3ni t e heealde nme#or@ited sSsess i mpact and acc
The appl FEmeotdiedrs dfo si mul ate head injsesoiggeg em
chall engescalpaypordd etkipesr i mek.t aTs ened)iihddlhr.o,ugh0 I T e
initial 2D model s exhibited unrealistic defor
behavior within defined parameters. Subseque
model s by refining geometpreirdad ,esmatteryiiamlgs ,t oamac
closely correlate with empirical dat a.

The initial forayFEamaby vieadi modeduo@Haadp!| &na
Marcal wil1@72) astic ,madiamii ragr epdriccppe rde feocsr mat i on
frontal andSbUbateesmHamrommenttss i nhegrab&dmgdel br
1975y epresented by elastic fluid materials. D
the groundwork for subsequent advancements in
At f i r-gitmen shircereal model s resembled spKennhenl!l
& Gol dsmit h, 1972; .RbaV et stéhlepu bpbraorgdr,e si1s9 W7e)l vy €
compl ex geometries to beti{é&angni et oTahlet hl929008sa Y
witnessed a significant | eap forward with the
researchers to <c¢raf t-diimmecnrsei aosmanlig | pandjenlitsn g c & tr & |
explored in(Beorpebaus&uc€iresni n, 2020; Deck & '\
Baumgartner, 2003)

Cont emporda mye ntsh roemea I(F ihgeleldee mode hshuman anat omi c
from scans( Mamd uMRI-St&a rOsd wg kHowe(®elr9) t-dhdge cut
model s face notable chall enges, particul arly
they strive for enhanced precision in emulati

18



ABM SIMon GHBMC

THUMS KTH! DHIM?

Figu3Moder nditrheresi onal head model s, including AB
THUMS (d()eg) &dd DHI M ( a)

Whil e-dt measi onal model s excel in repliicsating
i mportabnhtatoamabiel i mi ¢ edai @ si mudadIimigs oviemipt &
l ays in the computational requi rement, which
in the models. This reduction affects the acc
of materi(avli rzehadhirarotti et al , 2019)
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2. 4Eidn.i t e el ement hveeardp rneosdseulrse t o asses

The overpressur e hesaod indo dienlt e rnavcotlivoens, aw hfe rueiidn
a transff eprrrleesdsdir Er om t he air (fluid) ont o t he
empl oyed to address this ce&mgleaxiatny (IiAdL &) h gneA rr
& Ezzel din, 202 3s;pereinfg cetl | gl .d,es2@hI)d as a me
contact between a highly deformable mesh (fl ul
research has bifurdiamendsiohal t wodehs handtplkae:

dimsadati advantages and disadvantages.

The ALE method functions as a computational t

fluids and solids under goi ng( Dsoingerai fetcamt . det

amal gamates the Lagrangian approach, which tr
approach wutilizing a stati-oanlaird ¢angtdigicdettd)r f 1 u
necessitates continual mesh wupdates while <co
domain tracking within the grid. THisnewner oatail

and planar model s.

j m j
X / il
Lagrangian description

@\\///

Eulerian description

/]

ALE description

A Material point Particle motion

() Node <o Mesh motion
Fi gu#vari ation in the mesh motion using (a) the La
and (c) t he .TAakEe nd(ebsocorenap teitonal ., 2004)
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Il nitiatimenshoral model s employed simplified
sphe(rPeasn z er et aAs ,ti2mMel 2p r A”2Prleds)s e d t hese mod

intricat g Dgile eme tarli.es 202 2; Huang egtsuaxlc.e,ss?2 @22
predicting head behavior. However, these adva
demand, i mposing restrictions on both the | e\

simul ation durati on.

Il n contrast, pl anar model ssheadadi vesteoe, séef keami ¢
computatiorf®lanzesoeRicregh. ,et20a&8li2ngh2 &14Lr oni n, 2
Typically, these models employ a dual approa
transverse) to replicate the overpdemenseoréf
model s. This approach faciliitthatiersc rlecarsgeedr ediem
thereby enhancohgthé@éemcadaehbil ities

2. bMet rtioc salssa@msjsur y

Esti matbhmagi n hees psopnescei fi ¢ boundary conditions
measure for potential brain injuries. This as:¢
corresponding thresholds proposed by caisf.ferer
Within this context, this study establishes a

groups: gl oball enveetlr intest raincds .t i ssue

2. 5Gllomat r ilbcrsaihmmasyed on head kinemat i

Gl otbaldainf ury metrics incl udenBHeadd Il mjjuwry Qriitte

among others.

T Thidl CSchmitt dEquadl)i,en2a0 1Pwgdnt i t ati ve measur
potential for head injury resulting from ar

in biomechanics and automotive safety to e

21



By
v al

accident s. The iHIdCtchaet esddewe rginteyd dfo a head |
accel ¢1i antei &hm st ory ofoft hteh ec ehnetaedr of gravity

The HIC is calcul ated using the following
008 & Bo—— $0Q6 o 0 "
0O 0

Herweo,presents the head's acceleratoandas a

Oare the beginning and ending times of t h
computed. The HIC is often reported as a s
compare different I mpact scenarios and eva

ThBr I(akhount s, Craig, Moor(BquaBij eMaf bdadéemn
injury assessment metric taatcalf tmcdbbgy aom
predicting the I ikelihood of br mbomennymomry.
measures the rate of change of angular dis
of head i mpact s, rotational wvelocities can
whi ch are associated.lwiotnhs itdhresrtser dret weeai ar
velocities and the¢opcoiviideala dahmgelsdarn| delvad iu

ri sk of brain fiinganmtyl y.ncreases signi

61 06 - : : 2
w w w
Wh e:me w , aonadr e t he rotational vel ociat i,es i n
W aana@are the critical rotational vel oci ti

correlating the results of finite el ement

uabl e i nsights into the pontdeuncteidalh eraids kisn jouf

22



information can be used to i mprove safety me

di fferent scenari os.

2. bTi2slseeel fro@t ding siry

Brain tissue | evel metrics for injury involve
to boundaryYheoendmdtiroincs offer valuable insight
pressure, and potential damage, thereby facild.i

The maxi mum pri ncMcpadll issttregiemiedMRays &2 1&n0gi nee
guantify the deformation experienced by el em
external forces. By evaluating MPS across dif
damage to neurrabdy sitnmfucrtmirregs ,t tdhedevel opment of
and mi (Wgaetomal Not 2Ihl2yl )t oint e x,t tolfe tehx tsersnaldyf o
to the kinematic and overpressure | oad gener a

An additi oemadltugettdat o s stue def or matCiuamu | i8nt 1 tateen FE
Damage Measur €¢hé qemmbbMvl es & Ddlbmu as®Blingn 20 @) r i
used to assess the ribkabh duéeftueetranaomati cngl

or accelerations. Diffuse(axamah)Xmfajrampgvenyob
meunonshroughout the brain, which can | ead to
calcul ated by integrating the magnitude of st
peri od.

. o R,

6 "YOU =00 3

Y

Whetreepresents the principal strain magnitude,
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On othkerl mtamalcr ani aha®rbesnrsug€PY ed-lienveplri or
metric for evDal ueatt ianlg. ,mT2B0I2 2 ;T hWar dnedtr i &l .o, f f 29
positive | CP associ a(tZehda nwgi tehta rnals.rs,aigea @codmp r leGRB i ¢
with cavitation(Butshiamanhe lktaiah . {| 2i0d 8; Panz
2004)

Both MPS and I CP can be evaluated through two
using'eec®mdtil e ofared emealydiirg orheisr cumul e
responst'éperTcheent9i5l e met hod helps observe the va
minimizing the influence of ind(i@edwuhil etl eane.n,
On the contrary, the cumul ative volume fracti
| CP within the brain geometry, pinpointing sp
as overpressufS&eabdrkunematiats) 2023)

2. 5Br3ain injury threshol ds

Brain injury threshol ds represent speci fic
determined by previous researchers under spec
from eitheari slgduedlal metrr i cs, depending on the

eval uated.

lterucial to highlight that gl obal metrics ar
certain types(GabkenemaAarctal oa8&b), these met
the particular | oad conditions under which th
Yet , the significance of these injury threshq
standardize brain injury risk assessmé@artr atlnlde

et al . Add2@61@nally, within the automotive sect
Scale (AlI'S) has enabled the definition of di st
(Schmitt bdmltaba)le., 2019
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TabltAebbrevi ated I njury Scale (AI'S)

Al S co: Il njury
1 Mi nor
2 Moder at e
3 Serious
4 Severe
5 Critical

The f ol |l ofwaibB)ge stuanbnhaer i(zes the brain injury thre

and | oad conditions.
Tab2Br ain injury thresholds with corresponding met
l nj u _ . I nj ur Load
. l njury RI _ Aut hor
Met r | Thresh Condi t
(Takhou
25% probabi 0.39 sid Craig,
i de
CSDM 50% probabi 0.514 Moor holt
_ front al
80% probabi 0.73 Mcf adder
2013
(Takhou
25% probahbi 0.72 Craig,
Br1 C 50% probabi 1.00 Frontal Moor hot
80% probabi 1. 35 Mcf adder
2013
25%r obabili 800 ) ) )
_ Side «(Virzi N
HI @5 50% probabi 1000
front al al ., 2
80% probabi 1300
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Regardi-hgegvel ssneéerics, researchers have dedica
for these metrics since th®.i dseptwilohalPoS ©RID4'

commonly serves as a validation t(dcGall bfrar trated
199w8hi | eCWPdlei dates the overall behgwaord ceft tah e
1980)

The following table presents al saswenimddngt Tosfec sehte
al . ) 2015

Tab3tlenjury thretkboktismkoritcessue

l nj u . ' I nj ur
. l njury RI Load Cot Aut hol
Met r i Thresh
Structur al 0.25 A uni ax
. (Gal br .
Functional 0.20 was app | .
al .,
Reversibl 0.10 axons
) Vacuun
25% probahbi 0.13 _
_ pressur(Shreib
MPS 50% probabi 0.18 )
_ applied 1997)
80% probabi 0.28 .
ti ssuct
25% probabi 0.114
) Headhea (Zhang
50% probabi 0.19 _
_ I mpacHt 2004)
80% probabi 0. 24
Il njury >235 Kk (ward
_ _ Front al
Posit Mi nlomj ury 1713235 | 1980)
| CP Il njury 66114 k Headhea (Zhang
Mi nor I nj 4466 ki I mpact 2004)
Negat Il njury -10-351 k Headhea (Zhama¢g
| CP Mi nor I nj -59-23 Kk I mpact 2004)
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A recefitystatdhnals. pra@»23rd corMPeSEgu adawlddbRrt we e
(Equa®biregarding concussion ri sk(Wdielrulvlie Whu rhwee)u
these relationships were established for a de
concursiss oy define could serve as a valuabl e

of combined head accelerations and overpressu

T P
VB €€ WOoi | B¢
R 8 (4)
DR EE DO [ -Qbe D )
0 z
pQS 8
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SExperi ment ab MetbBade Head Loadin

This section presents in the experiments and
overpressure ampdoldiacemdatdi ¢ hef fhecdids afnc aLlPiRb @ep e r
O. Bheswver pressur eefafnedc tks nveerrad i sctsu d i deedv eulsao pnegd t bwy
Defense Research and Devel opment Canada (DRD
obtained from these experiments were process
kinematics and overpressur e e.fPfReocntfsi gounr atthi eo no pa

operators.

The kinematics and overpressure data were cl
(kinematic or overprelsBRoe) i gurmat ioprer@Tabl, e ak
kinematic datasets and two overpressure dat as
divided into a first set of cases WILIPR amd op:
a second set of cases withP®&iomfferganmntatopar at dn
hand, the overpresdbeedaernt acets dviP&dhahr gneossn o f
suppressor configuratlLPRi amdstGppresssesrchaogeisg
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TabdMatri x of exper i mdrPtRals cchatra eo lutnadiemre d iffrfeement |

| D Measure Operato Operatd ConfigurDischarHi@_JShpeE

Vi deg
KNO1D| Ki nema o1 Hu man NoBuUuUppT € D1 N o
KNO1D| Ki nema o1 Hu man NoBuUuppTr € D2 N o
KSO1D Kinema o1 Hu man Suppres D1 N o
KSO1D Kinema o1 Hu man Suppres D2 N o
KSO2D Kinema 02 Hu man Suppre D1 Yes
KSO3D Kinema 03 Hu man Suppres D1 Yes
KS0O4D Kinema 04 Hu man Suppres D1 Yes
KSO5D Ki nema 05 Hu man Suppres D1 Yes
ONH1DH Overprg H1 Hybrid NoBuUppPT € D1 Yes
ONH1DH Overprg H1 Hybrid NoBuUppPT € D2 No
ONH1DH Overprg H1 Hybrid NoBuUppPT € D3 N o
ONH1DH Overprg H1 Hybrid NoBUppPT € D4 No
OSH1D Overpr g H1 Hybrid Suppres D1 Yes
OSH1D Overpr g H1 Hybrid Suppres D2 N o
OSH1D Overpr g H1 Hybrid Suppres D3 N o
OSH1D Overpr g H1 Hybrid Suppres D4 N o

3. 1IMeasurement of k iLnPeERMeadc o icl reacti on t

ThlePRBi scharge produced recoil forces on the op
producing a kinematic effect (linear accel era:
coordinate axes. This kinemdtriucneeaft e Ptmew®$ g me

| MM, Prevent Biometdurisng Mdinahelm@prodgirtg USAIIi 0N
study the operator deplePRentygamat itcdhre (eddprrte
suppressor). However, these instrumented mout
mout hguard (mout hguard coordinate system), an
center of gr awiptpy oafc ht tehehé&adh.embda i ¢ effect or

acceleration and rotational vel ocities were t
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First, the |inear acceleration and rotational
by DRDC wusing an instr wmd&hitsecdh Arhagetkhignueamadt | € u 1
corresponded to two datasets and aimed to stu
LPRonfiguration or the operator. The fLiPrRst dat
with a suppressor configuration, carrying out
dependency. The second sétPRomdwegdirtahe onmari atoll
from the fifth operator periRfoonrfmignugr attwo nd i(ssaubpe
nosuppressor ) .

The second step was data processing, i n which
reduce the signal noise and represent the cen
(Seeburrun. eltniatli.al 12y0,23t)he dat aomwekeaepalpeswtiebter
with 500 Hz and 50 Hz corner frequencies. The
coordinate system to Ftihged blpe aadp pd ntnegr vaefct gr au
(Equat). on

Fi gubBDed agfram t he head coor di nat ecso nswesrtte nt haen da crcaedli
vector received from the mouthguard coordina

00 00 YOI Yo Yai (6)
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The vector transfor mati on usreodt atthieo nraot aatcicoenl ael

to transform the | inear acceleration from the
l inear acceleration iBgythBhderadt atoicomdalnadecaslyea
by differentiating the rotational vel othi ty, E
percentile male head val ue.

3. 2Measurement of the oWv®mMprsecshsaurgee.pr o

Four overpr esslurOe, skKeunlsiotres JeXndiLconductor Produ
| ocated on the forehead, the right side, the
Evaluation Device (Bl PED)ATIOn(cAOTrDp oHyaltreidd ilnltlo 5z
Humaneti cs, Micgibge@nel USRA) & ( P.hiT hipsp ethysb r i2d0 1181)1
the prone positionLBRoshei opedabweer wihbkb thgh
di scharLPiRogurt ted me ss umg prhe s sheer nooanf i gur ati on an.
the suppressor configuration,

(a) (b)

!
|
! Right Side
BIPED LPR : Sensor
| [ Back Side
= Sensor
i | Front Side
i Sensor
|
i
i
Fi gueBd PED i ncorporated in a Hybrid I11 was wused

the muzizPR lodomemtric view of the mannequin and ¢t
close view of the mannequinds head showing
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3.38equence of kinematic and overpress

ThiePRBi scharge produced an overpressure effect
with a variabl e del &y gthirme Featwadenmboth ¢hi asct
was one of the objectives of this study becau:s
effects over the head has yet to be assessed.
alignea wint t itmthe corresponding trigger of the
coincide. Thus, the moment of projectile prop

measure the respective times befwere tthrei goeerr

synchronizing both datasets in a single offse
Rotational
Velocity Linear
Delay Acceleration
between
Effects
Overpressure Kinematic
Effect ‘ ‘ Effect

Fi gufTehe sequence of events consisted of the over
with a delay between them.

Il nitially, the time for the kinematic sensor
usi ng ofurrecee vi deo tr actkpieBhgus o ét Rh y(sBr¢oIwnR c&a pCeocxt ,
2009)and 30PWedrecoamweriegdgh vi deos -Z(, FAPShToOGAM NnSA San
USA) of four operLBRotd dhecbapopiredg gagEbenf i gu
kinematic sensor triggering coincided with th
which was estimated by plotting the displaceil
addition to this time for tthiee bfuild £t lwaasd pmoype
muzzIle was measpeed vindedhe hheghdi fference bet
omitted times before the kinematic sensor was
to adjust LtPRRe mei rMtra mehe
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Head of the
Operator

Head Movement
Tracking ® Head Movement Tracking

Fi gu8Téhe operator in a pkbkPRietposai supprdssochacgefi

The
add
ove
pr e
(30
wi t
sec
me t
t hr
wav

per

head movement was trackedruesei vg dteapermakk ngans

n, the time since the projectile propulsio
ed to the time axis in the pressure sensor
rpressure wave 7prophgatiionme cSEqueat itchre pr o]

ssure sexpowasreqgualr itng t(he di stance bet wee
divided by the d&v.erTpa eskstuaien wahvee wshpRRalb I(e ,
h the suppuppsessarndc mmrofni gur ati o awaes MPeTo
dneggpeed (FAGEFCAM, SRhotron, SaBc Dliiegrogn wii md
hFoidg i e whi ch showed the overpressure wave
ough the contrast of fluid density differ:
es were measured in centimeters pdmafmreasme

second to obtain the overpressure wave sp

()

clY
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»
l "o LPR

Muzzle (Overpressure
Generation Point)

Incident
Overpressure

Overpressure
Wave Tracking

Fi gu9Sec hl i eren video image (inset) to measure oV
overpressure wave was tracked and used to deter mi
when the primary overpressure wave reac

Finally, the adjusted kinematic and overpress
propul sion time as an offset in the time axis
del ay time between overpr euslsaurien gantdh ek idn ef niaetriecn
triggered times of both eff ectswu.ppSteisisio,r tchoen fde

was omitted -begpusesdhecommi gurati on session
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4 Experi ment al Resul ts

Ths spcesheonwt &tPhBei scharge produced a sequence o0
overpressure effect reaching the head,thHhel | ow
ki nematics measured in the e xdpeeprei nndednde scona@dat b
the overpressure measuredepeodehdePBbaf hgadaodof o
These dependencies on thweopenabbyzeddf bPRowoO
the experimentlsi,nesmatritd s1ge fwfi @ dht ,t htthen t he ove

del ay between kinematic and overpressure effe

4. 1IMeasurement of kinemBRi cs produced

Thlkei nematics dePpRomdfeidg wmattihen and the operato
peaks and amplitude of | inear accelerations a
experi ment consisted of t wo sessiL®msi twi tthheor
suppresseruppmnesson configuration in each ses
experiment consisted ofLHAHRIiuUtrh viohaenseppsegss srch

showing variations in |linear accaterations an

I n the first expemowethhehhthad ki sdPdre idchs meoanu s
suppressaor and suppressor configuration pres
magni Fudg2aBe(l n both configurations, the | inear
rounding the first 75 ms with a tendency to

fluctuated along the 250 ms with peakiesbefole
accelerations and rotational velocities- were |
suppressor configuration. The suppressor conf
95. 8%, and 27. 3% hpmgher c¢t¢bahi gheanioon i n axes
Further more, the rotational velocities caused

than their cousu@ppastsowi contfh@umani on.
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Linear Acceleration Suppressor
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=
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{
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Rotational Velocity Suppressor

-40

0.05 0.10 0.15

Time [s]

0.20

G

KNO1D1 [m/s"2]
o g

N
=]

Linear Acceleration Non-Suppressor
A
(=]

0.20

—X Axis

Fi g2afOKe nemati c

suppressor configuration in caswep KrSdslddr.
rotational velupopirtisserfrcomfmngmuration (b),
configuration (c), ampoprecetsatri coalfi gelraci oineg dir

mout hguards and

| n

Al 0 ’ A
Iﬂ1 [\&M{W\W/MW\NV\,—/“’\\ AN
| \'

G

0.25

(d)

Rotational Velocity Non-Suppressor

0.25

—Y Axis

converted

KSO1D1 [rad/s]

KNO1D1 [rad/s]

o

IS

N

o

[N

ES

&

0.00 0.05 0.10 0.15

Time [s]

0.20 0.25

Time [s]

Z Axis

me a s wsruepmpe retsss ofrr ccnn nfdmgua@adi on
d.d mfeiag u re

to the center

addtihe ofni nt it heex pseerciomédm vwBed s loamte sponse
vel ocitiLePR otnd i glue at i on concor dreidg @Wisthho wti me f i
i ncr eimenkisnceunatti @ st h.e Tshuep pcruersvwseosr presented cr ¢

frequency observed in the first session, and
vel ocities at 122 %, 65 %, and 129% in the axe
accel er athyontsh ec adiissabhMirtglhe odppgrheessor decreasec
53% in the axes x, Y, and z, respectively. TI
operator dependency, which was tested in the
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(a) (b)

60 6
40

20

Linear Acceleration Suppressor
KSO1D2 [m/s”2]
(=]
— =
e >
Rotational Velocitiy Suppressor
KSO1D2 [rad/s]
o

0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]
(c) (d)
60 6

40

20
4
0
ﬁ
i
Il

20
|

-40

KNO1D2 [m/s72]

Afh JM\\/ /J\/\ oAt =

Linear Acceleration Non-Suppressor

Rotational Velocity Non-Suppressor
KNO1D2 [rad/s]
[=] N
?

7600,00 0.05 0.10 0.15 0.20 0.25 760.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]
—X Axis —Y Axis Z Axis
Fi g2tk nemati ¢ me as tsruegpme retsss ofrr cnmnfdmguamdi on i n
suppressor configuration in caswep KSOILdDRr. da mfeiag u re
rotational velupeirtisesrfrcomfanguration (b), | inea
configuration (c), ampoprreesari coalf i gelraci oineg df) r

mout hguards and converted to the center of gr

The second experiment consiste®PRvot hf cuppoees

configuration, showing variation in the |inea
t he opFeirgadtPoer T(he case KSO2D1 showed the highe
ot her three cases, with more pronounced peak
KSO2D3 presented similitudes in kinematics be

aftéo® ms. Finally, the case KSO2D4 showed | ow

the rotational velocity stabilized in | ess ti
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—KS02D1 —KS02D2 —KS02D3 ——KS02D4

Fi g22k6d nemati cs lbRias alealr e owmi t h suppressor confi

K S 8D1, KIBXD an®1KSDhe instrumented mouthguards reco

x-axis (a), rotataixamsal( byel ddinteyaarx iresctcfed)ex artoitcant iionn at
thexyys (d), |l inearxiascdel)er atmidoint giam intshbehfeg zv e
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4. 2Measurement of the oWLvL®mMprsecshsauwrgee.pr o

The overpressure expekbkPRIdstc haoges stwpd h ® §as ofna
configurationLBRdsahathes Wotuh a supptbassor
effectiveness of the suppressor to attenuate
LPRonfiguration dependensypprtehses orre saud rt fsi gfurroan

consi stent overpressure around the head, 1 mpl

The overpressure on the four sensors around tt
OofLPRiIi t hsmpmr essor Kioggdguprae s @emtafnrge laatd roms ss c
0. 96GORA, Partnership for Dummy Technology a
Appendwixt A a positive phase foll owed by the n
caused by (dKeatno meotriio nest al ., 2017 ;Fubitmgh mé&r eC
overpressure measurements presented t hw tthendei
pressumnd® 7p sanksPlménl ow t he saf et(yWoroalmlmdd @ft leadpas

addition, the overpressure field showed how t
on the BI PED, foll owed by the rightbaaskddel ef t
sensor. The highest peak was also recorded by
receiving the first incident of overpressur e,

peaks of overpressure at tshe ns aonvee rtpirmes suUtl 2 mp:
While theeresghts aond dtft sides implied that
in parallel, the overpressurlLeP Baesa klso oveetresd .h i Igrmh
to the other sensors, the sensor on the back

overpressure due to the propagation being att
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30

(a) (b)

20

Overpreassure Measured on the
Front Side Sensor [kPa]

-20

Overpreassure Measured on the Right
Side Sensor [kPa]
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(C) Time [s] (d) Time [s]
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Overpreassure Measured on the Left
Side Sensor [kPa]
o
Overpreassure Measured on the Rear
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Time [s] Time [s]

—ONH1D1 ---ONH1D2 ----- ONH1D3 ONH1D4

Fi g28CeverpressureLmM@asaoahedg&aewirtets sman configur ati
ONH1D1, ONH1D2, ONH1D3, and ONH1DA4. The pressure

front side (a), right side (b)), left sict
| n contLrPaRsitt,h tshueppressor configuration showed
four sensors &ig@te phevBhBEDhE attenuation e
results of the kinematics and overpressure ex
attenuated the overpressure by increasing the

depended on the operator
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Fi g24Cever pressureLmM@asaoahaedg &sauewirtets sman configur atii
OSH1D1, ONS1D2, ONS1D3, and ONS1D4. The pressure
front side (a), right side (b)), left sict

4. 3Sequence of kinematic and overpress

The overpressure and head mov eFmegith ec lsrhwoend nwge rt
sequence of overpressure at 3.6 ms, foll owed
24.4 ms, depending on the operator. The overp
overpressure wave spe@duppthssboe coppPigasari a
the average 1. 27L5P R zdz Iseé a(nscuep @sruepspsr derls saonrd) naonnd
of the Aspar atecmu.l t, the ovegemearsuafest re aRIhRED
t hper ojectile propul sion and tended to stabiliz
the other hand, the recoil head start ti me wa
the projectile propul s3Dhn KIBIDr atnhdlKcSaeessp ekeS O 2vle
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The difference betweéeeatyi mehearodket pe mshtcaande tsit me

represented the range of delay timeSalbee ween

(a)

30
20

10 |

|

TV | "
| -“‘}‘v,!r oA AN ™ A P & " MNa 2 P A
"""""" T AN AT BTN e
1Y ‘ "
I |

’\I“

-10

Overpressure [kPa]

-20

—Qverpressure
-30

T
N

0.006

S e o
o o o
S S S
@ = G

Head Displacemente [m]

0.000 0.007 0.014 0.021 0.028 0.035
Time [s]

—Operator 1 —Operator 2 —Operator 3 —Operator 4

First Head

Movement Operator 1 -® Operator 2 -8-Operator 3 -®-Operator 4

Fi ga%Se/ nchroni zation of overpressur e lpRbipaghari gen
time. The graph shows the time for the overpres:
movement timing of four operators (b
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TabsiDel ay ti me between primary bl ast i mpact and
overpressur e ksitnaernsatttircise t ameé . t he

Overpressng Head ki ne The delay bet

I D . - overpressur e
ti me [ ms start ti . )

ki nematics s
KS02D 3.6 11 7. 4
KS02D 3.6 12 8. 4
KSO02D 3.6 28 24 . 4
KS02D 3.6 20 16. 4
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5 NumerMadadd |Ass stess Head Response

Thi s section defi nedbrtahien nteetshpobdess ¢t DR sd wEIEyh at rhgee
model s tohsegiptr tradenndpnbdamfe st he head, applying thg
for Ki nemateir s e a.aldor eaplpdaydst hese overpressure
transverse models we(léeDYNMR1IBed, aANPY A nlgdmc mokR e
rather th-dnmkeokbipgpnaahrdae to the transmission

number of el e mecnotnsn eacntde dcSasmutgilinaukuer®.r oni n, 2019)

The boundary conditions of the models recreat
experiment al cases, assessing the brain resp
operator. Initially, the colilce cdatda oweerrep rtersasnuss
i nput data for the software of finite el eme

kinematics were compared against the experi me

cresorrelation, obtaetwerg bedsagqueamenn bnd e
brain response to different input data-of ove
|l evel metrics response over time-] evemumatrves:

t he yi mjruari n r i s k.

5. 1He ando d e | to assess brain response t i

5. 1Helad geometry and head mesh

The sagittamodaeatdst wansevdesel ofendghnetpr &vnghb?20
& Cronin, ,2abhbPch208&Yy the Visible Human Projec
(FighPe Notice that these geometries were mest
ensure tissue continuSitryghana) ralsponad@l4&4onverg

These head geometries consi st7ed iosfs uBe st ifsosru etsh e
model , defining the parts as deformable to ene
Il n addition to the parts definition, the node

stress wave transmissi on.
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Sagittal (a) , Transverse (b)

Skin
Skull Scalp
CSF Brain
Brain CSF
Sinus
Spinal Cord Eye
Spine —~ Soft Tissue
Muscle

Skull
Vertebral Disc

Fi ga6Tehe sagittal (a) and transverse (b)) model s
kinematic and overpressure | oads.

Th¥HRB peci hi edmal e speci men ear tdh rnmoapno nweittrhy 2a.s8 a
90. 2 kg wei gimo s t(sSopa ntnzeedr ppHobsttiattelsaih&©® 6 ni c a l i m.

|l ayers counted with a resolution of 0.33 mm,

tissue | ayers.

Many model i ng approaches have traditionally
computational efficiency; however, they are s
to issues | ike hydrostatic | otki mgaveChbrear e
exhibit more reliable convergence( Sinnghe,en2aldil 5)

5. 1Co2n.sti tuti ve Model Materi al s

The sagittal and transverse models were defin
depending dablbeincéssden@g the skull/vertebrae
ti ssue, CSH,SianngdhSti hepHb5ed i I ngh2&1&€ronin, 2019
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TabtMat eri al properties used in the(Siagghta20hmh)d t

. Mo d el Densi Poissc Youngos Bul k N
Materi (KgjJm Ratio (Pa) (Pa)
Skull / Ver El asti 1561 0. 37¢ 7.92e9
Vertebr al El asti 1040 0.0 3 .0el6
Skin El asti 1200 0.@&2 1.0¢d9
Muscl e/ Sol Hyperel 1050 - - 2.2e6¢
CSF El aBt bt 1040 - - 2. 2e8
The skull /vertebrae, vertebr al di sc, and S
* MAT _ELASTT-D®SNA), anticipating that these tiss
under the establi dheaglehotuindamyt eoindli $i weaarse ¢ ha

ratio and Youngds modul us

The muscle and soft tissue were model ed with
dependent si MMATfSeMPLiubBbED RiUBBER/AGOAMK hart |
2010; Van Sl i gtTemeh ocrhsatr aectt erli.z at2i0®r6)of t hese h
on the bul k deofdibmevdsst hewbecmateri als react to e

changes in their vol ume.

The CSF was model ed as an-DeYiNeSs)hawod | pird semMMAT
resi stance due t o kheliengghyd iuibbrid et shhi esa.dsn ruslgyie Eceadsnec
hour grnoadsud HOURGL AB SOLYSNA) was increpsedgnta hd sl
modi f itchartoiugrh t-Bel Fi safmlg@anvi § t-BYNAfByr m202t1j opp
1)This adjustment iinnthedHoad ghratsisf imepidayllséerdr g
deformations in the bottom of the sagittal he
bor Femgdad.p

Finally, the braipmrwassdeaefi néhce d9 nemedevli sc o
(* MAT _VI SCOEbABYNE, assuming an | Bombpgpheoumat
cont i.hluwiusn assumption has demonstratedSifrmylrab
et al;. ,Wi2t0tledk & whneorrei ,br2a0iOn3 )mat er i al properti
across thd Semtgihr & IKCrM\ainnic,e 20RA2) this | inear v
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defined using shear Bel wkOawaeso nt e slpoomd e a( Eqo d°

‘Owas t htei mehosshear bwag utl hes , d@amaly constant .

6 O O O Q (C)

The constants necessary to defi n%l59m0e0 bPraai n3 6n
Pa, andf 604B&| k Mo d,TObASl ArResmpei¢tZyhueky . al ., 201

5. 1ABE met hod and meshing

The overpressur e pusipredpglLahl somo dv,a swhmoahe lreedqui r e c
to be surrounded by a messhi nutl eeeccpves pmniesshe ea
by the LPR, this air mesh was defined as a Vi s
the sagittal and transverse meshes were coupl

independent si mwelratcito man Wwiett lweteme aiim and t he r

The geometry of the air mesh served the pri mal
the head mesh, thereby mitigating undrFesgiurreed r
2@d . The air mesh itself took the form of a 2.
(leadi ng edmaesiotfi maned mers hffront of the head mes

the propagation of air overpressure.

The el ement size was refined around the head
without affecting the computational efficienc
the el ements from 40 mnm iln rmrei rcotrineerperof e dhiec
the hedd gRBELHL-BYNA E, 2021; SingMiWNo&iCGronihmt e

a 19i%ze differenti al relative to the adjacent
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2.20m %

+ - Sample of Head Model (a)
Included in the Air Mesh

A

»— Leading Edge of
Air Elements

2.05m @
@ Head Location

° - Air Mesh

Sample of Refinement (b)
of the Air Mesh

Leading Edge of
Air Elements

& ’_I—‘ 1 mm Elements

. 40 mm Elements

Fi g27TEexampl e of the head model (transverse) incl uc
air mesh (b)) used to simulate the brain res,

Thair mesh materi al was defined as a vVviscous
(Equali®mnassuming the initial air state as st
(TabMmeéenitially, the air materi al prop@Pandes we
dynamic (®.Ssbeeiquentdays ddweatiideermlwas emp) oyed 1
as a functi o) ,0fh egaatsC edaepmsciittayn d( t @ mpeFiamal ley ,(
variathengas densibgsedsonet e mylattvdd $tvhe naotl ium
t hat heddacad)wacsi tayssumed t ¢cugpeémaongbonst ahe an
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0 on 6L"Y (9)
o "
o @y
Tab7tMat eri al properties and ideal gas | aw paramet e
jo[Kg/ m >bl8a& CdJIJ/K GCdJI/K C/g JI/lk To[ K] o
1.20! 1.8381 71708¢ 10080 0. 000 29301t 1000

5. 2Boundary conditions to assess brain

ef fect

Thlei near acceleration and rotationadsup@lr@esistoir e
configbrga® emere used to represent a baseline

transformed into the head coordinate system i

o)

(b)

=)
s}
-

s
o

N
o

’ﬁmfm Y S

&
=)

Linear Acceleration Non-Suppressor
KNO1D1 [m/sA2]
(=] B

Rotational Velocity Non-Suppressor
KNO1D1 [rad/s]
o N
?

Time [s] Time [s]

X Axis —Y Axis Z Axis

Fi ga8Tehe | inear acceleration (a) and rotational
representing the head kinemati ssuppaesasdrbyoard ilgh
( KNO1D1) .

To define the boundary conditions for the sag
and rotational velocities had to be processed
of four cormrPeduateidv & hgvoreigiht eanMéslckrA BpntRA PR & d i x
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E). First, the rotational saygtlem dored weleea mheel
system wer Eighafeul S¢éednd, these rotational an
|l inear accelerations and rotati ofiaga2bveel ordiitride
the |l inear accelerations and rotational vel o
transverfegmbdel i 0ally, the | inear accelerat

transfor med iFntg@&@reodal forces (

(a) The Rotational Velocity Vectors were Integrated to (b) The Vectors were Transformed
obtain Variation in the Angles between the Head from the Head Coordinate System to
Coordinate System and the Model Coordinate System. the Model Coordinate System

*Note that the Head Coordinate System was rotating along the
time, but the Model Coordinate System was not rotating.
** The Head Coordinate System and the Model Coordinate
System were in parallel at O ms.
(c) The Vectors were Distributed (d) The Vectors were Transformed into Nodal
Between the Sagittal and Transverse Forces, and Loaded into the Sagittal and

Models Transverse Models

Fyl ] Fy2
> S
Fx

I Head Coordinate System B Models Coordinate System [ Nodal Forces

I Angles between Head and Models Coordinate Systems

Fi ga9Pag ocess to obtain the kinematic boundary con

aligned with the model coordinate system (a), S
coordinate system (d). Third, the vectors were di
Finally, the vectors transformed into I
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5. 2Stlep lbeAmwgleens Head Coor di@aodred iSnyastte
System

The axes from the head coordinate system rot af
did noForothidg .abddwseor, defined as the rotation
and model coordd,naafifieos gt ems adeougd the axes

\*

5

Head Coordinate System Models Coordinate System

Bl Angles between Head and Models Coordinate Systems

Fi gB®OReot at i omfala b@naotl @tsi ons around the axes X, Y

Ubandwere calculated by integrawiohg Whechowat
measured in the head coordinate syshemmi lpbéen-
met hod from O to 250 ms, @dé&f (Egbhpht alomi addiemien
initial values betweomnrtdheaheadyanhdmttver enode

ar oundaxtidige, ¢xdgrees aanxibddOotdhée degr eesxi@r olund
(ori entati onhanad erduloen andghctcounter gl ockwi se pos|

— T | — 1 | 0 zZ— 1l
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5. 2St2e.p 2: Transformation of Ki nemat i

Mo d e | Coordinate System

To transform thaojainmeant aonal eyatbt)xpmitto{ ¢ h ev enotd
coor di naégeoasnyms tb)eam a(nw ocwer e mul tiplied bEy the
(Equat2lddns NotRwas tdhafti ned by the multiplicat
(Equdthi,omwhich consi st edRjJof( Bdilem triodmet iroont aitn oanx
(Ry (Equltiamd the rRt atBqgduatiimnaxi s 2Z (

A YZ@® (1P

0 Yz 0 (13

R Yz'Y*Y an
P ~T[ Tt R

Y m Al-©0 OEH 15
mn OB+ Al-©
AITO mm OEI

Y noop T 1 F
OEIl m AITO
Al1O OEIT =

Y OET AlIO ¢ @ay
1 Tt P

5. 2S5t3epi 8tri bution of Kinematics bet we

Once the |Iinear acceleration and the rotati ons:e
system, their components were distrHhibgd)lea bet
The sagittal mo d e | receiagdst hehki heareaancaeke
axis, and the rofbaison®h veakootheri hande Vv he
|l inear accebaersati bherhit hbarxkiasc,t¢edalendy t he rot ati
theaxas. Noticed that neither the sagittal mo d

the rotationalxiwvel acicteyptiimgt iehix rotatlisesnal v
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—
Q
—

(b)

@
s}

60

IS
S

40

N
o

20

Model [m/s"2]

Linear Acceleration in Sagittal
Model [m/s”2]
8

>
8
Linear Acceleration in Transverse

0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]

(c)

Rotational Acceleration in Sagittal
Model [rad/s]
° o
Rotational Acceleration in Transverse
Model [rad/s]
° N

0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]

X Axis —Y Axis Z Axis

Fi g8ibed stri bution of I inear acceleration into th
transverse model (b), rotational velocity into t
tranawaredes (d) .

5. 2Stde.p 4: Transformation of Ki nemati c

The kinematics were applied to the skull part:
parts wer e -diegiichedSeacct incam ¢i.dl .de f)i. niTthieo nn oinmp |
parts did not admit rotnadtiitoinoanls vbeutocditd e d mist
boundary conditions. Therefore, the boundary
which produced the required | iTheeasre ancocded le rfactri ce
cal cul at ed df otrr asnasgvietrtsael neondel s using the sec
accelerations anHBi gn®Pe nobtodi ninnegr ti lme (Moment

acceleration) by applying numeri cal derivatio
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Sagittal (a) Transverse  (b)

i; | x
| /jlmu
oy | I |
i FTY1
I—»X | T2 Tt1

Fi gBi2Feebeody di agrsamecnab dradladtead etso t he ki nematic c
transverse (b) model s.

FSX1

FTY2

| n gageitt ali glidkel ofevadppkieed alxo@®jy (tt v emizmi ¢t
accel er atding (i g utahteiFamm t her mor e, a torque was
combi mdt ioonnOYi@mad et hr ©@¥gywhiracchrescol | ecti vieHegy rep

accel erat-ains (Bguadtaoxd t he rotationakiacdg¢el er

(Equati on

O a4 Zm 138
0z0Ygh OYm a z2® 1y
OVEFi 0GR 07| 2D

| n ttrhaen s,woedrédieg 8 B) e onwadmpplcieed xalk 0@y (ttchemi mi ¢ t
ccel er axa»ing (i hg utateiFum t her mor e, a torque was
ombi mdt ionrO'Ywamad et hr ©&gvibircche scol | ect i vieHegy r ep

O O 9O

ccel erayaxions) ( Bgudtaod the rotatiomakigdcdc¢el er

( Equ&ti on

Oh a z® 21
02 0WPY OWCY & zm 22
"OWPY i "OWCEY 1 0Oz] 2 3B

54



ltnoseworthy that the dohkisd ant snomept ©aé@dti inreg t
"O), adidsthece between the cenitheri 6f Aglawerteg ar

determined based on measurements ((Tak8 e from t

Thentireopr ooasad f o rwcaess aell d welda ttiwornotutgdin as ccrui
( MATLAB R2¢ppe2a)i Xxank the simulated kinematics
experiment al kiAppmaldi s A( CORA) (

Tab8l eConstants ofnemasisa, mamendi ®fance bet ween ¢t he

force used to calculate the nodal forces in sagit

Mo d e | Variabl e Notati on Val ue

Sagitta Mass [ kgl A 0.058900
Sagitta Moment of imfln O 0.000497
Sagitta Di stance FS i 0.098450
Sagitta Di stance FS i 0.086450
Transver Mass [ kgl A 0.023600
Transver Moment of imfn O 0.000097
Transver Di stance FT i 0.131500
Transver Di stRhY2 [ m i 0.058500

Fi ndlhley,brain response was measured using the
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5.3Boundary conditions to assess brai

effect
I n both the sagittal and transverse mAHOEI s, t
air el emeing sprocess necessitated replicating

air mesh by considering gas properties as bou

| ti mportant to note that the measuf®ectoivemps el
Consequentl vy, the sagetetalwoadhddthranyeempse smad

speci fic caswppwhesseora cnoomf i d OMNa&tliBd g BBaesMoermep | 0

precisely, the overprasserde tobatcalfcunomttehe hrei @l
conditions, aiming to achieveosenpoessmemasurem

30
5 20
["2]
(7]
)
S
5 1
v a
c X
ol—l
25 0

o
U~
2 2
("]
80-10
|
o
]
> -20
@)

-30

0.0000 0.0006 0.0012 0.0018 0.0024 0.0030

Time [s]

Fi g880everpressure rsappdedsbromoafhngoration case (
to define the boundary conditions for t
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The accuracy of the simulated overpressure Ww;:
overpressure from alusifngmrostas i(Afp & MCIPIRB) A E |
Di fferences in both I ength and amplitude wer ¢

overpressure data. To address these dispariti

This iter @&tiigBdliepvolcesd adjusting the | ength a
overpressur e, recal culating the boundary cond
the results with the measured overpressure da
of agrEemsosrtr el ati on s¢beewexcteedengi huBated
overpressure was achieved. wknxeehiacwed,t asdbd ei md

athe brain response was measured using the in

Measured Overpressure on the
right side of the BIPED (ONH1D1)

v
Calculate the Air Temperature and Specific |
Volume from Measured Overpressure

Load the Leading Edge of the Sagittal and
Transverse Models with the Air
Temperature and Specific Volume

Compare Measured Overpressure on the
four sides of the BIPED against Simulated
Overpressure

Acceptable
Simulated Overpressure

Modified the Amplitude of the Measured

Overpressure
Measure the Brain Response to the
Overpressure using the Metrics
Fi g3idlgd eration process applied to calculate the bo

di scharge.
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Noténat the gas properties in our study were ¢
vol ume. These parameters w#lugode i(vEeqaulsBiyi ioamp |
2bbased on pPRali o&s sMiwor &k he2m2hysuored overpressau

L U
X U
T 50 @
X q)Z_G—
vy 2tz 0 0
P =3 25

The air atmosphere condi toi onsanwe™e9.3dekf i(ned as

5. 4Boundaamnydi tions to assess brain res

ki nematics and overpressure effect

The sagittal and transverse models were | oad
kinematic bouRdg3yecapplyiogsaf offset over t|
the 8.4 ms to represent del ay between both ef"
after the calculated delay time because the o
head. I n addition, the aiDEmMEPARBDEHLEDEHpPFSINga
RESTART op-D¥BNA)i hoLSeduce the number of el emer
these delete after 6 ms when the overpressure
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&

‘ Overpressure Effect ‘ 5 ‘ Delay between Effects ‘ Nodal Forces

5ms

v

7.4 ms

v

250 ms

»
»

Fi gfEex ampl e of the sequence of boundary condition
the combined effect between overpressure

The brain response was measured using the mei

model with kinematics and overpressure bounda

5. 5Boundary conditions to assess brain

ti me between head kinematics and ov

There were variations in delays between the
3.1.3.), obtaining a range of possible del ays
over the brain respoifabd) ewveve poebecbbkd Hebmyt't
of values (equally spaced) and applied to the
Then, the brain response was measured using t
delay ti ma wampdel smited by wusing the overpre
of the LPRuwiptrsaomomrmonf i ONrHdlD otno (rKeNdOu dDe tamed

within simulations.
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TabdtDkel ay ti mes between overpressure and kinematic
Delay Time7.411. 14. 19. 23.
Kinematic C6.410. 14. 19. 23.

To clarify the kinematics offset, simalaveopr a¢

1 ms, causing that the kinematic offset had t

5. 6Boundary conditions to assess brairt

no-suppressor configuration

The suppresspprassomoaonfigurations altered t
and these alterations were assessed through
conditions (head kinematics aadsowererebstaratg
two overpFegi3pBeandefsour Kigmagd3etwlsitch (combi

the head kinematics with overpressure (

TabllPe to represent shepseppoessonfamgdmadimdno.n
vari abl es wereac othesltiamittbedde Wesginntghm@a d ki nemati cs
(7.40 ms) .

(a) (b)
30 30
»
20 20
2 ]
“ v
: g
S 8w 10
@& oaq
c X 3 =
)
-l -
=g o g 0
(=] 3 -
5 I @ a
o Z @
a g -10 £ 010
£° 3
Q
= >
2 2 o 2
@]
-30 -30
0.0000 0.0006 0.0012 0.0018 0.0024 0.0030 0.0000 0.0006 0.0012 0.0018 0.0024 0.0030
Time [s] Time [s]

Fi gB3BEex per i ment al data used to si-mmupptessbe Oapr |
suppressor (b)) configuration
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(a)
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hea

cal

S i Asuul paptree st shoer

(0]

t

condi

Fi gBTEex peri ment al data wused
boundary

conf

ons wer e

t

guration. The
KNO1D1

acceltgr &KNIOAD2KNO) D=

i near

(b),

ocity

v el
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Linear Acceleration Suppressor
KSO1D1 [m/s"2]
o
£
|
Rotational Velocity Suppressor
KSO1D1 [rad/s]

0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
(C) Time [s] Time [s]

=y
S

100

v
=]

— —— v

-
=]
=]
IS

Linear Acceleration Supressor
KSO1D2 [m/s"2]
g )
Rotational Velocitiy Supressor
KSO1D2 [rad/s]
N (=]
/
|

-
7]
=]

6
0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]

X Axis —Y Axis Z Axis

°
o
=]

F

boundary conditions were calculated from I ir
KSO1D1 (b)), linear acceleratK6®©O1BR3OLD2 (d), ¢

i JBBEexperi mental data used to simulate the head
The

TabllO€Eombi nati on of boundary conditi orma ptpa ersesprres e
configurations.

Overpressure Head Kinemat. LPRonfigur a
OSH1D1 KNO1D1 No-Buppressc
OSH1D1 KNO1D?2 No-Buppressc
ONH1D1 KS0O1D1 Suppressor
ONH1D1 KS01S2 Suppressor

Finally, the braihoraespehnhséehwasetampanebdet wee

and the LPR configuration
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5. 7TMet ruscesd t o assess brain response

Three kinds of metrics were used to assess th
by the LPR response. -l Blvelf imedtri ease owas thenet i
identify how the metric behdvtbonshamlpedsdaen:i
cumul ative volume f4e@oeiometespenseaevhi cht wasusg
extent of the brain response to the boundary
metrics, usirryg ctrhd emée @meh i(Mjl €15) and a new met
(Lyu et.al ., 2022)

The tliesvseue metrics over ti'merwenei haeab¥f z ed x ivint

straiay, MPBer Gentile of ingracamhipmheedbbear
i ntracrani aly} mrvegsuar edu(rlaGR on of 250 millisec
percentiles for these metrics was deliberate

in these metrics, and t hersiet dan as evia(isAhleexikt dPaaricd ezro
Lukasz Rycmam, thOx2Y)Ypenctextjl eheePbesents the

thepeércentile represents the minimum value wit

The cumul ative vol umel efwealc tmeotnr ircess proenpsree st eon tteic
vol ume r elaneatxiiomunt opr i M@K p aplo ssnttrraiemr a(n(ipaols iptrievses
| OP aredgati ve i nt r(megatni)vad TIpCB smet dod was app
foll owi 8eeltwrprsun uesti nagl .awr 2WRtEAOMAIT Et ABptR202 2 a,
Mat hWor ks, CaAppgenmdiia, A USPAd Appendi x B

1. The initial vol ume for each el ement al ong

corresponding maxi mwm .vaNatei coef tthhaet ntehte i rte

cal cul ated with the minimum value instead
2.The initial vol uime) owaseadihviedeednelmy t he t
(OO ), obtaining the ®eDem&EgRBYolomme fracti
0 "0 ©0 U z 1.(2
w o500 p T 2P
3. Th¥ Mof t he el ement s was sorted i n ascendi

el ement vol ume fraction.
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4 . There was defined a o0 Wi®ulwahtiicvhed svtOetragtueed firma c

1. Theo) umkbefracti ombpfwaeachuletd eanetned (fr om
vol ume fra@muanj | si heed)as(tEgedlpd medbimttsi c(e t ha
ascendent order in the VM was conserved.
0w 0 wWOw™O @y
The HIC15 2BE®wsatiimart ed brain i nj wnyi nrias kp etro olc

0O 0 15 MSchmitt aet ualng 20 t@rmonea(dsSarkegP p&)st v 4.
Whil e the standardi zed metrics of HIC15 appli
reference to compare the injury probability b

sour ces.

I z —— Q
OQou ﬁA\QO o] 55 woQo 2B
Finally, Zhang et al . pee po stéa eas tniema tmeg sthhoed
OBHEeDo)i MasedlOW MPasSnd po®id ) veThiC® et hod was
through the Weibull curve@GLYyw et mulaitn @he B\ saev
maxi mum metric in the top ten el ement.
0B EE Do i Qep P
R 8 29
0t E Mol Qe P
008 - 8 €N
Note that this equation was applied to-the hj

written script ApMATMUWABK RB2022a) (
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6 Head Models Response to Kienamti

This section presents the estimated brain res|
by an LPR discharwas diht i thieah | N rleesgpd nnsced e |l s a
usitrhge metrics presented in Section 5. 7.

6. 1Brain response to head kinematics

The experiment al hde)alice rkei M @ matsif g meSle asnjit2atnol o a d
be simulated in the sagittal and transverse

against the experi mentcalr rlkil méd matni sx,0retst aif niOn

sagittal and transver se -cnoodledtsi,on espercasd veh gy
model s presented close alignment bet ween sim
although slight discrepancies were observed i

|l ti mgportant to notice that these simulated ro
caused by nodal forces and were not | oaded as
bet ween the experiment and the -moosBbkati dDesp
showed good agreement, validating that the he

generated by the reEopgBppeffect induced by LPR
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Fi g39Coompari son between the experimental Kkinemat.
|l i near accebaerat{(an, ihi nbbadarxXac el)er dtiincerearn insctched ey

(c), rotati omnaaxli sve(ldo)c,a ltayrvde Inroatdhatetysyd (nc )t .he =z

The kibemadarcy conditions pro&ugéeleMRISt Andheé CI
having natei aowalel e effect. Specificall ¥iguhe MP
4 4a) , producing peaks of 0.0277 m/m and O0.040
respectively. On the other hand, Fit d4ed @ ,CPwhviacsh c
presented a positive peak 143 8k B&. klPawawmdr ,a
were below the rangej oirf(yGatbrl el h celtd aflar, RrOalién |
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>
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6. 2Brain response from overpressure in

The pressure histories ofoftheér €alpdipeEmwtés eancemdd
calcul at-eott hel atrioers score between the four ex
overpressure, obtaining scoboestbt Orodo6d4, ©Oi gh
sides respectively. These results and the vi sl
the simulati on Fafg4tgleed mpd yyd amadealrect overpres:

applied to the head model s.
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o

Experi ment al ata fromuppressocomcaoundti gdrwitti lon

as the input for simulating the response of t
i's i mportant to note thatsdes$pifobearSevteiropmedsas
nossuppressor configuration, these results pre

averageorcrelsati on .sc@areseqgfuemtl96,3 t he simul a

overpressure data into a single test.

I n contrast todibBeugksaeaemani Secbads 6. 2, t he
noticeable variations in | CP whil e Fsihgodpieng ne
Specifically, the positive | CP peaks rveegrienpsrir
of the brain, while negative | CP peaks were c
negati ve | CP peaks were-1melBRayred eapecltéi. 09l yk
predominantly observEidgdmhe ¢hret rsaasgti,t ttahe s@wern g

produced no discernible impact on the MPS.
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Fi g#aDe st ri buti on produced by the overpressure | o:
ms increment. The brain response was measured not
but aMB®nbgyagittal (c) and transverse (d

6. BBrain respondevdroprcecsmshuirnre lamad i knign e

assessedhesadngodEES

The head models were subjected to combined bo
|l oad extended by 5 dmesl, ay odfltoewe dt tbhey iani7t. i4adDl msvV ¢

with the kinematic | oad. Al though differences
combined | oads and the model with head ki nema
|l oad andrédvadpdemodel s exhibited identical be

The first appreciable difference between the
acceleration peaks produced by tHhieg4dopve rTphreesses u
acceleration peaks were notably greatanxitshan
that exhibited |Iinear acceleration peaks four
contrast, rotationalbevteweoecn ttyh es hkoiweedmantoi cv aan da
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The -HfCab)wasllcomputed for the overpressur e,

model s, showing a difference -Bét@&&éf) t hé&henean
indicated that the |inear acceleration peaks
(8157 %) i ALS5t hvealHileC Neverthel esss15i tval siesotr ema

bel ow the threshold of 700, adsSadimatt € daewi taH . 3
This finding sufjfgemeedi ¢thdt dt het Ht &pture the
di scharge.

Tablllell-€C5 cal cul ated in the head model s for the th

" HIG15
Rl i Sagittal Transverse
Kinematic 0.168 0.201
Overpressure 0.433 0.334
Combined 0.433 0.364
Mean 0.345 0.300

Standard Deviation (SD) 0.125 0.071
Coefficient of Variation (CV) [%)] 36.212 23.615

Mor eover, the tempor al anal ysis of brain res
dependenosonofhed®S ki nemati cs, while | CP was i.1
head kinemhmagdlel DlovdhstMPrS buted to the overpress
compari son t o otahtet r4i.bOu6tt% doft oMRS e kinematic | 0:

MP&0on head kinematics. Conversely, peaks in 1|
(18.86 kPa) and kinematic phases (16.09 kPa)
However, the kinematics generateidnedel onmdt med
indicating an interaction between both [ oads
even in the absence of temporal overl ap.
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l oads, wissnngadlPSt algsmo delan(sav)e,r st Sneoaegil t { &) , md CLI
in transver s nmoeadagl t¢adabs modRrangeer sé CRodel (

The cumul ative brain response reinforced the
response, highlighting both MPS dependency on
l oads FngdigdeL Regarding MPS, the cumul ative v
combined | oad model s was siFnig4are tbo .t hCeo nhveear s e
cumul ative volume fraction response to positi
intermedi ate behavior, falling between the r ¢
modeFlisgas@ e f). the cumulative volume fraction
both the head kinematics and over pr eskFsiugruer emo d
48) .
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Fi g#48Caumul ative brain volume response to MPS and
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I CP in transverse model (f)
Thpeak values of MPS and positive | CP were us
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Tabll2robability of concussion in sagittal
Sagittal Transverse

Boundary Conditions Risk by Risk by Risk by Risk by

MPS (%) ICP (%) MPS (%) ICP (%)

Kinematics 3.120 3.330 3.460 2.160

Overpressure 1.480 3.930 1.480 7.110

Combined 3.120 3.930 3.440 4.860

Mean 2.573 3.730 2.793 4.710

Standard Deviation 0.773 0.283 0.929 2.024

Coefficient of Variation 30.043 7.583 33.247 42.964

| ti mportant to

noteprobbtbihetgqudticomsufsasli oinitse
head

a specific scenario

comparison to the

6. 4Sensi tivity

The -HbP Cvalues obt ai

suggested that

di fferenc®. 0C120). 008 ddbdivtail are,s

t

brain(Bahmryt aet

he

al

TabllSell-€C5 cal cul at ed i
and overpressure.

of

of

n

boundary

the simul ati on

ned i n

near

201

t he

t he

9

head model s for

Delay Time Between HIG15

Boundary Conditions  Sagittal Transverse

6.40 ms 0.433 0.364

10.65 ms 0.433 0.365

14.90 ms 0.433 0.365

19.15ms 0.433 0.365

23.40 ms 0.433 0.365

Mean 0.433 0.365

Standard Deviation 0.000 0.000

Coefficient of Variation 0.008 0.071
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While the

peaks of M

PS95 consistently exhibit
conditibemsayiobheof | CPFiwadsY emodrne tihnet rtircaantsev e(r s e
and ode@mMPi bited no variation in magnitudes with
andg i @Pt he sagittal model displayed a differe
delay time, indicating an interaction between
(a) (b)
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The cumul ative brain volume affected by MPS a
supporting the deduction of interaction betwe
boundary KEiogdP & iTohnes c(umul ati ve fraction vol ume
in both the sagittal and transverse model s

variations when the delay time was modi fied.
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Fi gb®0Caumul ati ve volume brain response to the c¢oml
applying a variation in delay time b&PBeém Bagnda
model (a), MPS in transverse model (b)), negative

model (d), positive I CP in sagittal mo d el (e
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The positive | CP dependenc¥ighlehei dgl alget ame
the curve (AUd)i,nesahrowienhgava oman The AUC decr eas

7.40 ms to 11. 660)msunand irnecarcehaesdeda (tlop of 24. 4

16500

16000

15500
15000
14500
14000
13500
13000
12500

7.40 ms 11.65ms 15.90 ms 20.15ms 24.40 ms

AUC Cumulative Fracction Volume vs
Positive ICP in Sagittal Model

Variation in Delay Time between Overpressure and Kinematics

Fi gbtAdUC cumul ative fraction volume response to

However, the estimati dabbe kadshedisen ome phkobabi
showed novargatfobad&€8%) 0 suggesting no depen

bet ween overpressure and kinematics.

Tabll4robability of concussion in sagittal and tra

Delay Time Between Sagittal Transverse
Boundary Conditions  Risk by Risk by Risk by  Risk by
MPS (%) ICP (%) MPS (%) ICP (%)

7.40 ms 3.120 3.930 3.440 4.860

11.65 ms 3.120 3.930 3.530 4.810

15.90 ms 3.120 3.930 3.580 4.760

20.15 ms 3.130 3.930 3.570 4.930

24.4 ms 3.130 3.930 3.520 4.950

Mean 3.124 3.930 3.528 4.862
Standard Deviation 0.005 0.000 0.050 0.071
Coefficient of Variation 0.157 0.000 1.405 1.468
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6. 5The brain response to suppressor ef

The results fromLUMR twiatlh db ostchh atrtgee ss wpgdp rtehses or
and -snuopnpr essor (KSO1N1 and ONH1ID1) configurat.
pattkirqqsy € HBlR2e suppressor conféggeals i omsbomnlcr s
(148%) and transverse ( 5BQUY%)p rneosdseolrs ccoounmpt aerrepda rttc

t he-snu@mpressor configuration not only resultec

(77%) of |1 CP but an sof exwuemnmpreas ¢ three dagaitlil at i ¢
(a) 0.10 (b) 0.10
T 008 E 0.08
E E
in 0 e
2 0.06 § s
s =
= 004 @ 0.04
b= ]
? o0 £ o0
0.00 000 — =
0.00 0.05 010 0.15 0.20 0.25 0.00 0.05 0.10 015 0.20 0.25
Time [s] Time [s]
(© . (d
20 20
- g
& 10 = 10
o g
L__) 0 E 0 SRS Ca— -
£ &
® 10 E 10
& G
=
20 20
-30 30
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]
(e) (f) .
20 '_70
—_ &
g 10 f 10
a 2
g E 10
10 o -
=
-20 -20
30 30
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Time [s] Time [s]
Non Supressor Suppressor
Fi gb2Fé r st di scharge. Comparison in brain -respons

suppressor configuration using dat MMP&irmoms abhpiet f al
model (sa)h, tMRAsver sien meoaegilt (dhi,Mmdtd@d®dn (wer,sd CRPo d el
in sagittabd modean¢edr sé CRodel (f).

81



I n contrast, the results of the osreecsommadn sdei stcoh a
suppressor (KSO1D2-sapepr@SHDLD1 ) oamrfid gnuarmti ons (
While ttdhea MBRE® transverse model presented no s
suppressor-sampmr @shseo rn ¢dnognH 8 pg,u rtadsk mMPRe sagi tt al
presented higher peaks t458nrF (tglhd s u Omr ¢ ot h@
the |1 CP kept t heinitiardsanatgesoobtheclPfFe @ b Bfie) t thighéerh

positive (6.9%) and negative (8.3%) peaks of ICP and extended the duration of overpressure
oscillations.
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LPR Configuration HIC1S
onfiguratio Sagittal Transverse
Suppressor 1 0.996 0.457
Suppressor 2 0.920 0.433
Suppressor Mean 0.958 0.445
Non-Suppressor 1 0.433 0.364
Non-Suppressor 2 0.433 0.364
Non-Suppressor Mean 0.433 0.364
, the probability o
the mean risk by | CP i
ce that the probability
cumul ated with repetitive

85

base
9.4 to 70
concussi

di scharges

di str-i bution i

a

fo

d

. 0

on
d

f

1



Tabl6robabil ity of concussion in sagittal
Sagittal Transverse

LPR Configuration Risk by Risk by Risk by Risk by

MPS (%) ICP (%) MPS (%) ICP (%)
Suppressor 1 7.180 3.070 4.530 2.300
Suppressor 2 2.890 2.160 5.720 2.610
Suppressor Mean 5.035 2.615 5.125 2.455
Non-Suppressor 1 3.120 3.930 3.440 4.860
Non-Suppressor 2 2.840 4.930 4.080 3.930
Non-Suppressor Mean 2.980 4.430 3.760 4.395
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7 DI scussi on

This secti oinmpelxipd aotriesn st hecef t het oestthenak ede rha tai
overpressure | oads gaetnRR.bBeede byl t bveardes soobhtaaeigred
by the comkiprat memt al F &wmaotdae | asn,d rpelparneasrent i ng t
sagittal sedthirommug hoft htelsd€ ulFEdhdothel e, thriasi st ud
response in terms of maxi mum principahemstr ai
subjected to variations timet g bRRIiweeaemd ttiheer an

over prleosasdur e

7. 1Experi ment al ki nematics and overpre

The experiments aimed to address two pivotal

determining the sequence of |l oads resulting
vari ami ame operator and LPR -sopprgesab)ovaea {hbae
guestions, this study separated the ovteheress
vari ables on each specific | oad.

Il n examining the kinematic | oad, the recorded
significant variability. Analysis of four ope

reveal edl epeerdaetndl ekhi afveésrmartt it o n 48.)1 al Figgqhumeg 6Gvi t h
on head kinematics in ri(f3eelmprerrwrt odthid&lt.omepla
specific dependency remained consistent even
di scharging LPRs wit-Bupptéssamppceskiogumatdi cmos
suppressaor configurationyexhbimpiatr €d-s v pog hietss oannc
count@Eee-maet % varigtitcdhre iln nppemakxa)ccel eration di
(k1758 % variati Dmes e fpiemdtish)eg so pairgagtesrt itrmfaltuenc
responsbeaamoptebce fi ¢ LPR configuration.

To antaHe zeever pressure, a Brain Injury Protectdi
Ssimul atadt oé tamae oneearsaitrer t he overpressure gen
nossuppressor configurations of the LPR. The r 6
by the (bmpmgrneonord. 2al iFgingiunrge wWliOt)h ear |l i er r ese:
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LPRsB®res & Kov§8cs, 2022, Kein tther Huoadrse,n ®dn il st
|l evel s were observed acro-sapprud g9 @rl garaedsscduaarr ;
correlation), secaonde cafi g 963 consi stent associ a
specific LPR configuration.

An additional significant finding from the p
bet ween kinematic and overpressure | oads indu
a sequence of |l oads: initiatarnigabwiet hdeal akyi npeemai
from 7.40 to 24.40 ms, contingent upon the ¢

Notably, pr(@iMr R.esMialrlchrerest-Oage, 2022; Ouerlrl ét
2018; Skot atkkava fadcused1®n these | oads in isol

del ay observed in this study. Thereésoserti alndE
understanding the cumul ative i mpact of both o
Il ti mportanttheseaotendhags call tfoorl icnairteaftuilo nisn
acqui,pattobaul arly in the sample size lmoncher ni
case offenmpmreessur e, the results revealed cons
demonstrating no statistically significant di
Additionally, the analysis of head kinematic

providing vahtabtadei bsiaght sesponse to an LPR

interpretation.

7. 2Brain response to kinematics and ov

The transverse and sagittal FE model s simul at
and overpressure | oads. These models demonstr
brain, only the kmeamaMB@ & .u ll Tooa ds truedsyu |ttheeds e nbr a i

hi stor yovienremer)i csnd cumul ative fraction vol ume

Il n the case of the kinematic lobsBES00Ohe4d mandic
| CPsl 20.f43 kPa negative andboliMR&&6ndk PaCFobet owet
injury jwhriehha@lf s OP20,and ¢b0OnkBatfee MEB, and
respectThwiesd yfinding a(Zhasgweéet hawhi ph200adapstudg
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requires high kinemati cs tSo eccvi gripcaas s yi, n jZthrayn gr
linear sott@l0@Bamd snot atiiensh 4| rreeaslusl ctiesda nidn | NCAPS

within tBe20angd a7 2 .ktPiamparetsgpretcts ppiethgt ehe hhbd
l' i keli hood of injury based on these values, r

could elevate the risk of injury.

Moreover MPcSahBCBxei bited a widespread distri.l

interesting observation wasnat omedgobcnat hgatiram

contrasting ovi Cikn tthhee |forcdahtiialnpar € a c ul(alry uf ientdi r
al , , 2@WR2¢h highlighted a similar trend, attr
overpressures t o oMPS8 hiam dtr HaeC Rme damadtahaerspae ot a k|
Il n addietisomultati on r d9ulbtPa r ph @ wwsadr terhidnta atehle 1 m
on M®3t significantly pafatke ovtddeds OISCxdsar e s ukt angd
15. 320 frkePgaalt CR €fr hi s aal ipgrnesviwiutsh study that si mu
overpressure bet {(eienng hl 7e0)t @anl ? 3 22601LkAP & 45 kPa of

CP -2hd-760 kPa of wnagwPshiove O0l. OR2 ttianp®d.rt&S nt t o
t hdte t ncreased | CP was ac @whc ecnbtornasti esd eint twh & hf
rese(abrycun et aald. ou2022) or study.

7. 3Brain response to combine | oads

I n the scenari o of ogonphoisnetd vieoaddPn g,antdheneMRS
surpass t he peaks calcul at ed from the overop
indi vi(bbeaBliwriri2oWur dlevert hel es s, the cumul ati v
revealed a distinct distribution pattern of pc
suggest that although the combined effect of

overl|l appi ng magrmint ubdeetswe etnh et hierstee rlaocatdis al t er e
affeclt@R. by

A possi bl e ¢&xpliantaetriaocnt i fooor bet ween ki nemati c
strwasvse i nterference within the brain. Speci fi

a nsounppressor configuration wietch @43t0h ensn eod a tdi
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| CiPn the transverse model showed increased cur
anal ysis of overpressur e (aShedcérdodra3gldr heenaddi ckaitnien
constructive interference. Conversely, positi
reducing the distributidemadfi ngo Sietmitol. @l nffi iOdu i @
3 4-d).

Whil eltamar namodel 9 f mayh @lve dliicmiitnegd t becbehawai o
regi on, t heir consi st enrtaar etshuel tpr ihmagrhyl i ggihtte tf

bet ween overpressure and Premadecrkienemdt.i,c s2.0 1Rr;i

20189upport utilizing pl anar model s excluding
overpressure and backward movement s, consi der
t he medi al r & g.¢ @lnh vasn,d dfersopnittael t heir | i mitati on
means of studying | CP.

7. 4Brain response to variation in del

overpressur e

Mani pul ating the delay time between overpress:s
stress wavd SenteoherberbcSepecghtreal3dley, t he cumu
vol ume curve dkeimoeatraaeidatti oonin the distrib
either increase or decrease Dblaisreeda (oe ctehined nd ebl. a
Figure Thi)s observation suggests that wave in

constructive padtream@pe aefnabmpasygi ng

This study aacdomrds swaoddimsamstent |l y i dentified t
t he farrrermbal t he region with maximum | CP during
or frontall Lywerpr a$bils @d@2ywesetne usg guethdiattss f r ont al
area of tame imtaimgui sag f ocal point for under s

kinematics and overpressur e.

| ti mportant Hhiol enotddeear dNMRREP wr esul ti ng fmmotm t he L
exceed proposed mTBI -1t7Rr &«PRolpds-7T62BaVMEPgabbd
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| CPBeckwith et WillLI i Rd@der8,; DreErEk,; Sbtadbhgretetalal , |,
Zhang et),ali.nv es0tlidgati ng their cumul ative effe
repeated acdkedveampgpessues Ccahngmancdc (IMKUFRagee MP &I
2021, |l verson et al ., 2023; M., ,hRnt Mng |l @ar atsia

potential for repetitive LPR discharges.

7. 5Brain response to the use of a supp

Despitext eh€®d oscillhiagh onar Min&ielhiatvyitolren suppr es
configuration notably decreased both | CP peak
| CP, subsequently | owering the concussion pr o

This study diCPe gfwweeakm |tolwee rL PR wi t h t he suppress
to tmapparessor Seauntoenr Hadgt, akidg drdgy uF e 8O f i ndi
signify a decreasednlithel ohdemtpobfyi @t hesbsapp
as an effective device in mitigadfi nghd heparda
Surprisi @Bl gpr ot bsewrepdp rbeys stohre c o n fmiog wr a tpitecem debdh i
of osc(iSelcattiioome6 -3I@,c aFnidguE-dgur edBO®ating instabi
the suppressor. This finding ré&®fif evhd £thhd si n

consistent with prediyous findings from this s

Both suppr essuspoprr eesmsdornacmnfi gurations exposed

resul ting fr o(nSeLcPtR odni s6c.h6a,r gkeisgur,e i3rBdi, c at, i mg da
l ink betweemfi gardPtRonen MPSs e¢dbectirs with stud
the crwdi alheri mlpa&lfS&tedorur r uns eg geashte, nngelc2e3s)si ty f
research into particullhehkdbpematiocsvariabl es i
Il n concl usi on, thisostsdppadsesoat eieviocest hedu
research into operator training as the opti masa

resulting from LPR discharges.
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8Concl usi ons

This section wild./ outline the keyisomucl asi drm:
exercise caution in interpreting ftimeldeemdntndi n
(FE) npmsopdeeclisf i cally, sagittal and transverse mo
the brain response to kinematic forces -and ov
LPRuUurthermore, the metrics used toinanatyaeri al
pr essur e mak CRpg macrstdraali n ( MPS) .

1. The recoiLlPRfirscrhatriyge pr i mar o0 p g rrastdheaxrina tt e v
specific LPR configsuaprdomsosriep wesesab!| @r
variability bethweaad ,bipmedaactaitedasng a need for
undertshhiasndv.ari abi |l ity

2.The overnpargensisiwndeen st deapeddodaeanctehe LPR conf i g
resultingpemskeopsie@ikegPraeZ/naBa with the suppt

nosxsuppressor configurations, respectively.

3. Thevidence from thitéestudy suygmestadl|l eh atel

kinematics and overpressure | oad, and this

4. This study revealed that the healdi tke matmart e

—

hr esphrod doskedaifrori njury. However, repetiti

sessions could potentially elevate the ris

5. The suppressor configthatooerrefrescsuireel padi
LPR discharge, t hereby | ower i nigCRtfhfeect s k
Additionall vy, t he o vseurbpsrteasnstuirael dsitdr am omts i m

indicatingrimaepkR8eins on thg kinematic | o

6. The combination of overpressure and ki nemat
on CRIor eowverfimndings regafditimg otbttehli ®enti me
bet ween kinematic andabser pindes s@m¢ ceurd mamc & ac

interf éC®nce in
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7.The study showed that wusing a suppressor r
result in an increasedudMP&l Neveot del ats, t |

more dependent on the operator rather than
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9 Recommendati ons

The rec

1.Thi s
kine
i nfl
aspe
2.Gi ve
i nju

rema

ommendations for further work in this
study raises ineuiateds fabtoteichéhaflope
mati cs. While the experimentabaseddi n:
uence on ki nemati cs, further control |l e

cts of this dependency.

n theofl itnidét astawody ngl e LPR discharge, t
ry risk due to repetitive discharges,

ined unexplored due to constraints 1in

durati on. tClhheirsee giuse nat Isyt,rong recommendati on

on u

over

3.The
thro
i nco
resp
4 A fu
over

over

nderstanding injury risk patterns conc:
pressure | oads.
pl anar Fbimotduerle iosf atphper opri ate for asses:

ugh arkedemrtaifryi ng | CP focalization in
rpadiat b mawiah pl anes would enib@ehmaei ondem
otnlke nteweantd cover pressure | oads

rther study-teowm ¢tdhesdhsaothheag elsprogqise t o
pressure |l oad by contrasting the FE re

varying periods foll owing LPR dischar
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