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The superf ic ia l  soft tissues are the most common anatomic in jury s ite . For various 
reasons , this fact has been ignored in most statistica l tabu lat ions of injury frequency by 
anatomic location . 

The superficial soft tissues p lay important roles in total body function and may be 
c lassified in the fol l owing way: 

(1 ) 
(2) 
(3) 

protection 
identification 
phys io logic function 

The soft t issues provide the coverings and contours wh ich are the very essence of 
human identification . In add ition, they perform d iverse physiolog ic functions which 
include temperature regulation , sensation, and responses to various chem ica l stimul i .  
They protect the body from substances which would be harmful to deeper structures such as 
bacteria . They a lso protect the body aga inst, many mechan ical forces by resisting pene
tration . They also serve to absorb energy ond d istribute loads wh ich may be appl ied exter
na l l y .  One spec ial group of soft tissues, the muscles, plays an additional rol e .  The 
muscles provide resistance when forces are appl ied to bones to which they are attached . 
lmportant examples of th is protective aspect during impact are the resistance at the 
cervical spine to bend ing produced by muscle contraction . Compress ion of the thoracic 
cage is a lso effectively changed by contraction of the ehest muscu lature . This is of 
particular importance if interna l thoracic trauma can be related to the degree of ches t wa l l  
deflection . 

For the purposes of this overview, soft tissues have been d ivided into two cate-
gories: 

( 1 )  superficial soft tissues 
a .  skin 
b .  subcutaneous tissues 
c .  musc le 

(2) organs and organ systems . 

The th ickness and compos ition of the superficia l soft tissues varies wide ly over the 
body surfaces for any particular age group . These variations may be accounted for by the 
thickness of the skin, the amount of subcutaneous tissue and fat, and the development and 
qual ity of the regional musculature . Thus the skin over the face is relatively thin, con
tains varying thicknesses of soft tissue and a relative ly thin layer of muscle . Over the 
anterior abdom ina l we i l  the skin is thicker, the subcutaneous tissues and fat are genera l ly  
much th icker, and there i s  a relatively wel 1 developed muscular layer . 

The important organs and organ systems to be d iscussed are contained in three body 
cavities: 



(1 ) 
(2) 
(3) 

cranial  
thorac ic 
abdom inal 

The bra in  within the cran ium is sh ielded a lmost entirely by the soft tissue layers of 
the sca lp overlying the cranial bones . The only major opening at the base, the foramen 
magnum , permits a connection between bra in and spina l cord . 

The contents of the thoracic cavity, the lungs and cardiovascu lar system, are fu l ly 
shielded by the ribs and overlying soft tissues anteriorly and posterior ly .  Superiorly the 
narrowed thoracic inlet, cervica 1 spine, clavicle and first r ib provide protection . 
lnferiorly a th in fibro-muscular sheet, the d iaphragm, separates the thoracic and abdominal 
cavities . The abdom ina l cavity is sh ie lded superiorly by the lower ribs and inferiorly by 
the pelvic brims . However, the anterior and lateral boundaries are somewhat exposed . 

Statistical studies of in jury frequency by location may be d ifficu lt  to eval uate . In 
survivors, i t  may be difficult to detect a l l  of the injuries sustained in c losed cavities with
out extensive surgical exploration . Studies of accident fata l i ties often suffer from the lock 
of a prec ise post-mortem examination.  Even when these examinations are performed it is 
d ifficu lt  to eva luate the refotive severity of multiple injuries and assign them a relative 
role as factors in the causation of death . 

THE ABDOMEN 

Tonge, et a l  (1972) tabulated the inj ury s ites of 908 traffic crash victims and noted 
that the l iver was most commonly injured, occurring in 25 .5% of the tota l fatal ities with a 
d istribution of 32% of car drivers, 28 .4% of car passengers, 24 . 4% of motorcyc l ists, 20% 
of pedestrians and 10 . 8% of pedal cyc l ists . The spieen was second in order of injury fre
quency with involvement i n  20 . 3% of a l l  victims and a d istribution of 20 . 7% of car drivers, 
25 . 9% of passengers, 12 . 1% of motorcycl ists, 1 8 . 9%  of pedestrians and 8 . 1% of pedal 
cycl ists . ln jur ies to other intra-abdom ina l structures in descend ing order of frequency were 
kidneys, smal 1 bowe 1, eo Ion, urinary b ladder, internal reproductive organs, pancreas, 
adrenals ,  stomach,  and duodenum . Major vessel injuries occurred in 3 . 1% .  In a general 
statistical review of blunt abdominal trauma in an unselected population, Griswold and 
Col l ier (1961} indicated the fol lowing frequencies of in jury: spieen, 26 . 2%, kidneys, 
24 . 2%, intestines, 1 6 . 2%, l iver, 15 . 6% ,  abdominal wal l ,  3 . 6%, mesentery, 2 . 5%, pan
creas, 1 .4% . 

C learly, the sol id organs are at greatest risk w ith the spieen, kidneys, and l iver at 
the top of the l ist . The intestines, particularly the sma l l  intestine, c losely fol low . The 
preponderance of drivers in the at-risk popu lation and their specia l  vul nerabi l ity to the 
fronta l and left-s ided impacts provide special impact risks to the spieen, l iver and kidneys . 
These organs have a th i n  capsule and are soft and friable as we i l .  

There are few known Engl ish language reports of biomechanical  studies of isolated 
abdominal organs . Hardy (1972) studied fifty cases of l iver injury after fata l bl unt trauma . 
The usual type of inj ury observed was a shattering or spl itting of the l iver with extensive 
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hematoma formation . In 26 cases only one lobe was involved , usua l ly the right, whi le i n  
24 cases both lobes were involved . Mays (1966) demonstrated superfic ia l  tears of the 
1 iver at a level of 30 foot pounds and wide destruction at 360 foot pounds . 

THE THORAX 

Tonge (1972) reviewed the distribution of thoracic injuries for a series of fata l 
accidents . Contusions or lacerations of one or both l ungs occurred i n  33 . 5% of a l l  
casua lties with a d istribution of 36 . 3% of drivers, 37 .5% of passengers, 31 . 7% of motor
cycl ists, 29 .7% of pedal cycl ists and 28 . 5% of pedestrians . lnjuries to the heart occurred 
in 1 1 . 6% of the tota l ,  with a frequency of 1 9 . 5% in drivers, 1 1 . 1% of passengers, 9 . 8% of 
motor cyc l ists, 7 . 3% of pedestrians and 5 . 4% of peda l cyc l ists .  lnjuries to the aorta 
occurred in 8 . 8% of the total and were most common i n  pedestrians, (1 0 . 4%) .  

Aga in, isolated studies o f  thoracic organs i n  impact situations are rare . Studies of 
an imals have purpose ly been excluded as being of l imited value when discussing human 
injury responses to impact. 

CRANIUM 

Tonge, et al (1972) tabulated injury d istributions for the head in a group of accident 
fata l ities and noted that 8 1 . 2% susta ined superfi cia l soft tissue injuries to sca lp,  face and 
ears .  lnjuries to the brain occurred i n  48 . 3% of the tota l w ith a d istribution of 73% of 
pedal cyc l ists, 63 .4% of motor cyc l ists, 51 . 3% of passengers, 48 . 7% of pedestr ians, and 
39. 4% of drivers . Bra in  contusions were more common than lacerations . S latis (1962) 
noted in a series of 230 fata l ities that cerebral contusions we re the most common bra in 
injury and occurred ma inly in the tempora l and frontal lobes . 

TRAUMA PATTERNS ASSOCIATED WITH RESTRA INT SYSTEMS 

With the advent of restra int systems, usual ly consisting of seat and/or upper torso 
belts, new types of soft tissue inj uries have appeared . The most common in juries can be 
d ivided into soft tissue and osseous . The soft tissue injuries usua l ly consist of abrasion 
and/or contusion of the anterior and lateral abdominal wal ls . However, several intra
abdomina l soft tissue structures are injured most commonly .  The intestines and/or their 
mesenteric attachments appear to be highest on the 1 ist .  This has included ruptures, tears 
or perforations of the jejunum, eo Ion, i leum . The mechanism of injury has been postu
lated as d i rect compression of a loop of bowel with relatively incompressible contents, or 
shearing and d isruption of the l igaments and mesenteric attachments of the intestines, 
particularly the smal 1 intestine . 

The pregnant uterus may a lso be at greater risk during impact with an overlying 
seat be l t .  The bladder, espec ia l ly when d istended, may also be ruptured by the sudden 
compressive loadi ng .  The 1 iver, spieen, and kidneys do not appear to be at risk due to 
seat be l t  exposure as they are during usua l impact conditions with unrestra ined occupants . 



BIOMEC HANICS OF SOFT T ISSUES 

Despite the variety of soft tissues present in the human; skin, heart muscle, tendon, 
brain tissue, etc . ,  in general they a l l  can be c lass ified as non-homogeneous, anisotropic 
materia ls . Add itiona l ly, the soft tissues are highly non-l inear in their e lastic response . 
As a consequence of these attributes, a quantitative description of the ir materia l  propert ies, 
time dependent stress-stra in characteristics, and mechanisms of fai l ure is a considerable 
undertaking . Understandably, the ana lytica l development of a general theory for the bio
mechanica l behavior of biolog ical soft tissues is a mult i-phase task . General material 
considerations of homogeniety, isotropy , the presence of e lastic e lements, viscous effects 
and time dependency are just a pcrtion of the questions raised . A one-dimensional des
cription of tissl!e mechanics must logica l ly precede biaxial and three dimensional theore
tical treatments . In order to obta in a fundamental understand ing of how the various 
constituents of tissue interact to effect a composite response, most scientific investigation 
up to this time has concerned itse l f  with environments that m in im ized the external forces 
acting on the tissue . l t  is for this reason that the bulk of research presently ava i lable has 
deal t  with the behavior of soft tissue at phys iologic levels of stress and stra in rotes . 
Minimal information exists describing tissue reponse at traumatic leve l s  of stress and/or 
stra in  rotes common ly encountered in vehi cular accident situations . Tolerance information 
in general is empirica l ly based due to the lock of a theoretical framework to describe the 
vari ous ti ssue and organ systems. 

The existing l i terature on this subject is sparce and in some cases m is leading in its 
i nterpretation . Whi le extensive work has been done i n  the field of system response and 
tolerance, as evidenced in other sections of these proceed ings, 1 ittle has been accorrpl shed 
in defin ing material properties and mechanical response of isolated organs and tissues . A 
reasonable degree of sophistication is required in experimental design and laboratory 
apparatus employed . Control over tissue state {temperature , moisture content, etc . )  is 
necessary in excised specimen testing . Because of tissue's viscoelastic behavior, investi
gation over a broad spectrum of strain rotes is appropriate to ascerta in inertial effects at 
h igh rotes of l oad ing .  In vivo testing of tissue material properties requires that the sample 
be suffic iently isolated from adjacent viscera to exclude undesired constra ints . 

For purposes of c larity, this d iscussion w i l l  be l imited to investigation of skin and 
bra in tissue . Emphas;s wi l l be placed on skin due to its rel ative coverage in the 1 i terature . 
Moreover, in many respects it shares common analytica 1 approaches and experimental 
techniques with other soft tissue types . 

No attempt w i l l  be made to document a l l  the relevant work · i n  the l i terature as 
severa l excel lent sources are avai lable� Crisp {1970), Snyder (1 970) and Fung (1970) .  
Rather, the major analytica l approaches and experimenta l techniques wi l l  be d iscussed and 
pertinent works from these areas h igh l ighted . 

SK IN 

Al though great effort has been expended in  the rea lm of skin rheology, a governing 
stress-stra in relationship for soft tissue has not been establ i shed . Fung (1967) has proposed 
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a theoretica l out l ine for the description of the non-l inear response of soft tissue in simple 
e longation .  The out l ine was based on experimenta l resu lts obtained from tensi le  tests of 
excised rabbit mesen tery . lt was found that the hysteresis curve showed l ittle change when 
the stra i n  rate was increased, an order of magnitude (0 .0508 to 0 . 508 cm/min) leading 
Fungto concl ude that the irreversible portion of the stress-strain  law of biological material 
is not 1 inear viscoe lastic . The mathematica 1 formu lation worked we 1 1  when appl ied to 
publ ished dato on the series e lement of the heart, striated muscles and the skin at low 
leve l s  of stress . To accommodate the non- l inearities and stra in-h istory. characteristics of 
soft tissue he concludes, in part, that the car.wention of assigning a constant Young 's 
modulus of e lastic ity to a tissue is erroneous . 

Due to the large strains encountered in biolog ica l tissues new techniques of analy
ses departing from c lass ica l elastic ity theory are required . Veronda and Westmann (1970) 
uti l ized the princip les of fin ite elastic ity to develop un iaxia l stress-stra in relationships for 
large deformations in cat ski n .  The analyses used adm ittedly ignored the rate sensitive 
and an isotropic properties of the tissue, but corre lated wei l  with experimental tens i le  tests 
of the excised cat tissue . Jamison, et a l ,  (1968) discussed an experimental technique for 
obtain ing d iscrete viscoelastic mode ls of gu inea pig skin . The quick freeze technique 
devised by Marangoni et al (1966) (described later in this review) was used to prepare the 
excised tissue for testing . Creep testing performed on the tissue and the response found to 
be dependent on stress magnitude and time effects . Specimen samples whose in vivo 
orientation was orthogona l demonstrated an isotropic behavior . Moreover, a previous 
strain h istory dependence was found in load recycl i ng experiments . Their f ind ings con
cl uded that gu inea pig skin is an anisotrop ic non-l inear viscoelastic materia l w ith a memory 
of its previous stra in history . 

Dynamic response of bovine muscle tissue i n  compression was examined by 
McEl haney and Byers (1967) . A l  1 specimens were taken from the femoral shaft area of a 
s ing le animal . Samples were tested up to 3 days after excision . In  the interim they were 
refrigerator stored . Constant volume compression was assumed in computing the 
instantaneous stra in area of tissue . At stra in rotes approaching 1 , 000 sec-• the shape of 
the stress-stra i n  curve d id not exhbit a l  1 of the non-l inearities present at moderate rotes of 
stra in (1 - 100 sec -1 ) . They hypothesized that this was a resu lt  of the viscoelastic proper
ties of the muscle col lagen approaching those of the intrace l l u lar muscle f lu id .  

The structural response of human skin to uniaxial tension is described by Ridge and 
Wright (1 966) . Specimens comprised of human biopsy and autopsy material taken from the 
forearm and abdominal reg ions were exposed to rotes of extension from 0 .0125 to 3 . 20 inches 
/min . The extension process was divided into three phases; (1) the straightening out and 
orientation of the specimen col lagen fibers, (2) the extension of oriented fibers, and (3) 
yielding, as individual col l agen fibers broke down . The same authors ( 1965) found evi
dence that the stiffness of col lagen fibers tended to decrease in humans beyond age 40, 
a l though the col lagen contact of skin remained constant with increasing age . 

Unfortunately, i nformation regard ing the quantification of phys ica l parameters 
required to produce trauma in overlying tissue is minimal . Attention has been focussed on 
the breaking strength of experimental wounds, (Geever, eta l ,  (1966), G loser et a l  (1965) 



Beckwith et a l  ( 1963) Gadd, et a l  (1967) d iscussed the abi l  ity of skin and assoc iated 
underlying tissues to res ist breakage under slowly and rapidly app l ied load ing . A 
penetrometer device was devised to provide a means of pressing a hardened steel indenter 
of known d imensions through a tissue sample and obta in a reading of the force required for 
perforation . lt was hypothesized that skin fa i ls  more often in a tens i le  or cohesive manner 
than from a shearing or cutting action . In a later study, Nahum et a l  (1973) uti l  ized 
unembalmed human cadaver tissue samples and exposed them to impact loa.d ing between 
rigid para l le l  surfaces (1 . 0  in2 contact area) at stra in  rotes up to 630 sec-• .  Data 
obtained inc luded force-time history, coeffic ient of restitution and the load versus 
deflection hysteresis loop . A typical parietal sca lp specimen withstood a peak force of 
610 l bs .  at 0 . 150 inches of compression during an appl ied pu lse of risetime of 1 . 0 m il l i 
seconds . The resu lting visible crush was of the order of 0 . 5  to 1 mm. A technique to 
qual itat ive ly ind icate the cond itions necessary to produce lacerative facial  trauma was 
a lso described . Experiments were carried out over a period of days and tissue was 
refrigerated du ring the period between tests . 

Due to the empirica 1 nature of much of the research involving soft tissues it is 
advisable to exercise great care i n  experimental desig n .  Marangoni et a l  (1 966) demon
strated rad ica l d ifferences in maximum stress, stra in ,  and stiffness of guinea pig skin  as 
affected by the storage technique after tissue excis ion from the animal . Sections of the 
excised tissue were stored ' in constant temperature chambers at l . 6°C and 37°C .  Both 
chambers were at 100 per cent relat ive humid ity .  The thi rd group of tissue was rapidly 
frozen w ith 1 iquid nitrogen (- 224°C) and stored in a carbon dioxide cold storage chamber 
at -92 . 8°C .  At predetermined time i nterva ls  tissue was removed from storage, immersed 
in a 24°C sa l ine bath and subjected to uniaxial tensi le tests at a strain rate of 1 . 0 in/min .  
The maximum stress and stiffness of  the l .6°C and 37 . 8°C specimens showed an  in itia 1 
increase (150 and 260 per Cent I respectively I for the 37 • a0c SOmples) W ithin the firSt 
hour of storage whi le the opposite was true of the maximum stra in and work input 
characteristiCS (30 and 33 per Cent decrease, respectively I for the 37 , a0c Samples) • lt 
was concl uded that low temperature (1 iquid n itrogen) storage had the least effect on the 
mechan i ca l  properties examined . 

BRAIN T ISSUE 

Before an effective rationale describing the mechanism of traumatic head injury can 
be establ ished , a description of the material properties of the relevant tissues should be at 
hand (Goldsmith, (1966) .  Ommaya (1968) in an extensive search of the l iterature, d is
covered only three sources of information on the mechanica l  properties of bra in  tissue, 
(Franke, 1954), (Dodgson, 1962), (Koeneman, 1966 ) .  Since that time additional investi
gations have been completed and in itial results are now ava i labl e .  

Fal lenste in ,  et a l  (1969) measured the dynamic complex shear modu lus of i n  vitro 
samples of human bra i n .  Specimens from e ight human brains were subjected to sinesoidal 
shear stress input (9-10 Hz) provided by an e lectro-mechanica l  test device . Experimental 
parameters examined included , effects of time after death, refrigeration of material and 
shear strain dependence . Pre l iminary results of in vivo experiments on Rhesus monkey 
brain  were a lso offered . The dynamic shear modu lus was determined to fal 1 between 
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6 - I I  X 103 dyn/cm2 for human post-mortem tissue . This va lue is just below that 
obtai ned by von Gierke, et al (1952) for in vivo human muscular tissue . The ca lcu lated 
dynamic shear viscosity of 56-96 P bears the same relationship to von Gierke's data . The 
in vitro testing of human brain wh ich indicated h igh interne! damping correlated with in 
vivo testing of monkey brain  et zero blood pressure . In vitro storage was et a temperature 
of 3°C s ince prel iminary testing ind icated that gross changes occurred i

.
n the bra in modulus 

upon freezing . 

A viscoelastic study of sca lp, bra in  end dura was undertaken by Galford end 
McE l haney (1970) .  Human and Rhesus monkey brain were exposed in vitro to creep and 
relaxation experiments . Although instantaneous strains were of the order of 20 - 40 per 
cent du ring the creep tests the departure from 1 inear viscoelastic theory was sma I I ,  
supporting the ir conclus ion that brain can be considered a l i near v iscoelastic materia l .  
lt was not determ ined whether the difference in creep response between monkey end human 
bra in was due to d ifferent e lapsed time of testing following death . No s ign ificant differ
ence was observed in relaxation properties of human and monkey bra in  tissue . 

An in s itu comparison of l ive , dead , and fixed brain tissue in Rhesus monkeys was 
studied by Metz et al (1970) .  The experimental technique uti l ized the f luid inflation of 
a smal 1 e lastic cy l inder with in the brain tissue . The fluid pressure with the cy l inder was 
measured end thick wa l led e lastic cyl inder analysis was appl ied to the brain tissue 
al lowing computation of the tissue e lastic modulus . lt wfjs found that the modulus 
increased w ith stra in,  varying between 0 . 1  end 6 dyn/cm for l ive and dead tissue end 3 
end 14 dyn/cm

2 
for formal in fixed tissue . lt was conc luded that l i ttle change in elasticity 

occurs after death whi le the greatest change is apparent in the formal in fixed tissue . No 
mention was made of the time lapse between formal in perfusion and fixed tissue testing . 
The change in tissue stete es a function of time fol lowing embalming is we i l  known, there
by casting doubt on the un iqueness of the modulus val ues obta ined for forma l in fixed 
materia l .  Data gathered for l ive and dead tissue agreed we i l  w ith results obta ined by 
Koeneman (1966) end Galford end McE lhaney (1970) .  Post mortem density values of bra in  
dura end sec lp material for human end Rhesus monkey donors were reported by Berber, et 
al (1970) .  A total of 55 human subjects and 20 mon'Jeys were eval uated . Average 
density for human brain was given to be 1 . 081 gm/cm end 1 . 100 for monkey bra in tissue . 

A necessary adjunt to defining the bulk materia 1 properties of bra in  is a description 
of tissue fa i l ure modes as they relate to deformation fields within the bra in .  The numerous 
in vivo system investigations previously reported , and those now i n  progress, concerning 
the patho-physiolog ica l changes of the skul 1 and cranial contents when exposed to an 
abrupt change in acce leration field w i l l  be fu l ly understood only when the mechanism of 
loca l ized tissue fa i l ure is revea led . Much c l in ical information is ava i lable describing 
the gross tissue pathology resu l ting from impulsive load ing of the sku l l . Lacking, however, 
is a resolution of the physica l  mechanisms by wh ich brain tissue is rendered incompetent .  
Toward this end, two studies being presented at these proceedings are of relevance . 
Chal upnik, et a l  (1973) has examined the breakdown of the blood-bra in barrier as evidenced 
by the rupture of smal 1 blood vesse ls . Experiments were performed in vivo on Rhesus 
monkeys employing a rigid indenter to pred ictably deform the bra in tissue . Histologie 
s l ides of the deformed t issue were then eva l uated for the presence of free red blood ce l l s .  



The red ce l l  count was correlated with the imposed deformation gradient. 

The d isruption of the parasagitta 1 bridging ve ins was examined by lowenh ie lm, 
(1973) . Data was presented relating the e longation and e longation rate of bridging 
veins . Experiments were performed at various stra in rotes and the maximum elongation at 
rupture was shown to be highly time dependent. 

CONCLUSIONS 

Soft tissue in juries are the most common anatomic category of accidental trauma . 
This area has received l i tt le statistica l or experimental work due in part to ignorance of 
the epidemiologic factors and in part to lack of interest in  injury protection . Whi le 
superficial soft tissue in juries are rarely l ife threatening, they often constitute grave 
cosmetic defects with permanent psych ic effects . lnj uries to organs and organ systems 
with in  the three ma in body cavities are often l i fe threatening . These organs may share 
many s imi lar properties w ith these superfi cia l  tissues and lend themselves to sim i lar modes 
of analysis . With fu l l  knowledge of the w idespread occurrence of soft tissue in jur ies , 
increased studies of the i r  properties is mandatory . 

Evident from a review of the l i terature is the lack of information usable by those 
engaged in vehicular accident research . Work accompl ished to date, with few exceptions, 
has not treated the response of soft tissue to loading cond itions typical ly seen in automotive 
crash environments . 

S ince the viscoelastic characteristics of soft tissue dominate its response, further 
h igh strain rate experimentation is requ i red . Departing from the phys iologica l ly oriented 
tens i le  tests, further studies on the compressive loading aspects of over lying soft tissue 
would provide needed informat ion on the force attenuating and energy absorbing 
characteristics of skin and subcutaneous tissue . Also, how these parameters vary with 
respect to regional d ifferences in body tissue (e . g .  abdomen vs . sca lp) is not understood . 

Post-mortem t issue deterioration and its attendant effects on mechanica 1 properties 
has received l i ttle attention . Mechanical properties and the physica l  basis of fa i lure 
mechan isms of isolated organs (l ung , l iver, spieen, etc . )  are virtua l ly unknown . 

Much further investigation is needed before a biomechanical  understanding of how 
the human body responds to an impact environment is reached . 
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