
AUGMENTATION BY FOAM MATERIALS OF LUNG INJ URY PRODUCED BY 
BLAST WAVES - THE ROLE OF STRESS WAVES IN THORACIC VISCERAL 

INJURY AT H IGH RATES OF ENERGY TRANSFER 

G J Coope r ,  B P Pearce , S R Cate r ,  C E Kenward , 
Medical Divi s ion , Chemical Defence Estab l i shmen t ,  Porton , Sal isbury , UK , 

SP4 OJQ 
& 

D Townend , 
Adrniralty Research Establishment , Hol ton Heath , Poole , UK , BH16 6JU . 

ABSTRACT 

Materials have been app l ied to the thorac ic wa l l  of anae s thetised 
experimental animals exposed to b last overpressure to inve s t i gate the 
coupling of direct stress waves into the thorax and the relative 
contribution o f  compress ive stress waves and gross thoracic compress ion to 
lung injury . The ultimate purpose of the work is to develop effec t ive 
personal protect ion to servicemen exposed to b l ast overpressure . 

Foam materials acted as acoustic coup l e rs and resulted in a s i gn i f icant 
augmentation o f  the visceral inj ury ; decoupling and e l imination of injury 
may be achieved by application of a high acous tic impedance layer on top o f  
the foam . In vi tro exper iments s tudying s tress wave transmission through 
the various layers showed a s ignificant incease in power transmitted by the 
foams , the amp l i ficat ion occured principal ly at high frequenc ie s .  Material 
such as copper placed upon " the foam achieved subtantial decoup l ing at high 
frequenc ies - low frequency transmiss ion was largely unaffec te d .  

The studies sugge s t  that direct transmission o f  s t re s s  wave s ,  and no t gross 
thoracic compressions account for lung parenchymal injury with b l a s t  
loading . Conventional impacts producing h i gh body wal l  ve l o c i t i e s  w i l l  
a l s o  lead to s tress wave generation and transmiss ion - if the body wall 
dis tortion i s  not severe , s tress wave effects may dominate the visceral 
respose to the impact with direct compress ion and shear contributing l i ttle 
to the aetiology o f  the injury . 

1 .  INTRODUCTION 

The b last wave propagated in air fol lowing the detonation of high exp los ive 
may produce ser ious internal inj ury , often w i th no external indications o f  
trauma . I t  has been recognised s ince WW l  that the principal s i tes o f  injury 
to viscera are the lungs and bowe l ;  the injury produced within the 
parenchyma o f  the lung has attracted more attention because of the acute 
phys iological consequences of injury to th i s  organ . 

The pulmonary injury in the acute phase is haemorrhagic contamination o f  
the alve o l i  and airways (usually without gross parenchymal laceration) 
which may lead to e s tab l i shment o f  a phys iological shunt and thus a 
reduc tion o f  the partial pressure o f  oxygen in systemic arte rial blood . 
The lung may continue to accumulate fluid over the ensuing hours and days 
leading to a s e l f - reinforcing pulmonary oedema and to pulmonary infe c t ion . 
Ar terial air embol i  have also been reported in experimental animals 
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subj e c ted to severe blast loadings , presurnably o r iginating from the 
pulmonary mic rovascular damage 1 0 . The pulmonary contus ions produced by the 
impact o f  the blast wave are generally termed " b l a s t  lung" and at the 
microscop i c  level are generally indist inguishable from pulmonary contusion 
resu l t ing from a non-penetrating impac t ;  on a macroscop ic level howeve r ,  
there may be differences in the d i s tribution o f  contusions produced by the 
two types o f  loading . 

1 . 1  Princ iple s  o f  injury 

Al though the features of an incident blast wave that determinI the severity 
o f  pr imary lung contusions have been ident i fied by experiment , the 
b iophys ical factors leading to the trans fer o f  energy interna l l y  and the 
produc t i on of the lung injury fol lowing the interaction of the b l ast wave 
with the thorac ic wall have not been as c learly define d .  l t  was determined 
in WW2 that the pulmonary contusions or iginate from the impact of the blast 
wave upon the ehest wall and that the inj ur i e s  did not result from the 
passage o f  the blast wave down the trachea . The incidence o f  pr imary lung 
injury can be defined in terms o f  the peak incident overpressure , the 
duration o f  the incident blast wave , and geome tric cond i t i ons such as 
or ientation to the blast wave and the proximity to reflecting surfaces 1 . 

Any impact to the body wi l l  generate direct stress waves and shear waves 5 . 
The body i s  a very complex structure in which to initiate the propagation 
of waves - there are marked differences in dens i ty , e lastic modulus and 
propagation ve loci ties within thoracic tis sues with complex geome tric 
configurations ; any sort o f  impact is l ikely to exc i te a broad spectrurn o f  
frequenc i e s  and stress concentration a t  mul tiple s i tes . 

High - speed f i lm o f  the ehe s t  under b la s t  o r  under impact loading shows that 
the thorac i c  cage undergoes considerable compress ive s train and exhibits a 
damped , viscoelastic behaviour . The gross d i s tort ion i s  a " low" frequency 
response of the thoracic wall taking around 2 - 3  ms to reach peak 
deformation in the rat with the blast loading used in the experiments 
described b e l ow ;  this interval under impact loading is largely governed by 
the mass of the impactor and the s t i ffne s s  of the ehes t  wal l  . The 
comp r e s s ive strain may achieve 0 . 4  - 0 . 5  and it is tempting to ascribe the 
resultant v i s ceral injury to local shear or compress ion underneath the 
advancing b o dy wal l  or to shear waves producing s train at s i tes of fixation 
such as the h i l ar region of the lung . 

The measurement o f  the thorac ic deformations under impact loadings is 
technically s traigh t forward but disp lacements under b la s t  loading are more 
difficult to make , primarily because of technical difficulties encountered 
in trying to measure sma l l , fast deformations o f  a non-uniform surface 
under severe environmental condi tions . Jonsson has made progres s  in this 
area and he concludes that gross thoracic deformation with corresponding 
compress ion o f  the lungs is the main origin o f  the pulmonary inj uries

6
·

9
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Direct coupling o f  direct stress waves into the thorac ic cavity i s  not 
considered to be a primary cause of injury9 . 

1 . 2  Prot e c t ive c loth ing 

Of fundamental importance in the construction of protec t ive c l o thing 
des i gned to attenuate primary b l a s t  e ffects , is the relative contributions 
of these low- and high - frequency components to lung inj ury . We define 
"h igh" frequency phenomena in thi s  context as the direct coupl ing of the 
incident shock wave in air into the lung parenchyma , a process independent 
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of the gross thoracic compress ions produced by the shock and dynamic 
pressure loadings aris ing from the b l a s t  wave . The direct s tress 
trans ferred from an incident shock wave w i l l  be governed by impedance 
mismatches with the peak ve loc ity achieved by the pleural surface o f  the 
body wall determining the magni tude of the peak s tress and dP/dtmax 
trans ferred into the lung . The severity o f  parenchymal contus ion is 
considered to be direc tly related to these parame ters - finite e lement 
models have shown that transmiss ion of the direct s tress wave through the 
parenchyma leads to a pressure differential between the alveo lar space and 
the cap i l lary which may result in failure o f  the barrier2 

The primary impetus for the work presented now has been a requirement to 
develop prote c t ive equipment for m i l i tary personnel exposed to b l as t .  
During these inve s t i gations defining the seve r i ty o f  injury and i t s  
relationship to the magnitude o f  the s tr e s s  transferred internal l y ,  insight 
upon the ae tiology of non-penetrating injury at high rates of energy 
trans fer resulting in high body wall ve l o c i t i e s  has been deve loped which is 
at present be ing app l i e d  to conventional impact injury produced by s o l i d  
obj ects such as proj e c t i les . 

2 .  AIMS 

The present s tudy has used anaesthetised experimental animal s  and physical 
models to dete rmine : 

2 . 1 .  The effect o f  low- and high - acous t i c  impedance mate r i a l s  covering 
the thoracic cage e i ther alone or in combination , upon the severity o f  
primary lung injury produced b y  b l a s t  loading . 

2 . 2  Changes in the intrathorac ic stress produced by the coverings . 

2 . 3  The transformation o f  the incident pressure wave both in time and 
frequency domain by interaction with these mate r ials . 

3 .  METHOOS, MATERIALS AND BLAST PARAMETERS 

3 . 1  Mater i a l s  
T h e  materials  used a s  thoraci c  coverings a nd  in  experiments studying t h e  transmi ssion propert i es of 
these mater i a l s  performed in vitro are shown in TABLE 1 ;  the mater i a l s  were used ei ther s i ng l y  or i n  
conbination. TABLE 1 also presents the areal densi t i es of  the mater i a l s ;  the mean (tSD) areal dens i ty of 
the rat lateral thorac i c  wa l l  was 5.510 . 7  kg.m.2 . 

TABLE 1 Mater i a l s  used as thoracic coverings . 

DESIGNATION MATER IAL TH ICKNESS AREAL 
DENSITY 

rrrn k . m  ·2  

FOAM R Natural rubber foam 9 . 3  2 . 0 1  

FOAM V Viscoelastic open ce l l  
polyurethane si l i cone foam 1 0 .3 0 . 84 

COP PER Copper sheet 0.58 5 . 23 

KEVLAR Kevlar 49 resin bonded 4 . 4  5 . 1 0  
corrpos i te 
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3 . 2  Blast loadings 
A l l  blast loadings were produced by a blast wave generator desi gned and constructed at CDE. C011'4'ressed 
a i r  at approx imately 1 1  MPa was di rected by solenoid to a 0 .55  nm thick aluniniun bursting disc mounted 
in a 20 nm internal di ameter nozzl e .  The severity of the loading was adjusted by pos i t i on i ng the target 
at vari ous d istances from the nozzle outlet. I n  the major i ty of exposures , the r i ght lateral thorax of 
the unprotected rat or the exterior surface of the materi a l  pl aced over the rat thorax was pos i t i oned 45 
nm from the out let .  At this  di stance, the mean (tSD) peak ref lected overpressure was 584t108 kPa , mean 
overpressure duration 1 . 65t0.24 ms and posi t i ve phase ilf4)Ulse 183t25 kPa. ms <n=1 0 ) .  

3 . 3  Studies on experimental animals 
Anaesthetised rats were exposed to a blast wave from the blast wave generator. The animals remained 
anaestheti sed for 1 h  and those rats surviv ing the period were then k i l led. The degree of contami nation 
of the lung w i th blood and oedema f luid was assessed quant i ta t i vely  by calculation of the l ung 
weight/body weight ratio ( LWR ) .  I n  each experi ment group, the mean LWR of the animals exposed to blast 
Cwith or w ithout coverings) was expressed as ratio of the LWR of a contro l ,  unexposed group of animals 
w ith in  the same experimental series. Th is  rat i o  was desi gnated the quot i ent of injury, O i .  Thus 

ai = (LWR blast exposed anima l s ) / ( LWR control animals ) 

The sever i ty of the lung injury was expressed as minor or uninjured for C i < 1 . 2 ,  moderate for ai = 1 . 2-
1 . 5 ,  severe for Oi = 1 . 5 - 1 .9 and very severe for O i > 1 .9 .  The majority of rats were exposed lying w i th 
thei r left f l anks on a reflecting surface; the blast wave was di rected 90 degrees to the plane of the 
surface onto their r i ght lateral thorac ic  wal l .  Some rats were also exposed in free- f i el d  by suspending 
the anaestheti sed animal in a thin  f lexible nylon net. I n  a l l  exper iments, blast loadings were app l i ed 
to the r i gh t  lateral thorac i c  wa l l .  

Rats are more suscept ible to blast overpressure than man; the effective mass and sti ffness of the body 
wa l l  is  obviously di fferent and injuries to rat lung descri bed i n  th is  paper wou ld be unl i kely to occur 
i n  man at these overpressures. Rats have been used solely to address the general concepts of stress wave 
interaction w i th the body - experimental studies w i th a large animal model of body weight and thoracic 
wal l  sti ffness c loser to man (anaesthet i sed pi gs, 30-60 kg) are cont i nuing in paral le l  but are not 
reported i n  detai l  i n  th is  paper. 

A l l  mater i a l s  were trinmed to cover the lateral thoraci c  cage only, ensuring that there were no 
s i gn i f i cant increases i n  the presented area of the thorax resu l t ing from app l i cation of the coverings. 
Preliminary experiments had shown that total enc losure of the whole rat torso w i th FOAM R s igni f i cantly 
i ncreased the severi ty of blast contusi ons from a Oi of 1 .42t0.06 (meantSE) in  bare rats to a ai of 
2 . 59t0 . 1 6 ,  w i th a resultant i ncrease in mortal i ty from zero to 5/1 1 .  The enveloping foam had resulted in 
a substant i a l  increase in presented area of the target; Young et a l . 13 have c l aimed that the 
augmentat i on of lung i njury by bu l ky mater i a l s  probably arises from the increase in the presented area, 
thus i ncreasing the blast energy recei ved by the target. T h i s  explanation is  content ious, but in  order 
to ensure that t h i s  possible effect did not arise i n  the current experiments, a l l  foams and other 
materi a l s  covered only the surface of the body facing the blast source and were tr inmed to cover the 
upper aspect of the thoraci c  cage only - they did  not resu l t  in an i ncrease in presented area. 

The intrathoraci c  pressure in  anaestheti sed rats subjected to blast loading was measured by int roduc ing 
a Gaeltec Type 12CT pressure transducer mounted upon a 5FG ( 1 . 6 nm di ameter) catheter into the 
oesophagus. The output of the transducer was captured upon a N i colet 4094 d i g i tal  osc i l loscope and 
transi ent recorder at a sampling i nterval of 0 . 5  µs/point .  

3 . 4  Anechoic chamber studies 
The mod i f i cat ion of the incident blast wave by i nteraction w i th the foams, copper end Kevlar Laminate 
was i nvestigated by placing the mater i a l s  upon the surface of a 27 m3 underwater anechoic chamber,  
exposing the mater i a l s  to the shock front i n  a i r  and measuring the wave transmi tted into the water 
through the mater i a l s  using a hydrophone C F I GURE 1 ) .  

The output of the hydrophone was sampled w i th 9 bit  prec i s i on at a sampl ing rate of 200 kHz into a 
record of 8192 points,  g i v i ng a resolut i on i n  the frequency domain of 24 . 4  Hz.  The waveforms were stored 
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individua l ly and then averaged i n  the t i me  doma in w i t h i n  each experimental group to suppress noise. A l l  
t i me-averaged s i gnals had a conmon trigger point .  

4 .  RESULTS 

4 . 1  THE EFFECT OF THORACIC COVERINGS UPON THE SEVERITY OF LUNG I NJURY . 

4 . 1 . 1  Applicat ion of foam ma terials to the thoracic wall 

Coverage o f  the right lateral thoracic wal l  with FOAM R s ignificantly 
increased the severity o f  lung inj ury ; the mean ( ±S E )  Q i  was increased from 
1 . 24±0 . 06 in the group of animals having no thorac ic coverings to 1 . 68±0 . 16 
( p<0 . 0 1 by S tudent ' s  t tes t ) . Mor t a l i ty increased from zero to 3 3 % . The 
intens i ficat ion of pr imary b la s t  effects seen with the rats p l aced upon a 
reflect ing surface was also evident in rats exposed in fre e - f i e l d  
condi t i ons . The Q i  o f  rats exposed in f r e e  field with n o  covering was 
1 . 18±0 . 04 ;  coverage of the thorac ic wall with FOAM R s i gn i f i cantly 
increased the Qi to 1 . 77±0 . 1 3 (p<0 . 00 1 )  

High - speed e ine photo graphy o f  FOAM R exposed t o  the b la s t  loading upon an 
unyie lding surface and upon the rat thoracic wal l showed that the foam 
underwent considerable compres s ion with subsequent recovery . FOAM V ,  a 
viscoelastic foam fai l e d  to show any dynamic compress ion o r  d i s tort ion 
under identical loading . This foam also produced exacerbation o f  pr imary 
b l a s t  lung injury 

The severity of lung inJury with coverage of the thoracic wall with 10 . 3  mm 
FOAM V was compared to that produced in experiments using the natural 
rubbe r  covering , FOAM R .  The Qi with FOAM V was 1 . 82±0 . 16 showing 
considerable enhancement over the Q i  of 1 . 33±0 . 08 for rats with bare 
thoraces . The natural rubber foam coverage resulted in a Q i  o f  1 . 9 9±0 . 14 .  
Al though both types o f  foam resulted in statistically s igni ficant 
augmentation o f  blast lung injury (at 9 5 %  confidence l im i ts ) , there was no 
s i gn i f i cant difference between the e ffects produced by the two foams . 

Augmentation o f  lung injury was also evident w i th a high density cross 
linked polye thylene foam ( areal density 1 . 0 7 kg/m2 ) and even "bubble pack" 
packaging material used as thorac i c  coverings . 

4 . 1 . 2  The influence o f  coppe r and Kevlar upon the seve r i ty o f  lung injury 

The app l icat ion o f  a 0 . 5 8 mm shee t  o f  copper to the thorax failed to reduce 
s i gn i ficantly the severity of lung inj ury . Placed alone upon the thoracic 
wall w i thout foam, the copper reduced but did not e l iminate lung injury 
( Qi-1 . 11±0 . 02 )  when compared to rats with no thoracic coverings ( Q i� 
1 . 24±0 . 05 )  - this difference was no t s i gnificant at p<0 . 0 5 .  

However ,  plac ing the copper on top o f  both types o f  foams produced a 
substantial reduction in the severity o f  the lung injury - with FOAM R ,  the 
injury was e l iminate d .  Thus , rats exposed to b l ast loading w i th thoracic 
covering o f  9 mm FOAM R alone had , as expecte d , an exacerbation o f  the 
quotient o f  lung injury from 1 . 24±0 . 0 5 in the unclothed animals to 
1 . 70±0 . 1 7 .  Facing the rubber foam w i th the 0 . 5 8 mm copper sheet e l iminated 
the pr imary blast injury to the lungs ( Q i  � 0 . 99±0 . 02 ) . 

This e l imination o f  pr imary blast lung injury was mirrored when Kevlar 
laminate was used as the hard fac ing . The appropriate thickness o f  Kevlar 
laminate was used to result in the same areal dens i ty as the copper shee t  
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( TABLE 1 ) . Ser ious pr imary blast lung injury produced with FOAM R ( Q i  
1 . 61±0 . 05 3 )  was e l iminated when the foam was faced w i th e i ther copper 
( Q i-1 . 02±0 . 01 4 )  o r  the Kevlar laminate (Qi - 1 . 02±0 . 0 1 6 )  

Additional experiments have shown that flexible text i l e  Kevlar a t  the same 
areal dens i ty as the resin- bonded laminate is not e ffec t ive in reducing the 
severity o f  inj ury when used as a facing on foam mate r ials . 

4 . 2 .  CHANGES I N  INTRATHORAC I C  OVERPRESSURES 

4 . 2 . 1  The e ffec t  of thoracic coverings on intr a - oe s ophageal pre s sure 

Coverage of the lateral thoracic wall with e i ther type of foam , copper 
alone or foam faced with copper failed to affect s ignificantly e i ther the 
peak overpressure , dP/dtmax • or r ise time . The mean ( ±S D )  peak overpressure 
measured w i thin the oesophagus in rats exposed to b l a s t  w i th no thoracic 
coverings was 186±34 kPa ( Q i-1 . 3 5±0 . 2 3 ) ; app l ication of FOAM V increased 
the Qi to 2 . 05±0 . 42 and the intrathoracic pres sure increased to 2 5 6±70 kPa , 
a value j us t  s ignificant a t  the 9 5 %  level o f  confidenc e . 

Facing FOAM V with copper s igni ficantly reduced the seve r i ty o f  injury but 
fai l e d  to produce s tatis t i c a l ly s ignificant a l teration in the mean peak 
overpressure ( 1 66±77 kPa) when compared to the unprotected animal or to the 
animal covered by copper alone ( 1 62±51 kPa ) . 

Oesophageal pres sure has been used in the l i terature as an index o f  the 
s tress transferred into the thorac ic cage 9 • 1 3 . I ts p r incipal advantage is 
that i t  is a convenient s i te to introduce a gauge part icularly in 
experimental models such as rats or even humans where emplacement within 
the parenchyma of the lung is not feas ib l e . For s tress waves generated at 
the lateral thorac ic wal l , _the oe sophageal pressure represents the s tress 
after interaction with parenchyma and othe r s tructures and i s  no t the input 
to the thoracic system . I t s  use as an indicator o f  the potential for 
thoracic injury in impact and b last loadings is debatab l e . 

We are at present measuring ove rpressures a t  several s ites within the lung 
parenchyma o f  anae s thetised p igs subj ected to a i r - b l a s t  loadings from a 
shock tube to compare with intra - oesophageal pres sure measurements . For the 
purposes of the current s tudies w i th rats however ,  the input to the 
thoracic system and its modification by materials was mode lled in vi tro . 

4 . 3  TRANSMISSION OF THE INCIDENT STRESS WAVE BY THE MATERIALS 

4 . 3 . 1  Coupl ing in the time domain 

The time averaged wave forms for copper and FOAM R coverings are presented 
in FIGURE 2 .  At the hydrophone pos i t ion w i thin the anechoic chambe r ,  ( 480 
mm be low the surface ) ,  the mean (±SD) peak transmitted overpressure was 
140±37 kPa ( n- 1 0 )  with direct coupling o f  the airblast into the water with 
no interposing mater ials . FOAM R upon the surface of the water increased 
the mean peak overpressure to 174±5 3 kPa , howeve r FOAM V resulted in a 
reduc tion to 84±16 kPa , even though both mat e r ials increase s i gni ficantly 
the severity of injury in the rat mode l .  

E s t imates o f  dP/dtmax on the individual waveforms were unacceptab l e  due to 
no i s e ; the r i s e  time o f  the leading edge ( de fined as the interval be tween 
10% and 90% of the peak overp ressure ) was s ignificantly modified by the 
foams . From a mean r i s e  time of l l . 8±6 . 8µs in the directly coup led 
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wave form , FOAM R and FOAM V resulted in an increase o f  the r i s e  time to 
76 . 7±7 . 7  and 3 5 . 3±9 . 7µs respe c t ively . 

Plac ing copper upon the surface o f  the water resulted in ins i gnificant 
changes in the rise time ( 7 . 6±1 . 4µs ) and a reduc t i on in the peak 
transmi tted pressure ( 7 6 . 6± 1 8 . 5  kPa) - broadly s im i lar results were 
experienced with Kevlar . The mos t  notable and unequivocal changes in the 
transmi tted waveform were achieved when the foam materials were faced w i th 
e i ther copper o r  Kevlar . ( FIGURE 2 d ) . A copper facing upon FOAM R produced 
a mean transmitted overpressure of 2 2 . 7±2 . 8  kPa , a reduc t ion to 1 6 %  of the 
level measured with no foam or other coverings . The r ise time was extended 
from l l . 1±6 . 8µs to 1 60 . 9±37 . 8µs . 

In the time domain therefore , the foams produced equivocal changes in peak 
transmitted pressure but extended the r i s e  t ime of the leading edge ; facing 
the foam with copper s ignificantly reduced the peak transmi tted 
overpressure and lead to a very substantial increase in r ise t ime . 

4 . 3 . 2  Coupl ing in the freguency domain 

Logarithmic spectra were produced in the frequency domain and the frequency 
content of the transmitted pressure profiles compared to that of the 
wave forms transmitted wi thout materials by subtracting logarithmic spe c tra , 
thus giving the ratio o f  coated to uncoated transmi s s ion in dB . 

Both FOAM R and FOAM V s i gnificantly increased the power transmitted into 
the anechoic water chamber when placed upon the water surface . FOAM V 
produced approximately 5 dB amp l i fication over a relatively confined 
bandwidth of about 0 . 5 - 2  kHz . The coupling produced by FOAM R was more 
substantial with a 5 - 10 dB enhancement over 0 . 5 - 3 . 5  kHz ( FIGURE 3 a ) . 
Copper alone or Kevlar alone do not s i gnificantly modify the severity o f  
injury i n  the rat mode l ;  this was mirrored i n  the comparat ive logarithmic 
spectra w i th minor changes in the transm i t t e d  frequenc i e s  over the 
bandwidth 0 . 5 - 5  kHz ( FIGURE 3 b ) . 

Plac ing the Kevlar o r  copper as facings upon both types o f  foams achieved 
substantial decoup l ing over a wide frequency range . Copper upon FOAM V 
resulted in a 10 - 20 dB reduc tion over a bandwidth o f  2 - 6  kHz . Frequenc ies 
o f  less than 2 kHz were largely unaffected . A very s im i l a r  pattern was also 
seen w i th Kevlar as a facing upon FOAM V .  

I t  was observed in the exp e r imental studies upon rats that copper and 
Kevlar facings were more e ffec t ive at reducing the severity of lung 
contusions produced by b l a s t  loading with FOAM R as the backing material -
the comparative log spectra supported this emp i r i c a l  observation . Both 
copper and Kevlar upon FOAM R were extremely effic ient at decoupling the 
incident power and resulted in up to 2 0 - 3 0  dB reduc tions over a 3 . 5 - 6  kHz 
bandwidth ( FIGURE 3 c ) . At 2 - 3 . 5  kHz , a 10 - 20 dB l o s s  of transmiss ion was 
evident but l i ttle reduc t ion was seen at <2 kHz . 

S .  DISCUSSION 

The augmentation of pr imary b l a s t  lung injury by foam materials can be 
explained in terms of impedance matching . The foams appear to be acting as 
acous t i c  couplers/transformers resu l t ing in an augmented transfer of direct 
s tress waves from the air into the t i s sues of the body . The absence o f  
injury when copper or Kevlar facings upon foams are used may b e  explained 
in te rms of the decoupling e ffects o f  these high impedance layers . 
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5 . 1  Simple transm iss ion model 

The p r inc iples of transmiss ion of acoustic waves through interfaces be tween 
mater�als of diss imilar properties are we l l  es tab l ished for acoustic 
waves . I f  a compre s s ive s tress wave in a mater i a l  encounters an interface , 
the magnitude o f  the reflected and transm i t te d  waves is dependent upon the 
relative charac teristic acous t ic impedances of the materials across the 
interface . The charac t e r i s t i c  acous tic impedance ( Z )  is the product of the 
speed of sound in the material ( c )  and its dens i ty ( p ) . For a one ­
dimensional acoustic wave o f  pres sure amp l i tude P i trave l l ing through a 
mediwn, a ,  incident upon a boundary with a mater i a l , b ,  a reflec ted wave 
( Pr ) and a transmitted wave ( P t ) w i l l  be generat e d .  The magnitudes o f  the 
incident and transmitted waves are related by the expre s s ion 

„ • •  1 
and 

For convent ional engineering mate rials , the charac t e r i s t i c  acous t i c  
impedance

0 
Z ,  may a l s o  be expressed i n  terms o f  the Young ' s  modulus , E .  As 

c = ( E/p ) · 5 , Z in equation 1 may be subs t i tuted by ( E*p ) 0 ·
5 . 

As an i l lustration o f  the p r inc iples o f  acous t i c  coupl ing and decoup l ing , 
equation 1 may be used to calculate the direct s tress transferred into the 
lung after propagation of a compress ive s tress in the air through the 
multilayer interfaces ( a i r/s ingle and mul t i l ayer mate rials/soft 
tissue/lung ) . The calculation o f  these S tresses can only be considered to 
be semi - quan t i tative - equation 1 is not s tr ic t l y  val i d  for waves o f  large 
amp l i tude and additiona l ly , the acoustic wave ve l o c i ty in foam materials is 
determined principally by the e ffect ive shear modulus , not by E .  Other 
comp l icating factors are that p and c are not constant for air and ( by 
asswnp t ion) for lung but are a func tion o f  the pressure , additionally , the 
effects of obl ique incidence and mul tiple internal reflect ions within each 
material are also not cons idered .  Neverthe l e s s , th i s  s imp l e  one 
dimensional model can provide an approximat i on of the s tress or pressure 
transmi tted to the thorax o f  the animal that may be compared to the actual 
seve r i t y  of lung injury resul t ing from the interaction of the incident 
b l a s t  wave upon the various materials covering the thorax . 

The relative acoustic impedances o f  air/FOAM V/body wa l l /lung is assumed to 
be 1/4 . 7/3 700/2 3 ; the acous t i c  impedance o f  air a t  atmosphe r i c  pressure is 
415 Pa . s . m - 1 and copper has a relative impedance o f  7 . 6  x 1 04 compared to 
a i r .  

Using the s imple model above , the peak s tress transmitted through the bare , 
uncovered ehes t  wal l into lung for an incident s tress in a i r  of 100 units 
is e s t imated to be 2 . 5  units . Interp o s i tion of FOAM V increases this s tress 
to 4 . 2  un its but facing FOAM V with copper s i gn i ficantly reduces the 
transmi tted s tress to 0 . 0006 un its . Thus , the peak s tress transmi tted into 
the s imple lung material are ranked in the same order as the severity o f  
lung injury seen i n  the r a t  mode l .  More r igorous descriptions o f  the 
transmi s s ion of energy through mul t i l ayer materiags of di fferent 
charac t e r i s t i c  impedances are avai lable e l s ewhere . 

5 . 2  High - freguency or low- freguency injury mechan ism? 

The phenomenon o f  augmentation o f  lung inj uries by foam materials was first 
des cribed by C lemedson et a l . 6 . They had presumed that the e ffe c t  occurred 
only w i th combinations of foams and b last loadings that were compressed 
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during exposure . l t  was sugges te d  that the inereased seve r i ty o f  injury 
arose from potent i a l  energy s tored in the eomp r e s s e d  foam be ing re leased 
during a e r i t ieal period within the ehe s t  wall defleet ion , result ing in a 
greater impulse transferred to the ehes t .  The demons tration in the eurrent 
experirnents that augrnentation of b last inj uries w i l l  oeeur with h i ghly 
viseoelastie foarns whieh , on the evidenee o f  high - speed e ine photography , 
do not eornpress under the b l a s t  loading, rnakes the partial irnpul s e  
explanation sugge sted b y  C lernedson unlike ly . 

A notable l irnitation o f  the eurrent s tudies i s  that we have been unab le to 
rneasure the disp laeernent of the rat thorae ie wall when eovered by 
rnater ials , and therefore , we have not been ab l e  to s tudy the influenee of 
the eoverings upon the gross disp laeernent and peak ve loe i ty aehieved by the 
wal l .  Experiments are eurrently underway using anaes thetised p i gs 
ins trumented with aee e l e rorneters rnounted upon rib to s tudy the rnotion o f  
the thoraeie wal l  under b las t loading . The demons trat ion that app l ieat ion 
of eopper or Kevlar alone to the thoraeie wa l l  f a i l e d  to reduee 
s igni f i eantly the seve r i ty of lung injury is an inte r e s t ing observation;  
these materials doub l e d  the effec t ive mass o f  the body wal l  and would be 
expeeted to reduee the peak ve loe i ty and gross de f l e e t ion o f  the body wa l l  
under the same b last loading . Their failure t o  diminish s ignificantly the 
injury is indireet evidenee that the gross defleetion is not a maj or 
determinant o f  the seve r i ty o f  injury ; FFT analys i s  o f  the transmitted 
wave forms demons trated l i tt l e  loss in transmiss ion over a wide frequeney 
band ( FIGURE 3 b )  and thus corresponded to the laek of effeet demons trated 
in vivo . 

FOAM R resulted in an inereased transmiss ion o f  power within the bandwidth 
0 . 5 - 3 . 5  kHz ( FIGURE 3 a ) . The resonant frequeney o f  the rat thoraeie wal l  is 
around 0 . 3 5 - 0 . 8  kHz 7 and it is eoneeivable that the foam was inereas ing the 
de f l e c t ion o f  the ehe s t  due to res onance at this frequency . The e l imination 
of the thoracic injury w i th the high acous t i c  impedance mater i a l s  p laced 
upon the foams resulted from s i gnificant decoupling at frequene ies much 
higher than these resonant frequenc ies ( FIGURE 3 e )  and would suggest that 
the primary lung injury was a high - frequency damage meehanism . Prel iminary 
results with the p i g  model have also shown exaeerbation of lung injury with 
FOAM V ;  the thoracie wa l l  resonances in this model are about 7 0 - 1 5 0  Hz 7 and 
in the anechoic chamb e r  s tudies , FOAM V did no t result in s ignifieant 
increases in transmiss ion a t  these very low frequenc i e s . 

The pattern o f  injury in b last injured lungs would a l s o  suggest a high ­
frequency direct s tress wave damage mechani sm . Contus ions are gene r a l ly 
most severe c lose to the inner surfaces o f  the lung adj acent to the 
mediast inum and l iver and in acute angles w i thin the parenehyma such as the 
antero-medial border where s tress concentration w i l l  oeeur

5
. The p e r ipheral 

p l eural surface and parenchyma directly compressed by the gross deflect ions 
of the thoracie wal l  are usua l ly less severely inj ured , sugge s t ing that 
direct shear or compress ion are not the principal injury mechanisms . 

Finite e lement mode l l ing o f  the transmiss ion o f  s tress waves in pulmonary 
parenchyrna have supported these empirical observations and demons trated 
that , due to refle c t ion and re inforeement o f  the s tress waves within the 
thoracic cage , the s tress at internal s i tes may exceed the peak s tresses 
peripheral l y ,  close to the body wal l . The mode l l ing has also demons trated 
that direct s tress waves may also s teepen up during transmiss ion through 
the parenchyrna because of inereased wave velo e i t i e s  of the high pressure 
components 3 and eonsequently result in greater pressure differentials 
across the alveolar/cap i l lary interfaee . These pres sure di ffe rentials may 
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lead to failure o f  the barrier to produce haemorrhagic contamination of 
alveo l i .  

5 . 3  Role o f  direct stress transmiss ion in non-pene trat ing impac ts 

Non-penetrating inj uries , whether they are produced by b last exposure or by 
impac t ,  may be categorized as direct or indirect 5 . Direct inj uries are 
those occurring adj acent to the displaced body w a l l  and generally result 
from local shear o r  compression o f  underlying soft t i s sue o r  by direct 
laceration by , for examp le , displac e d ,  fractured ribs . Indirect inj uries 
are c la s s i f ied as les ions evident at s ites not d i r e c t l y  involved in the 
compress ive s train and can arise from both transmitted shear waves , 
( typ i fied by aortic rupture and some sp lenic and hepatic lacerations ) and 
from direct stress waves transmitted into the body . 

Inj ur ies resulting from e i ther local or indirect shear tend to be 
assoc iated with gross compress ion o f  the body wal l ;  stress wave inj uries 
are assoc iated with high body wall veloc i t ies and are largely independent 
of gross thoracic or abdominal distortions . Pulmonary contusions and bowel 
contusions wi thout gross laceration are typical s tress wave related 
inj ur ies . 

Shear - type and comp r e s s i on lnJ ur ies tend to predominate in road traffic 
inj ur i e s  as a result of rela tively large body wal l  deflec tions occuring 
over long p e riods of time w i th quite low body wal l  ve loc i t i e s . Non­
penetrating impacts in the defence fie ld , such as the retardation of 
bullets by body armour , tend to result in s ignificantly h i gher body wall 
veloc ities . As the effec t ive mass o f  an impactor decreases and impact 
velo c i ty increases , the lower momentum of these types o f  impact results in 
small body wa l l  deflections assoc iated with the h i gh body wal l  veloc ities . 
The pattel� o f  injury transposes to a direct stress wave dominated 
aetiology in which the severity of injury is not governed primarily by 
the gross deflections , but by the peak body wal l  veloc i ty . 

I t  i s  notab l e  that over the last few years , empha s i s  has shi fted away from 
thoracic injury thresholds be ing described s imply in terms of gross 
thoracic de flection . The evo lution o f  the Viscous C r i t e r i on is a 
recognition that the rate o f  energy transfer i s  an important determinant o f  
the severity o f  injury12

1 
Body w a l l  ve locities i n  motor veh i c l e  impacts 

rarely exceed 20 - 2 5 m . s - but in the defence f i e l d , peak body wall 
ve l o c i ties approaching 8 0 - 9 0  m . s - 1 

may occur . S tress wave e ffects may 
dominate the response to the impact and any model or c r i te r i a  derived to 
predict b iological effects or to assess materials deve loped to offer 
protection to security force s  must take adequate account o f  this phenomenon 
and not rely s o le ly on gro s s  disp lacements predicted by mathematical models 
or s imulants . 

The demons tration in this paper o f  increased severity o f  injury and 
increased rates o f  mortality fol lowing " protection" o f  the thoracic cage 
with foam mater ials , s e rves to high l i ght the role o f  direct s tress waves in 
impact injury at h i gh rates of energy trans fer .  
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6 .  CONCLUSIONS 

6 . 1 . In vivo and in vitro experimental studies suggest that lung injuries 
aris ing from exposure to blast overpres sure are produced princ ipally by 
direct coupling of the incident stress wave into the thorax and not from 
gross dis tortion o f  the thoracic wall and viscera . 

6 . 2 .  Foam rnaterials applied to the thoracic wal l  increase the stress 
transferred internally to result in rnore severe inj uries ; acoustic coupling 
is considered to be the biophysical bas i s  of thi s  phenornenon . The foarn 
rnaterials increase the transrniss ion of the h i gh - frequency cornponents of the 
stress wave . 

6 . 3 .  Decoup l ing , and thus e l imination o f  injury rnay be achieved by facing 
foam mater ials with a r i gid , high acous t i c  impedance layer . The high 
acoustic impedance layer app l i ed in i s o lation to the thorax i s  ineffective . 

6 . 4 .  Low rnomenturn , h i gh velocity irnpacts resulting in high initial body 
wall ve locities but srna l l  gross body wall distortions , w i l l  induce direct 
stress waves in the b o dy .  Injuries from this rnechanism in susceptible 
viscera such as lung and bowel rnay dorninate those resulting frorn gross 
cornpress ion and shear . Injury c r i teria based upon gross cornpre s s ion will be 
inappropriate under these c ircurnstances . 

7. REFERENCES 

1 )  BOWEN 1 G, FLETCHER E R, R I CHMONO 0 R, ( 1968 ) .  Estimate of man's tol erance to the d i rect effects of 
a i r  blast. Technical Progress Report OASA - 2 1 1 3 ,  Oefence Atomic Support Agency, Oepartment of Oefense, US 
Govermient. 

2) BUSH 1 S, CHALLENER S A, ( 1988 ) .  F i n i te element model l ing of non-penetrat i ng thoracic irrpact. Proc 
IRCOB I ,  Berg i sch- G l adbach, FRG. 

3) BUSH 1 S ,  CHALLENER S A  ( 1 989). I nternat report to MOO. 

4 )  COOPER G J, MAYNARO R L,  ( 1 986) An experimental inves t i ga t i on of the biokinetic principles governing 
non-penetrating impact to the ehest and the influence of the rate of body wa l l  distort i on upon the 
severi ty of lung inj ury. Proc IRCOB I ,  Zurich, Switzerland. 

5) COOPER G J, TAYLOR 0 E M ( 1989 ) .  B i ophysics of irrpact inj ury to the ehest and abdomen. J RAMC, 
135, 58-67. 

6) CLEMEOSON C - J ,  FRANKENBURG L ,  JONSSON A et a l .  ( 1971 ) .  E f fects on extra- and intrathorac i c  pressure 
pattern and lung i njuri es of r i g i d  and soft protec t i on of thorax in blast exposed rabbi t s .  
Forsvarmed i c i n  z, 172-190. 

7) GIERKE H E  von ( 1 968). Response of the body to mechanical forces- an overview. Ann. N .  Y .  Acad. Se i .  
152,  172-186 

8) KI NSLER L E ,  FREY A R, COPPENS A B, SANDERS J V,  ( 1980 ) .  Fundamenta l s  of acous t i cs .  3rd Edi t ion, J 
Wi ley and Sons. 

9) JONSSON A . 1 ( 1 979) . Experimental i nves t i ga t i ons on the mechanism of lung injury in blast and irrpact 
exposure. L inKoping Uni vers i ty Medical D i ssertat i on No 80, ISBN 9 1 - 7372-307- X .  

1 0 )  MAYNARD R L ,  COOPER G J ,  SCOTT R ( 1989 ) .  Mechani sms of injury: Bonb blast injuries and explos i ons. 
In "TRAUMA" by S Westaby (Ed) , H e i nemann, London. 

1 1 )  TAYLOR D E M, WHAMMOND J s ,  COOPER G J et a l .  ( 1989 ) .  S t ress/stra i n  characteristics of f l at bones i n  
rel a t i on to nonpenetrating i n j u r i es o f  the ehest a nd  head. I n  "Materi a l  Properties a nd  Stress Ana lysis 
i n  B i omechanics" by A L Yettram (Ed), Manchester Uni vers i ty Press. 

12) VIANO D C, LAU V K ( 1988 ) .  A vi scous tolerance cri terion for soft t i ssue injury assessment. J .  
B i omechanics, .f!, 387-399. 

1 3 )  YOUNG A J, JAEGER J J ,  P H I LL I PS Y Y et a l .  ( 1 985 ) .  The inf luence of clothing on hU'llan intrathoracic 
pressure during a i rblast. Aviation, Space and Envi romiental Med i c ine 56, 49-53. 

Copyright (C) Controller HMSO London 1989 

1 33 



FIGURE 1 :  Experimental set-up for the determination of stress wave 
transmiss ion by the materials in vi tro 
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FIGURE 2 :  Overpressures coupled from a ir into the anechoic water chamber 
following interact ion with materials upon the water surface . The init ial 
loading was a shock front in air . Waveforms shown are the average of 
between 5 and 10 individual responses within each group . 

a )  D irect coupling o f  the air b last with n o  intervening materials . 
b )  9 . 3  mm natural rubber foam , FOAM R 
c )  0 . 5 8 mm copper she e t  
d)  0 . 5 8 mm copper facing upon 9 . 3  mm FOAM R .  
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FIGURE 3 :  Transmission characteristics of FOAM R and copper . The figures 
show the result of subtraction of the logarithmic spectrum in the frequency 
domain of the directly coup led waveform ( acquired in the absence of any 
cove rings ) from the logari thmic spec trum o f  the wave forms transmi t t e d  with 
each type o f  covering . Transforms were performed on the time - averaged 
wave forms of FIGURE 2 .  The peak evident at j us t  l e s s  than 2 kHz is a 
resonance o f  unknown ori gin in the direc t ly coupled waveforms and is not an 
artefact of s i gnal analy s i s . 

a )  9 . 3  mm natural rubber foam , FOAM R 
b )  0 . 5 8 mm copper sheet 
c )  0 . 5 8 mm copper facing upon 9 . 3  mm FOAM R .  
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