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Abstract: The goal of this work is to
mitigate the degree of damage to passengers
caused by automobile collisions. Crash
phenomena involving road vehicles were
investigated for the purpose of developing
an impact attenuation design that can with
stand speeds higher than the current
specified range of upto 4km/h (forabumper).
Different impact attenuation systems in the
vehicle were studied with emp has is on the
bumper modeling, analysis and design. A
mathematical model for a bumper was
developed. Simulation of impact of the
bumper against a fixed barrier was
performed.A passive friction element was
introduced into the bumper system to
improve on the attenuation of the impact and
kinetic  energy  absorption  capacity.
Amathematical modelofthebumper-damper
system was formulated and used to simulate
impact phenomena for a 1900kg mass
moving at a speed of
70km/h(19.4m/s),17.5times the speed of a
typical design specification. The simulation
revealed that the energy absorption capacity
ofthe bumper was
improvedwiththeadditionofa
frictionelement.Designparametersforthefricti
on  damperwereextractedfromtheresultsof
thesimulation. Theextracteddesign
parametersincludestiffness,k,andcoefficiento
fthe damping,c, ofthebumper.The use
oftheresultsfromthesimulationinthedesign
ofthebumperwaspursuedwith
success.Frictiondamperdesignswerepropose
d.Twoofthesedesignswerebuilt
andusedinexperimentstoverifytheireffectiven
essandtovalidatethesimulationresults. Theexp

erimentsrevealedthathigherenergyabsorption
couldbeachieved
withtheadditionofafrictionelementtotradition
albumpers.

Introduction

The rate of motor vehicle accidents globally
is alarming and naturally increases as the
number of vehicle
sontheroadsincreases. Thetrendintherateofroa
daccidents isthesameinmany
countriesinthatitisgrowing.Itisestimatedthat1
.2million peoplearekilledin
roadcrashesandnearly50millionareinjuredwo
rldwideevery year. In Ghanathere are 1600
fatalities annually (Appiah, 2009). Road
trafficinjuries  arecurrentlyranked  ninth
globallyamongthe leadingcauses ofdisease
burden,intermsofDisabilityAdjustedLifeYea
rs(DALYSs)lost(Odero,2006).In
theUnitedStates,the
AmericanAutomobileAssociationestimates
that roadtraffic accidentsclaimalifeevery
thirteenminutes(Zheng,2006).In
Ghana4peopleget
Killeddaily(Appiah,2009).Inmany
developingcountries,wherethereisa
significantincreaseinvehicletraffic
combinedwithpoorroadinfrastructure,inadeq
uatetrainingofdrivers,andalackof
goodpolicecontrol,the
trafficinjuringratesareenormous.Roadtrafficc
rashesare knowntobealeadingcauseofdeaths
andinjuries inGhanainthepastdecade
(Afukaaretal.,2003).Themajorityofroadtraffi
cfatalitiesoccursonroadsinruralareas.InGhan
aabout
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58%morepeopledieonroadsintheruralareasth
aninurbanareas,andgenerally
moreseverecrashesoccuronruralroadscompar
edwithurbanareas(Afukaaretal.,
2003).Consideringthefactthatabout70%ofthe
populationin Ghanalivesinrural
areas,coupledwith
thefactthatthemajorityoftheruralresidentsare

engagedin agricultural
activitiesthatsupportstheeconomy
ofthecountry, itisevidentthat

theseaccidentsandtheirconsequencesaffectth
efoodsupplyandtheeconomyof thenation.

Modeling,Simulationanddataextraction

Thischapterdealswithmodelingafrictiondam
per,thesimulationof thedamper
responseanddata
extractionfromthesimulationfor
designpurposes.Thechapter  presents the
Maxwell, Kelvin and two Hybrid Models for
the bumper. It
alsopresentsvisualsimulationsoftwareanddis
cusseshowitwasusedtoprogramand
simulatethefrictiondamper.Itthenfocusesonh
owthesimulationsoftwarewas
usedtogeneratetherelevantinformation.
ANSYS 14.0isalsousedtopost-process
thedatageneratedfromthevisualsimulation.

ModelingoflmpactAttenuators

Thebumpersofmostvehiclesaremadebasicall
yofviscous-elasticmaterialsHuang,  2002).
Propertiesofviscous-elasticmaterialsinclude

1. Creepincreaseinstrain
withtimewhentheappliedstressiskeptc
onstant.

2. Relaxationdecreaseinstresswith
timewhen theapplied strainiskept
constant.

3. Dependenceof

theeffectivestiffnessonthestrainrate.

Lossofenergyduetohysteresisand

Coefficientofrestitutionthatislessthan

one.

ok~

In modelingthebumper,thereis
theneedtoaddressthis  behavior.Thelossand
storageofenergyaswellascreepandrelaxation
phenomenaareusuallymodeled
withspringanddashpotelements. Thetwomain
simplemodelsthatcanaddress
theseareknownastheMaxwellandKelvinMod
els.Bothmodelsmakeuseofa
springandaviscousdamper.Ontheotherhanda
hybridofthetwo,calledtheSolid or
theHybridModelis
alsousedtomodelthisbehavior.Theelementsof
themodel canbearranged intwodifferent
ways, givingtwo typesofHybrid models;
theHybridlandHybrid2models(Huang,2002)

TheMaxwellModel
TheMaxwellModelconsistsofaspringandada

mperconnectedinseries. Theelementsofthemo
delare consideredtobemasslessand uni-axial.
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Figure: 1
SchematicofaKelvinModelanditsFreeBodyD T 1 Fixed body
lagram
TheHybrid1Model ¥
Twotypesofhybridmodelswereconsidered,H |_ ” -

ybridilmodelandHybrid2model. TheHybrid
modelscombinetheKelvinandMaxwellmodel

smakinguseoftwo > e Lo r
springsandadashpot.Hybridlmodelcombines e .
aspringk1 inparallelwiththe Maxwellmodel. I, " v
i Damper ®) (e
Movipg mass Fixed body
Figure:

3Hybrid2ModelanditsFreeBodyDiagrams

.4 Simulation

LM 1 Thissectiondiscussestheresponsesofdisplace

- ﬁ ment, velocityandacceleration
’ o ofthefourmodelsinlinewith

®) . .
Figure:2Hybrid1ModelanditsFreeBodyDia desiredbehaviortoevaluatethem, .
grams andselectthemost _ appropriate
oneforfurtheranal ysis.
Thesegraphsarecompared withaplotofa
TheHybrid2Model standardcrashtestdatausedby
U.S.automobilemanufacturers,theNewCar
Assessment Program(NCAP)

Thesecondhybridmodel, Hybrid2modelalsoc test,forevaluation. NCAP wasestablished
ombinestwospringswithadash bythe United

pot.ItcombinestheKelvinmodelinserieswitha StatesNationalHighwayTraffic
spring. SafetyAdministration(NHTSA),

an integralpartof
theUnitedStatesDepartmentof
Transportation(DOT),toenhance
occupantsafetybygeneratingmarketdemandf
orsafetyfeaturesandperformance
thatgobeyondUnitedStatesFederalrequireme
nts.Forexampleforthe barriertest,
NCAPtestwasconductedats6km/h(15.6m/sor
35mph),ratherthan48km/h
(13.3m/sor30mph)asrequiredbyUnitedStates
federalregulations(FMVSSNo. 208);
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(NHTSA, 2007) this is done to prove to
consumers that the automobile
manufacturersusehigherstandardsthanthatreq
uiredby thelaw.

SimulationandPostProcessingSoftware

Thereareseveraldifferentwaysofsolvingdiffer
entialequationsby numerical
methods.Varioussoftwarehavebeendevelope
dforthispurposethatareavailable
onthemarket.Forthisstudy,onesuchsoftware,

VisSim M WaSselected. VisSim ' M
isaprogramming languageanddevelopment
tooldeveloped byVisualSolutions
Inc.thatusesblockdiagram
languageforcreatingcomplex linearand
nonlineardynamicsystemsforthemodelingan
dsimulationof  simpleandcomplexdynamic

systems.  VisSim '™ Nasanintyitivedrag-
and-drop blockdiagraminterfacewitha
powerful simulation(mathematical)
engine. The useofits

visualblockdiagraminterfaceoffersasimplem
ethodforconstructing,modifyingandmaintaini
ngsimple
tocomplexsystemmaodels.lthasanextensiveto
ol  kit,amodellibrary,andagood interface
capability witha number ofprogramming
software’sandwastherefore
foundappropriateforthisstudy.

JustificationforSelectionofKelvinModel

TheMaxwellmodelwasruledoutasbeingnotsu
itableforthemodelinginthis
study.Forthethreeremainingmodels,theKelvi
nmodelgivesa secondorder
differentialequationwhichissimplerandeasier
tosolvethanthehybridonesthat
givethirdorderdifferentialequations. Thelimit
ationoftheKelvinmodel,however,
isthatitproducesanon-
zerodecelerationattimezero,adeviationfroma
crash

pulse,whichistypicallyzeroattimezero.Howe
ver,inspiteof thenon-zeroinitial
valueintheacceleration,theKelvinmodel’spul
seduration,andreboundvelocities
donotdeviatemuchfromthoseoftheHybridmo
dels.FromTable3.6itdeviatesby
amaximumof0.01sfromHybrid1lmodelatdesi
gnpoints2and3,andamaximum
0f0.06sfromHybrid2modelatdesignpoint2.Th
ereforetheeffectofthenon-zero valueof
theaccelerationattimezeroisnotvery
significantintherangeofmaterial
propertiesunderconsideration. TheKelvinmod
el showsanoverallbetter
responsivenesstochangesinmaterialpropertie
sinthematerialproperty rangeunder study
with respecttodisplacement,
velocityandacceleration. It
hasasimplersolutionascomparedtothoseof
theHybridmodels.Addingafrictiondampertot
he Kelvin modelwill give arelatively simpler
model equation than adding itto a
Hybridmodel.

ResultsandDiscussion

Thedefinitionsofsome terminologies used
arealsogiven inthischapter. Finally,
the resultsfromexperiments arealso
presented tovalidatethesimulation results.
Theresults

aremainlypresentedasplotsofgraphsafterpost
processing.
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: [Dinlsmar Theworkdoneby

E bumpersofdifferentdesignmaterialsstudiedw

{ . erededucedfrom plotsof

3 | D impactforceagainstthedisplacementforthebu
mpersfordifferentfriction elements.

Figure:4.8shows
' theresponsesusingafrictionelementwith152k
{ Bemd NfrictionforceandFigure:4.9

maliced A coebernt b

4 ‘k.‘_,,-_” L ,-_;::c. showstheresponsesusinga228kNfrictionelem

T e ! ___| i ent. Theworkdoneby thebumper materials

OO pad s 0l el eImog M 025 el .

g Tl forthe same amount of deformation was

calculated for each case.
Figure: 4 1'5? .
NormalizedResponseofacartoaCrashPulse ] o
1.2 - #
Deformation T ]
£ s ¥

Theeffectofafrictionelementonthedisplaceme E -
ntofthe1900kgmovingmass 2
wasstudied.Differentfrictionelementswereint o4
roduced,and simulationsperformed using ]
abumper-damper system with material o4 Pelp A e
stiffness k of 542.7 kN/m, and damping W ™ ™

coefficient ¢ of 11.5 kN.s/m. Starting
withfriction force of 0 kN, simulation was

performed to record the  displacement _ Figure: 6 _
responses using different impactvelocities. MaximumdeformationoffiveBumpermaterial

satdifferentimpact

] FrictionDamperDesignConcepts
Fourdifferentfrictiondamperconceptswerepu
tforwardandonewasselectedfor anin-
depthstudy.Figure::s4.10—
4.18showtheconceptsconsidered.Conceptlis
showninFigure::s4.10and4.11.ltconsistsofas
plitstationaryouterhollowcone
withamatingconecarryingfrictionlining.

e
)
|

Deformation [m]

8
Impact velocity [m/s]

Figure:5
DeformationfordifferentFrictionElements
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Impact Force

Figure: 7 OrthographicViewsofConcept
Conclusion

Thefocusof
thisdissertationhasbeentostudyandproposede
signparametersfora
dampertoattenuateimpactenergyofcollidingr
oadvehicles. Thesedanorsaloon
carofagrossweightof1900kgwasusedforthest
udy.Thebumperofthevehicle
asacrashenergyattenuationcomponent
wasselectedandamathematicalmodel
developedforit. Themathematicalmodelwasu
sedtosimulateimpactphenomena
uptorelativelymediumspeedsof50km/h(13.9
m/s).Investigation  ofthedynamics  ofthe
model revealed thatwith the addition ofa
frictiondamper, theenergyabsorption
capacityofthebumper wasenhanced byabout
26%fortheexperiment  withfriction  force
ofl.14 kNand 146% for the
simulationofthebumpermaterial Rwithadamp
ersupplyingafrictionalforceof

228KN.Thevehiclewithacrashimpactvelocity
ofabout3m/scouldsufferthe
sameamountofdeformationasthatexperienced
by abumperwithouttheproposed
damperatl.11m/s.ltwasalsoobservedthatthed
eformationonthebumperwithout
adampercausedbyimpactvelocitiesuptol.5m/
swasthesameasthatcausedbyaboutthreetimes
theimpactvelocity,about4.5m/s,onthebumper
withadamper
withfrictionforce228kN.Designparametersw
erederivedforbumpersthat
couldattenuatemoreenergy.With
thebumperdesignparametersproposed,namel
ystiffness,coefficientofdamping and
thefriction necessary in the damper to be
attached, the energy absorption
capacityofthebumperwasimproved.

Future Work

Forfurtherresearchthefollowingarerecomme
nded

1. Useoffrictionelementswithhighercoef
ficientoffrictionin
futuredamperdesigns.

2. Findthestiffnessofbumpersexperimen
tally,andusingthe
valuestosimulateimpactphenomenato
comparetheresultsfor
bettercomparison.

3. Findmaterialpropertiesandcharacteris
ticsthatcanoperate
withinawiderimpactvelocityrange.
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