
ABSTRACT 

THE I HOMECHANICS OF MOTORCYCLE HELMET RETENTION 

N . J .  Mi l ls and R . F . Ward 
Department of Met a l l urgy and Mat e r ia l s ,  

Un iver s i t y  o f  Birmingham , U . K .  

An invest igat ion was made o f  t h e  design features that l ead t o  he lmet loss in 
mo torcyc l e  acc ident s .  A l aboratory rol l-o ff test  showed that t he pos it ion o f  
the chin s t rap pivot s ,  and the f i t  a t  the rear o f  the he lmet were important . 
Analys is of  t he mechan ics o f  he lmet rotat ion showed that the ini t i a l  rotat ion 
was contro l l ed by the helmet s  angular inert i a .  Tiie rotat ion ang l e  was then 
l im i t ed by interact ions between t he he lmet and headform. 

INTRODUCTION 

Surveys ( l , 2 )  have shown that he lmet loss occurs dur ing the acc ident se quence 
in be tween 10% and 30% o f  motorcyc le acc ident s .  The int rod uct ion of a dynamic 
test  for the s t rength o f  the chin s t rap into the Br i t ish Standards BS 5361 
and 2495 has meant that the chin s traps in h e lmets manufac t ured after 1980 no 
longer break i n  acciden t s .  Never thel ess there i s  a proport ion o f  motor­
cyc l is t s  who do not fas ten their chin s tr aps , and there is  a proport ion who 
wear bad l y  f i t t ing he lmets that wi l l  come off  in spite  o f  the chin s t rap be ing 
fastened . lt is with this  l ast group that we were concet:"ned . If s imple 
design mod i f icat ions can be carr ied out to improve he lmet retent ion then l ives 
may be s aved at no great cost . The b i omechan ics o f  he lmet ret ent ion needs to 
be s t ud ied to find the features that cont r ibute to he lmet loss , then a s imple 
retent ion test could be added to the h e lmet s t andard that would e f fec t 
improvemen t s  in the necessary areas . 

Ear l ier invest igat ors have l is ted the features that affect he lmet ret ent ion as 

1 .  the shape and s 1 ze o f  the weare r '  s head 
2 .  the shape of the int erior of the he lmet 
3 .  the fleshiness of  the weare r '  s chin  
4.  the  t ightness of  the chin  s t rap , i ni t ial l y  and a fter a per iod of 

r id i ng 
5 .  the l oad ing c ircumstances of  the acc ident . 

Th is  is not an exhaus t ive l is t ; the l e ngth ,  type and o i l iness of  t he hair must 
also be a factor as is  the retent ion system design.  We have chosen to 
concentrate in it i a l ly on the fac tors appertaining to the he lmet des ign , and 
have used t angent i a l  ' impac t s '  in the d irect ions that cause the l argest he lmet 
rotat ions . 

CHARACTERISATION OF HELMETS 

In the course o f  test ing 3 5  d i f ferent designs o f  he lmet s ,  manufac tured in 
d i f ferent European countr ies and in Japan, were t e s t ed . On ly resul t s  for 
represent at ive he lmet s wi l l  be d iscus sed in the intere s t s  o f  brev i t y .  The 
measurements t aken that were r e l evant to retent ion were 
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1 .  Mass and ang u l ar inert  ia  

G l a i s t e r C 3 )  had measured the ang u l ar inert ia  o f  he lme t s  about a ver t i c a l  ax is , 
by mea s ur i ng the per iod of  o sc i l l at ion o f  a tors ional pend u l t.DTI t hat suppor t s  
t h e  h e lmet . A s im i l ar method was used for the ang u l ar inert ia about a l ateral  
axi s  ( ear to ear) , and res u l t s  s panni ng t he range of  he lme t s  are g iven in  
t ab l e  1 .  

TABLE 1 

h e lmet t ype she l l  mat e r i a l  mass ( g )  ang u l ar ine r t ia ( kg m2 ) 

open face ABS 9 5 5  0 . 0088 
fu l l  face PC 1 1 60 o. 0 1 1 6  
f u l l  face PC 1 300 0 . 0 1 7 4  
f u l  1 face GRP 1 670 0. 0249 

The thermo p l as t ic she l l s  made from ac rylon i t r i l e  b u t ad iene s t yrene ( ABS)  and 
po l yc arbonate ( PC )  are usua l l y  l ighter and o f  lower inert i a  than the g l ass 
f ib re re i n forced t h e rmoset ( GRP) shel l s .  

2 .  Int erna ! shape and d imens ions 

The inside o f  h e lmet s cont ains  a c loth l in i ng over some soft rubbery foam used 
for c omfort and f i t t i ng .  Th i s  was ignored , s ince under t he forces in  an 
acc i d en t  the soft  foam would be complete ly compressed . By s e c t ioning h e lmet s 
fore-and-aft the int ernal pro f i l e  of  the hard po l y s t yrene foam l iner was found 
to be very c lose to sem i - c i r c u l ar ( fig . 1 )  wi th  a r ad ius o f  1 1 5  mm i f  the 
he lmet i s  58 cm in  c ircumference .  The internal  c ir c umferenc e ,  l e ngth and 
b read th were measured by f i rm l y  expand ing a 12 mm wide s t e e l  band . The upper 
edge of  t h i s  band forms a plane 88 mm b e l ow t he top of t he l iner , and 12 mm 

above the ' brow' o f  the he lmet at the front ( fig . 2a) . Th i s  is  with in 3 mm o f  
t h e  AA '  plane used in  t he Br i t i sh St andard B S  6489 head form. l t  was found 
that the he lmet s izes quo t ed by manufac t urers ( the c ir c um ference in cm) were 
incons i s t ent ; some were 20 mm sma l ler than c l a imed . There fore h e lmet s  of a 
m i n imum 580 mm c ir c um ference were s e l ec ted . The l ength of  these var ied from 
205 t o  221  mm with a mean of  2 10 mm ,  whereas the ISO ' K '  head form o f  580 mm 

c i rcum ference has a l ength o f  204 mm . 

The f i t  of  the he lmet at the rear was measured at a po s 1 t �on 25 mm be low the 
re ference pl ane of  a G head form , o r  125 mm b e low the top of the l iner ( fig . 
2b) . If there was s o f t  foam at t h i s  l ev e l  i t  was compressed wi th  one thumb , 
and the rearwards d is t ance meas ured at  t he back o f  t he h e lme t .  A gap x of  
30 mm or more was chosen t o  re present a poor f i t  at the  rear o f  the he lmet . 

3 .  Ch in s t rap p ivot pos i t ion 

The great maj o r i t y  of h e lmets have a s ing l e  chin s t rap , that is usua l l y  
sewn t hrough a loop i n  a s t e e l  hanger p l at e .  Somet imes the hanger plate  c an 
rot a t e  eas i l y  on a s ing l e  rivet , but usua l l y  i t  is  fixed by twin r i v et s . The 
po int at wh ich t he ch in s t rap p ivots  on t he she l l  was found by mount i ng t h e  
h e lmet o n  a head form in a st andard pos i t ion . Figure 3 shows these po s i t ions 
r e l at ive to a s ide v i ew of  the head form. Two areas o f  p ivot pos i t ions were 
found later to  g ive poor retent ion . These are d e fi ned relat ive to  the d ashed 

• 
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l i ne j o ining the cent re o f  a c i rc l e  o f  1 05 rmn rad i us wh ich cont ains the 
head form t o  the pos it ion of a chin st rap und er the c h i n .  The reg ion marked 
' h igh'  i s  for p ivots c lose to t he centre o f  rotat ion o f  t he h e lmet on the 
head . That marked ' low front ' is in front o f  t he dashed l ine ,  and suffic ient l y  
l ow that the ch in s t rap t akes a near ly hor i zontal pat h .  

4 .  Direc tness o f  the chin s t rap path 

lt has become c ommon to f i t  soft padd i ng in ful l face helmet s  that  contac t s  
the riders cheeks . Th i s  padding c an be up t o  40 mm t h i c k ,  and i t  is not 
a l ways cut away to provide a d i rect  path from t he he lmet she l l  to t he chin for 
the chin s t rap . The foam can be suffic ient ly s t i f f  that  it is not compressed 
by t he usual chin s t rap tens ion ( f ig . 4a) . Consequent ly in an acc ident , when 
the chin s t rap tension inc reases to the order o f  1 kN,  both the foam and the 
flesh under the j awbone are c ompressed ( f i g .  4b) a l l owi ng t he he lmet to  be 
l i ft ed by a considerab l e  d is t ance . 

HEADFORM AND TEST RIG DESIGN 

For convenience the test  head fo rm was based on one of the BS 6489 or ISO/DIS 
6220 series of complete head forms , of  s i ze G with c ircumference 560 mm. The 
important fea t ures , as far as the he lmet retent ion t e s t , were the mod i fi c a­
t ions 

1 .  An ac ry l ic wig o f  hair length 70 mm was f ixed to the top o f  the head form . 
Th is raises the c ircumference to 580 nm and prov ides a soft inter face 
be tween the he lmet and the met a l  headform. 

2 .  The meta! under t he j awl ine and in front of  t he neck was replaced b y  
po lyethylene foam o f  dens i t y  40 kg m-3 . Th i s  has t he same order o f  
s t i f fness as fl esh and t he larynx , when the c h i n  s t rap t igh tens . 

3 .  A wooden proj ec t ion was p l ac ed in the same pos i t ion as the c o l l ar hone , 
when t he head i s  rot a t ed forward . Th is l im i t s  the rot a t i on of t he chin 
bar of  some fu l l  face he lmet s .  

The d imensions of the head form were c ompared wi t h  NASA anthro pome t r i c  
data( 4 ) . The ver t ical  d is t ance from the t o p  o f  the head to the unders ide o f  
the c h in was 2 1 3  mm on t he head form. In d i f ferent anthro pome t r ic s urveys the 
5th percent i l e  head length var ied from 205 mm to 223 mm wi th a mean of 210 mm .  
There fore t he length o f  t he head form represents a l ow v a l ue ; a person that 
m ight expe r ienc e d i f f i c u l t y  in he lmet retent ion . 

The t e s t  r ig for forward he lmet rol l-o f f  is shown i n  f ig .  5 .  The head form i s  
t i l t ed downward s at 45° s o  the he lmet tends t o  l i ft a s  i t  rotates forward . The 
equ ivalent acc ident s i t  uat ion is shown in t he insert , with t he l inear inert i a  
o f  t h e  he lmet c aus ing i t  t o  l i ft , and t h e  ang u l ar iner t i a  c aus ing · i t  to  
rotat e .  The progress of  t he test  i s  mon itored by a quartz  l o ad c e l l between 
the 4 kg fa l l ing mass and the be l l ,  and by angu l ar po tent iometers a t t ached to 
the s ides of  t he he lme ts by un iversal j o ints that c an ext end . In rout ine 
t e s t s  the chin st rap i s  t ight ened to a tension of 20 N, t hen the mass d ropped 
through 1 m unt i l  t he be l t  becomes taut . If t he he lmet c omes off i t  is deemed 
to fa i l  the test . For re search purposes the force and ro tat ion signa l s  were 
capt ured with a t r ans ient recorder and ana lysed with a m icrocomput e r .  
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FORWARD ROTATION RESULTS 

Two o f  the ten o pen face helme t s , and five o f  the t wenty four fu l l  face 
he lme t s  ro l l ed o f f  forward in the retent ion t e s t . When c ommon des ign feat ure s 
were sought , i t  was found that these we re poor chin s t rap pivot po s i t ions and 
poor f i t  at the rear o f  t he h e lmet  ( d e f ined earl i e r ) . The propor t ion o f  
h e lme t s  i n  each c at egory that fa i l ed the t e s t  was 

poor poor 
p ivot f i t  at both ne i ther 

pos i t ion rear feat ur es feat ure 

o pen face 0 o f  l 2 o f  2 0 o f  0 0 o f  7 

ful l face 1 o f  3 2 o f  4 2 o f  3 0 o f  1 4  

There fore there are s t rong ind icat ions that both o f  these features should be 
avo ided . One manufac t urer had mod i fi ed the des ign o f  one des ign o f  he lmet 
that was r e ported  to have ret ent ion pro b l ems . Fi t t ing a wedge o f  po l ye t h y l ene 
fo am at the rear of t he h e lmet to improve t he f i t , c ured t he prob l em .  Mov i ng 
the c h i n  s t rap pivot po s i t .i.on on i t s  own had no e ffec t ,  but making the two 
mod i f icat ions improved mat ters furthe r .  

The mechan ic s o f  he lmet rotat ion were deduced from the force P and rotat ion 
ang l e  record s ( f ig . 6) . There i s  an i n i t i al peak in the force after  wh ich the 
b e l t  becornes s l ack when the he lmet ro tates  more rapid l y  than the end o f  the 
be l t .  The area of th i s  peak i s  the in i t i a l  impu l se I = JPd t , wh ich acce l er­
a t e s  the he lme t to a cons t an t  ang u l ar v e l oc i t y  w .  F igure 7 shows the 
rnechan i c s  mod e l  used . The rad i a l  d is t ance from t he centre of t he he lmet to 
the outer  she l l  sur face is  r0 , and to the head form hair is rh · There wi l l  
be a t o t a l  fr i c t ional force F at t he h e lmet l iner int er face w i t h  the h a i r . 
The r e fore the re l at ionsh i p  b e t ween the ang u l ar impu l se on the helmet and the 
ang u l ar moment lDil is 

t l f T d t  
0 

where T ,  the t orque on the he lmet , is Pr0 -
inert ia  o f  the h e lrnet about a l a t e r a l  axi s .  
peak the force fal l s  t o  zero a t  a t ime t 1 . 

Jw ( 1 )  

Frh and J i s  the angu l ar 
At the end o f  t he i n i t i a l  fo rce 

Expand ing equa t ion ( 1 )  we have 

tl t l 
r f Pdt - rh f Fdt Jw 0 0 0 

so I 
t l f P d t  

0 
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There fore i f  the fr i c t ion at the he lmet ha ir inter face is cons t ant , the 
impul se on the be l t  wi l l  be proport ional t o  the product J(l1 . Th is was checked 
by t e s t s  on the four helme t s  in t ab l e  1 .  Figure 7 shows that the impul se does 
i nd ee<l incr.ease l inear l y  with the he lmet an2ul ar moment um .  The intercept on 
the vert ical ax is represent s  t he fr ict ional contr ibut ion for a h e lmet o f  zero 
inert i a .  Since the ini t ia l  impact las t s  20 ms t he average val ue for the 
fr ic t ional force F i s  100 N. The s lope of the l ine in fi2 . 7 should be l / r0 
o r  6 . 6  m- 1 . In fac t it is 4 . 3 m-1 wh ich may ind icate  that the he lmet l i fts  
s l i2h t ly d ur i ng the  test , or  that t he analysis  is approx imate . 

REARWARDS ROTATION 

Some rearwards he lrnet ret ent ion t e s t s  were carr ied out with the head form 
rnounted hor i zont a l l y ,  face upwards .  They s irnul at e  an ob l ique or s l id ing impac t 
o f  the he lmet with a veh i c l e  or the road sur fac e .  None o f  the h e lmet s  came 
o ff rearwards ,  rotat ion be i ng l im i t ed by the back of t he he lmet h i t t i ng the 
neck.  The rotat ion ang les were h i g h .  In order to  corres pond wi th t h e  
s ev e r i t y  o f  ob l ique impact t e s t s  on rough sur faces ( 5 )  t h e  rotat ion ang l e  was 
calculat ed when t he impulse from t he belt  was 1 0  Ns . ( lt had been fo und t hat 
t he typical  t angent i a l  impulse when a head form plus he lmet made an ob l ique 
impact at 10  m s-1 was 1 0  N s ) . The rotat ion ang les were 

N mean rotat ion ang l e  s traps 

open face 10 63° chin 

ful l face 1 5  58° chin 

ful l face 3 5 2  chin and nape 

j ockey 1 31 y t o  2 po int s on she l l  

The rearwards rot a t i ons are s urprising l y  l arge . The pos i t ion o f  a s ingl e  chin 
s trap must be a compromise for r e s i s t ing forwards and rearwards ro tat ion . Only 
when t win s t rap sys t ems are used does t he poss i b i l i t y  of good retent ion in 
both d irect ions ar ise . The add i t ion of an aux i l iary s t rap that passes on loops 
around t he nape of the r iders neck ass i s t s  in prevent ing forward rol l-off ; 
however i t  does not improve rearwards retent ion rnarked l y .  Y s t rap des igns , 
used by t he pol ice , army , and j ockeys , do al low t he t wo t ypes of  rot at ion to 
be deal t  with separat e l y .  The ch in st rap has t wo branches , that are secured to 
the she l l  at  widely  s paced points forwards and aft . 

DISCUSSION 

A s impl e ,  low cost , he lrnet retent ion test  has been described that wi l l  be 
inc l ud ed in the new Br it ish St andard for veh i c l e  user ' s  h e lme t s , to be i s s ued 
in Apr i l  1 98 5 .  lt is capab l e  o f  d is t inguish ing h e lmet s  with poor design 
feat ures that  were known to have come off  in road and rac e-t r ack acciden t s . 
lt is obvious l y  much cheaper than test ing anthropornet r ic dummies on a rnoving 

motorcyc l e .  Through t he analys is of t he angular acce lerat ion of several 
helme t s  in f igure 7 it is capab l e  o f  rneasurin� the fr ict lonal cont r ibut ion 
bet ween the hair and t he he lmet . Thus it would be suitable for as sess i ng the 
e ffec t s  o f  hair t ype and cond it ion . However there are l im i t at ions with such a 
s imple t est , and further work wi l l  need to be done to overcome t hem . Ant hro-
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pom e t r ic s u rveys a re needed t o  s e e  t h e  pro po rt ion o f  mo t o r c v c l i s t s  t h a t  are 
a t  r i s k  fru� poo r  he lmet f i t , and t o  a s s e s s  t h e  need fo r a bet t e r  range of 
he lreet s i ze s .  Ob l i q ue impa c t s  of  a d umrny w i t h  a f l ex i b l e  neck on t o  a road 
s u r face are needed to a s s e s s  the i n t e r ac t i on b e t ween r o t a t i o n a l  fo r c e s  and 
forces d i r e c t ed t owards t he c e n t re o f  the head . Th i s  f u r t h e r  work i s  i n  
prog re s s  w i t h  t h e  f i nanc i a l  s u o oo r t  o f  the De oa r tment o f  Trade and Indus t r y .  

Ac knowl edgement 

The f i nanc i a l  s u ppo rt of the De pa rtment o f  Tr ansport dur i ng part of t h i s  
program i s  g r a t e f u l l y  ac knowl edged . 
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570 mm headf orm 115 mm �· 
i L-��----------rad ius 
F i g . 1 .  Fore and a f t  sect ion o f  the inside  of  helmet l iner s ,  compared w i th 

�- 1 1 5  mm radius c i r c l e ,  and 570 mm ' J '  headform . 

a 

b 

i 
88m m  

12mm 

125 mm G head form 

F i g .  2 .  Measurement of  helme t a)  c ir cumference , lengt h ,  breadth b)  f i t  at 
rear 2 5  mm below reference p l ane . 
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F i g .  3 .  Chin s trap pivot pos i t ions relative to a J headform for a) full face 
b) open face h e lmets that - - s tayed on , rolled off . 
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Fig . 4 .  Effect of sof t padding at h e lmet sides in al lowing the helmet to  
lift  in an acciden t .  
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F i g .  5 .  T e s t  r i g  f o r  he lmet forward r o l l - o f f ,  and s imu l a t ed mechan i sm o f  

he lmet l o s s .  
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F i g .  6 .  Variat ion with t ime of tangent i a l  force and helmet rotat ion angle 

dur ing rol l-off tes t .  
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F i g .  7 .  In i t ial tangential impu l s e  versus the angu lar momentum transferred 
to the helme t . 
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