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INTRODUCTION 

Inj uries to the head and face from glass in traffic collis ions have 
been reco gni sed for many years and various treatments o f  windscreen glazing 
have been developed to diminish the p roblem.  Laminated safety glas s was firs  t 
manufactured by a French company , La Societ� du Verre Triplex in 1909 , and 
from the 1 9 30s some form of laminated glass was used in windscreens in many 
p arts o f  the world . At around the samc time the tempering o f  glass sheet by a 
he at treatment p rocess was perfec ted , so that two qui te different so lutions to 
the p roblem of inj ury reduction from glass evolved over the years . 

The introduction of better moi s ture con trol and a thicker inter­
layer in l aminate great ly improved the collis ion performance o f  laminated glass 
in the 1960s , so  that now i t  i s  the p referred ma terial from the safety point of 
view, even though it is  more expensive than toughened glass . 

The frequency o f  head and face contacts wi th windscreens has been 
es t ablished in a numbe r  o f  in-dep th accident s tudies . Normal windscreen con­
tacts only occur in frontal imp acts whi ch ,  for samples o f  accidents which 
result in an inj ury to at leas t one occupan t ,  represent 58 to 70% of all  
col lisions . A U . K .  s tudy (Hobbs , 1980)  showcd that in frontal impacts , the in­
cidence of head and face contacts wi th winds creens for unbel ted front seat 
occupants was 18% for drivers and 40% for pas sengers . Those frequencies drop 
to 3% for drivers and 4% for p assengers i f  seat belts  are worn . A simil ar 
s tudy (Mackay e t  al , 1981)  showed for frontal imp acts on a front seat occupant 
b ase , i f  unres t rained , some 41% had some contact with the winds creen and that 
number was reduced to some 6% i f  seat belts  are worn . 

/\ Frl' n c h  s t udy ( Fayon t' t n l , 1 9 7 9 )  o r  rron t :i l  c o l ] i s i ons s h owcd t h a t  
l l l l l " ' : l r : i i 1 1 1 • d  i l r i 11 1 · r • : „,,. , , . i 1 1 j 1 1 11 · d  1 . y  1 1 1 1 '  w i 1 1 d i : 1 · r·1 · 1 · 1 1 , w l i i l s l  /1 ')7.. o r  

f 1 ' • I  1 1 : ;  ' ' I  1 ( t • 1 l :  ;: ' 1 t ; 1 •  I (: ,/1 t 1 •: 1 111 t 1 1 t 1 / 1 1 1  j 1 1  1 1 • 1 . ., f 1 1 •  ; ', t I• · I 1 lfl · I i f I I  ; J / ' J  f 1 l 1 1 '  l ' ,  1 r � ;  
; 1 ,  1 1 • • 1 1  

f, U n i t t.- d  S l ales s L udy (11a J J i a r i s  e t  <.1 1 ,  1 9 82)  ranks U i e  w i nd s c r een 
third , behind only the s teering as sembly and the s ide interior surface , in 
te rms o f  the components causing the mos t 11harm11 in the NASS data file . 1 1Harm11 
i s  the p roduct o f  the dollar cos t o f  the injury by severity and thei r  frequency. 
Al l the windscreens in that s tudy were HPR l aminated ,  and virtually all of the 
inj uries were at the A. I . S .  1 leve l .  

Field accident s tudies of inj uries from l aminated glass the refore 
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indi cate that al though the inj ury severi ties are minor in overall terms , they 
are frequent enough to cons ti tute a s igni ficant problem. Those injuries can be 
clas s i fied as e i ther soft tis sue l acerations or deceleration injuries leading 
to some cereb ral concus sion. 

Detailed s tudies sugges t that concus s ion from simp le contacts with 
a l aminated windscreen occurs rarely ( Mackay and Smi th, 1981) . Of SO precise 
head contacts , 44 generated some soft tis sue inj ury and 3 caused minor 
concuss ion.  The investi gation of this ques tion requires careful evalua-
tion of the contacts which an occup ant makes .  These may be with s t ructures 
other than the windscreen , s uch as i ts frame , so that the head s trikes a metal 
surround as wel l  as having a genuine impact agains t the glass , and often such 
multiple contacts are overlooked, with the result that the risk of concus sion 
from laminated glas s  can be overs tated . 

The main problem i l lus trated by accident data therefore is facial 
l aceration,  and this s tudy explores the relationships between the cuttab i l i ty 
o f  skin and laceration severity indices which have been used in the pas t to 
clas s i fy the inj ury potential of windscreen glazing. 

Specifi cal ly we describe tes t  results , obtained with a s imp le 
dropping impactor r i g ,  on the cut depth p roduced by sharp edge impacts on a 
variety o f  skin tissue s .  A comparison of the performance o f  human skin to that 
of commonly used skin s imulations i s  made , as an attempt to quantify the rela­
tionship between the damage observed in l aceration tes ting wi th these s imula­
tions , and that expected on real human t i s s ue .  

The variab i l i ty o f  the tis s ue could also be examined ;  human skin 
was found to vary by a factor of two in i ts s trength , dependent to some extent 
on the age and thi ckness of subcutaneous fatty tissue p res ent . Natural skin 
s imul at i ons appear s l i ghtly less variab l e .  

The material properties under the experimental loading conditions 
are examined and used to interpre t  the impact forces generated in terms of a 
material s tres s .  By express ing the resul ts in terms o f  a material property, 
a general performance c r i terion is  sought which can be app lied to a gene ral 
loading configuration such as those found in accidents . Using this sc ale , a 
s tatis tical s cheme for comparing the results o f  laboratory tes ts with real 
accident data i s  devel oped . 

METHOD 

A dropping impactor facil i ty based on that used by Leung et al 
( 1 9 7 7 )  was used to s ubject  s amp les of natural skin tis sues to sharp edge 
impacts . The impactors presented , at the impact s i te , edges of width lüpm 
formed by flanks intersecting at angles o f  30 , 60 and 90 degrees.  The edge 
profi le was regularly moni to red so that blunting and localised  damage of the 
edges would not affect the results . 

At each sharp angle ,  two or three different lengths o f  cutting edge 
were tes ted and the peak force generated per uni t  edge length during the im­
pact was used as the phys i cal s everity parameter to compare the cut severities 

196 



produce d .  To verify that the controlled edges of the manufactured impactors 
were s imi lar to those causing inj ury in head to windscreen contacts , a 90 degree 
glass edge was prep ared from a freshly fractured piece of float glas s .  This 
performed in an identi c al fashion to the other 90 degree edges used . lt  was 
found impo s s i b le to prep are a glas s  edge from free fracture , suit ab le for these 
tes ts , at any other sharp angle . 

The force pulse occurring in the impact was measured by an acce ler­
ometer mounted in the impactor assemb l y ,  and recorded in digi tal form on a paper 
t ap e  which formed the input to a computer program al lowing the peak force 
generated , energy diss ipated , force /deflec tion behaviour and other physical 
parameters to be accurately examined at leis ure . 

The damage sus tained by the t i s s ue was assessed as cut depth from 
a comparative procedure . Close examination of several cuts in chamois le ather 
of l mm thi cknes s  revealed that ten d i s t inct degrees of cutting could be dis­
tinguishßd with an accuracy of ± 1 degree ; thereby al lowing cut depth to be 
' me asured '  to an accuracy o f  ± O . lmm. 

SAMPLES TESTED 

Three types of skin were examined ;  pos t-mortem human skin from two 
diffe rent body s i tes chosen as s imilar,  in medical opinion, to facial skin , 
chamois  le ather and napa-goatski n ,  b oth commonly used skin s imul ati ons in safe­
ty tes ting.  

E i ghteen samples o f  human skin from the anterior aspect o f  the 
uppe r  thigh were tes ted wi th al l the avai l able  imp actors , whi l e  twelve samples 
from over the s c apul a were tes ted with j us t  a s ingle imp actor in an at temp t t o  
b e t t e r  identi fy the influences o f  biol ogical variab les s uch as age , s e x  and fat 
s tructure on the cut resi s t ance . Chamoi s  leather was tes ted in the we t s tate 
used in laceration tes ting whi le napa leather was tes ted dry , again as used for 
laceration measurements . Because of the different manufacturing techniques , 
napa leather has two dis tinct s ides , unlike chamois , b o th faces were separately 
sub j ected to cutting impac ts . 

The human skin s amples were not trimmed so a quan t i ty of sub cutan­
eous fat was present on each , varying from virtually zero t o  several mi lli­
metres in  thickne s s .  

RESULTS 

The results  of the tests  were represented as plots  of cut depth 
against peak. force per uni t edge length. These plots show a band of incre as ing 
cut depth with increasing force , the maximum force att ainable without damage t o  
the skin i ts e l f  increasing wi th the sharp angl e .  Al l impactors with the s ame 
sharp angle performed i dentically when the edge length was tak.en into account 
on this plot . 

Performance b ands were cons tructed from the ' x '  on ' y '  and ' y '  on 
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FIGURE 1 Performance Bands for Skin T i s sues 
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' x '  leas t square linear 
Figure 1 .  Usual ly some 
this band . 

regres s ions , i t  is  these bands which are p resented in 
90% of the data points lie  evenly dis tributed wi thin 

Al though al l three skin tissues have b ands in a s imi lar range o f  
impact forces , there are notab l e  differences . The pattern o f  b ehaviour dis� 
p l ayed by human skin is condensed into a sma l ler range o f  forces for the chamois 
leathe r ,  whi le the napa leather shows a larger than usual di fference b e tween 
the 90 degree edges and the more acute impactors . 

From these p lots i t  can be inferred that when skin s imulations are 
s ub j ected to forces suffi cient to cause fai rly severe tis sue damage , say 25 t o  
SON /mm, human skin i n  the same circumstances would sustain much les s severe 
damage . Thus laboratory devised l aceration s cale s ,  overestimate the tissue 
damage which can be expected in real accidents . This i s  more c losely examined 
and quanti fied l ater in the paper . 

The two faces of the napa leathe r ,  the epi the lial grain and the 
dermal flesh s urface s ,  showed a distinct diffe rence in performance . Though 
s tatis tically o f  marginal s i gni ficance , an unmis takab le tendency for the flesh 
s urface to be s t ronger than the grain i s  di s cernib le . B o th sets  of  resul ts 
were used to construct the p l o ts in Figure 1 .  

The two s i tes from which human s amples were taken performed very 
s imi l arly , and are both used in Fi gure 1 .  The diffe rences obs erved be tween 
the s i te s  is dis cus sed below .  

TISSUE VARIABIL I TY  

The natural skin s imul ations were selected for condi tion and thick­
ness according to the specifications fo r de termining the l aceration seve r i ty 
index ' TLI ' described by Pickard e t  al ( 19 7 3) . However a wide range of cutting 
s trength is evident from the width of the performance bands . In spite of i t s  
non-reversible nature , the napa leather shows a narrower spread , a t  leas t  for 
the more acute edges , than the chamois . The width of the chamois bands is 
s imi l ar to that of the human skin , appearing s l i gh tly wider for acute edges and 
s l i ghtly narrower for the ob tus e .  

The sources o f  variab i l i ty for human skin s amples were examined in 
more detai l .  For the two extreme sharp angles ,  the dependence of cut dep th on 
impact force was e i ther too s teep or shallow to certainly identi fy any s trength 
trends from s amp le to s ample ; however at the intermedi ary angle , two ranking 
methods were p o s s ib l e .  Firstly s amples wi th visual ly s imi l ar performance curves 
were grouped t ogether and the groups ranked in order of s t rength. A s t at i s ti­
cal  analys i s  o f  the degree of  association between s amp les was then conduc ted.  
From these two sets  of groupings , a de fini tive ranking o f  individual s amp l e  
s trengths was possible , though the quantitative scale o f  the ranking was not 
defined .  Biol ogical variab les could then be examined for trends as s oci ated 
with this ranking. 

Initial s tudies using only part of thi s  procedure ( Careless and 
Acl and ( 19 82) ) identified only the hairine s s  o f  the skin as causing a shift in 
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the s trength , difficulties in quantifying this factor prec luded further exam­
ination of this p os s ib le e f fec t .  

Three parame ters were especi al ly examined in this analysis , the 
thickness of subcutaneous fat , the age and sex.  For s amples from the s i te on 
the leg ,  age was the maj or factor ; a correl ation s tati s t i cally s i gnifi cant at 
the 1 . 1% leve l was evident , with younger skin appearing s t ronge r .  Wi th samples 
from the scapula however ,  the thicknes s  of fatty tissue gave the best  co rrela­
t i on ,  a 2% s igni ficance level , with no correlation to age at al l .  A marginally 
s i gn i fi cant (8% leve l )  corre latioh to thi cknes s  was also saen for the first  
s i te .  N o  sexual trend was dis cernible for  e i ther s i te .  

The diffe rent sources o f  spread b e tween the two s i tes can b e  ex­
p l ained in terms o f  the s t ructure of the fatty tissue .  For the first  s i te the 
adipose ti s s ue i s  loose and essential ly s truc tureless , appended under the skin 
in unaglomerated l ob ul e s  which can readily be shi fted away from s i tes of l oca­
lised l oading;  in contras t ,  fat with s amples from the second s i te was dense 
and laced w i th tough dermal memb ranes .  The more s tructured t i s s ue wil l  inevit­
ab ly b e  more ab le to contrihute to the generation o f  forces during the impact , 
thus more force will  b e  required to generate wi thin the skin i tsel f ,  the cri ti­
cal s tress condi tions responsib le for cutting. The trend of increasing 
s trength wi'th increasing thickness can thus be ant i c ipated. 

Notwi ths tanding the above ob s ervations , the contribution to the 
total force from the deformation o f  the fatty tis sues i s  re latively small ; 2% 
at mos t .  Further the overall s p read in perfo rmance at the two s i tes i s  very 
s imi lar.  The forces measured can thus b e  seen as indic ative o f  the loading 
condi tions in the skin proper,  the consequences of the contribution from the 
fat are felt p rimar i ly in energy ab s orp t ion.  The l ong l ow mo dulus compre s s i on 
of the fat ab s o rb s  much more energy than the hi gh modulus compre s s i on o f  the 
skin i ts e l f .  Thi s can b e  quanti fied as a 100% increase in the energy needed 
to achieve a given force level for each extra 2mm of fat . In short , the bulk 
of the energy i s  ab sorbed by the fat whi l e  the bulk of the force i s  generated 
by the skin. 

MATE RIAL PE RFORMANCE 

The force parame ter used in F i gure 1 is  subj ect to influences from 
the skin ' s  thickness , the material deformation p roperties and the geometry of 
the impacting edge . As s uch the performance b ands are speci fic  t o  the particu­
lar condi tions o f  the te s t .  To obtain a general pi cture of the relative 
b ehaviour of the t i ssues under cutting loads , a model of the skin ' s  de formation 
up to the ini tiation o f  cutting has b een const ructed. This depends primari ly 
on the force/ de f lection character i s t i cs o f  the tissue under normal comp ression , 
though for the mos t  acute edges , the tensile  b ehaviour o f  the fibrous s t ructure 
is  also importan t .  

Using a flat t ip mounted on the impactor assemb ly , the materials ' 
cons titutive equations in normal compress ion were de termine d .  Fo l l owing the 
p recedent o f  North ( 19 72)  and McE lhaney ( 19 7 2 )  these were rep resented by a 
power l aw :  

( s tres s)  = constan t  ( s t rain)
n 
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Incorporating data due to Daly ( 1966) and S tark ( 1 9 70) on the tens ile properties , 
the measured impact forces can be interpreted in te rms o f  the shear st ress 
experienced by the fibres at the edge tip . On thi s material parame ter s cale 
the geometric di fferences between impactors is greatly reduced , and a s ingle 
performance band can be constructed for each skin typ e ,  thereby supporting the 
generali ty o f  this s cale . 

This ana lysis  reveals one important feature of the cutting. Gadd 
e t  al ( 1 966)  amongs t o thers expounded the idea of two distinct modes of cutting;  
this  work demons trates that these are j us t  alternative methods of generating the 
same s tress conditions . In impacts wi th the more ob tuse edges , cri ti cal shear 
s t ress is  generated through compress ive . reactions wi thin the b ulk o f  the 
materi al . For more acute edges shear i s  devel oped by fibre tension in a free 
tis sue s urface , and not p rimarily by reactive force s .  This fibre tension mode 
o f  fai lure i s  not very dependant on the material p roperties while  the reactive 
shear i s .  Thus emp i rical cut tests  which rely on s harp edge contacts such as 
razor b l ades are unlikely to dete c t  any materi al differences be tween skins . 
The type of edge being inve s t igated in safety research can consequently influ­
ence the choice o f  methods and interpretation of resul ts . In the parti cular 
case to be dis cus sed b e l ow ,  of inj uries from laminated winds creens , the t i s s ue 
under stress wil l  be cons iderably compres sed through head contact wi th. the 
s cree n ,  and · most of the inj ury producing edges are of l arge (around 90 degrees ) 
sharp angle ; the material properties wi l l  thus have a maj or e ffect on the cut 
s ever i ty s ince reactive forces wi l l  contribute most to the shear generation . 
However i f  injuries from, say ,  flying glas s splinters are be ing s tudied , the 
material wi ll  have only a s ma l l  effect on the results p rovided the material ' s  
b as i c  fib re s trength is  s imilar to that of human skin. 

The shear s t re s s  performance b ands are shown in Figure 2. In al l 
three cases , small  though incons i s tent geometric di fferences remain which can 
be attributed to quanti tative uncertainty in the consti tutive p arame ters , and 
to the s imp l i fi c ation nece s s ary in the deformation mode l .  

The magni tude of the fibre fail s tress given by the performance 
b and pos i tion at zero cut dep th , is s imil ar though rather less than , the 
s t rength of pure col l agen fibres whi ch are known to disrup t at tens i le loads in 
the range 1 50-300MP a ,  that is sh.ear l oads of 75-lSOMPa (Harknes s  1968) , The 
diffe rence is accounted for by remaining spaces within the fibre s t ructure and 
p artial  fai lure o f  thicker fibres due to localised bending .  

LACERATION SEVERITY 

During a l aceration producing impact onto a s tructure such as a 
laminated winds creen , skin tis sue will  s uffer a range of s harp edge contacts 
each generating a fib re shear s tress dependant upon the geometry and dynamics 
of the impacting surfaces . In real impacts the dis tribution of individual 
contact s tresses is unas ce rtainab le , In the abs ence of this knowledge, a dis­
trib ution of s t resses at equal p ropab i l i ty up to some maximum wil l provide a 
suitab le mode l for inve s t i gating the expected severity of cutting to different 
t i s s ue s  under the s ame impact conditions . 

Given this dis trib ution , the average cut depth can be calculated 
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FIGURE 2 Shear S tress Performance Bands 
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from the performance h ands of Figure 2 ;  the resul ts  from different tissues can 
then b e  compared . This i s  done in Figure 3 .  As can h e  seen here the tanned 
skins behave s imil arly , b oth being cut t o  a much larger average depth than human 
t i ss ue , at  the same maximum s tres s ,  

From the curves in Figure 3 a relationship be tween the average cut 
depth ac tually p roduced in a l acerating impact and that expected in the same 
impact with some other tis sue can b e  derived.  I f  a defin i te correspondence 
b etween average cut depth and lacerati on severity index could b e  es tab li s he d , 
the cut depth e xpected on human tissue could b e  determined from the l aceration 
index measured in the lah oratory us ing t i s s ue s imulations , S tudies of res ults 
from several hundred actual laceration tests reveal that such a precise rela­
tion does not exis t .  Correlation b e tween TLI and two di fferent definitions of 
average dep th can b e  seen ,  the s catter though i s  wide . However a useful l inear 
relation c an be oh tained to generate results for comparison with inj ury s cales 
derive d  from field s t udies . Over a range of TLI values from two to nine , the 
average cut depth increases from lmm to 3mm. At laceration indicies in excess 
of s ix comp lete penetration of the chamois skin covering occurred and damage 
was sus tained b y  the rubher underlay .  The b ehaviour of tis sue under condi tions 
of skin penetration has not been c losely examined,  but the under l aying material 
in b oth humqn and s imulated human t i s s ue is  much less  s trong and s t i f f  than the 
skin. In drop impacts complete penetration of the skin almo s t  always leads to 
complete penetration of the underlay ,  sugges ting that the cut depth in these 
circums tances is more limited by the pro t rus ion o f  the cutting edge away from 
the bulk of the s creen. 

The non-penetrating range of cut depths in the samp le from lacera­
tion tests , corresponds to a range o f  maximum s tresses , 96- 140MP a ;  i n  this 
r ange : 

and 

-

dHS 0 . 54 7 dch - 0 . 187 

-

dch 0 . 363TLI - 0 . 347 

Laboratory evaluated TLI / impact velocity curves can thus he described in terms 
of expected cut depth to human t i s s ue .  A typi c al set  o f  l ace ration curves 
comparing the p erformance of the Trip l ex Ten-Twenty windscreen to that of a 
conventional annealed s creen are shown in Figure 4 .  By integrating the dis­
tribution of these resul ts over the whole tes t range o f  impact vel oci ties , 
together with a weighting factor for the incidence of impacts at that speed , 
a frequency dist ribution representing the inj ury potential , or cut depth , 
expected from a sample o f  accidents s t udied in the field can be derived.  

This s cheme was exercised on accident data p revious ly reported by 
Mackay and Smith ( 1981) , whi ch comp ares re al injuries sus tained after contacts 
with the two above-mentioned screen designs . The predicted cut depth compares 
we l l  with the des crip tion of the inj ury s cale used in thi s s tudy : 
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FIGURE 3 Average Cut Depth to Skin T i s s ues in Laceration Producing Impacts 
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Injury Cate gory Predicted Average Cut Depth (mm) 

none reported = 2 0 

' b ump ' or b ruising = 3 0 - 0 . 1  

minor abrasions = 4 0 . 1  - 0 . 5  

l aceration (no s ti tches ) = 5 0 . 5  - 0 . 8 

lace rat i on ( s ti tches) = 6 0 . 8  -

The minor abras ion level corresponds to cutting j us t  through the epidermi s ,  the 
dis tinction be tween the two l aceration levels i s  less c lear , though cuts of 
around lmm deep would certainly produce b leeding ; it is important to re cal l  
that the predicted depths are averages and the mos t  severe cut may be somewhat 
deeper.  Als o  important is  the seve r i ty o f  the inj uries . As already noted , 
windscreen l acerations are genera lly a ' minor'  inj ury (AIS 1 or 2) ; the 
tes t in g  and analys i s  is  concerned with this severity o f  cutting and extrapola­
tion to higher severities is  not s t ri c t ly justified.  Cutting below the skin 
p roper has rather di fferent physical characteristics . 

This s t atis tically based analys i s  o f  laboratory data, utilising 
accident vel oc i ty dis tributions and material perfo rmance parameters provides a 
means o f  interp reting arbi trary inj ury potential s cales s uch as the TLI in 
terms of real inj uries , and thus real inj ury reductions as sociated with changes 
observed in these indicators . 
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