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1.0 SUMMARY

In order to provide data on human tolerance to blunt abdominal impact
a literature study and laboratory tests were carried out to determine the
major causes of abdominal injury, injury mechanisms, a quantitative relation-
ship between input and occurrence of trauma and to develop the criteria
to recommend performance requirements for materials which often produce
blunt abdominal injury. An extensive analysis of case reports indicated
that the most frequent causes of blunt abdominal injury were the steering
wheel, seat belt and various protruding objects in a vehicle; the organs
mest often injured were the liver, pancreas, spleen and intestine.
However the results indicate that the vervet monkey (Cercopithecus
pvgerythrus) can survive (injury level of 3) blunt impacts to the upper
abdomen with the various impactors used at velocities up to 22 mph, while in

the midabdomen it can survive impacts of this type of approximately
26 mph and in the lower abdomen of 34 mph.



2.0 INTRODUCTION

This study was conducted to define and analyze abdominal injuries to
restrained and unrestrained vehicle occupants and pedestrians during
crashes. Injury types were associated with the trauma producing agent and
ranked according to the probability of occurrence. This aspect of the
study was based on a careful review of over 43,000 references to
abdominal impact cited in the literature. Twelve hundred documented cases
of blunt abdominal injury were tabulated and ranked according to cause
and frequency of occurrence. Three of the most probable causes of
abdominal injury were selected to be the steering wheel rim, seat belt and
any protruding round object. Controlled laboratory tests simulating these
causes were performed using 53 animals to aid in the prediction of the
probability of occurrence of abdominal injuries and to establish a
quantitative relationship between a measurable input and the occurrence of
trauma. These criteria were used to make initial recommendations for the
performance requirements for structures, devices and surfaces against which
there is a high probability of abdominal injury.



3.0 DEFINITION AND ANALYSIS OF ABDOMINAL INJURIES;
INJURY TYPES AND PROBABILITY OF OCCURRENCE -
LITERATURE REVIEW

An analysis of the Titerature revealed pertinent new information
on the types of injury which develop from various impact situations.
Because of the very large number of cases, such information has a higher
degree of reliability than any previous study of this type.

The data from over 1200 cases of abdominal injury are presented
graphically in Tables I through X. Each table is devoted to a particular
type of injury cause - e.g. lap belt, steering wheel, pedestrian,
motorcycle, etc. The injury patterns as to the site of injury can be
detected readily by a glance at each table. These patterns and their inter-
relatonships will be discussed below. An injury scale was adopted for
purposes of expressing this literature review based on graduations from one
to ten with the upper end of the scale rgpresenting the most severe injury.

3.1 INJURY SCALE

1. Bruise 4. Laceration
Abrasion Perforation
Contusion Rent

2, Ecchymosis Rupture
Hematoma Tear
Edema Fragmentation

) Adhesions 5. Avulsion

3, Cyst Transection
Pseudocyst Severance
Fistula Amputation
Mass 6. Herniation



7. Hemorrhage 9. Maceration

Occlusion Crush
Thrombosis Obliteration

8. Gangrene 10. Massive Hemorrhage
Necrosis and Shock = Fatal
Infarction

3.2 INJURY PATTERN AND MECHANISM

The analysis of lap belt injuries is presented semi-graphically in
Table I, Part A which depicts the trends of these injuries associated with
each type of impact. It is apparent from Table I, Part A that Tap belt
injuries primarily involve the small intestine. The degree of trauma varies
considerably but it can be assumed that minor injuries in this area, 1 to 3 on
the scale, would not generally be detected. Within the area of the small
intestine most injuries were located in the ileum or its mesentery.- Most
injuries were in the 4 to 5 range indicative of lacerations, rupture and
transection. There was markedly less trauma to the duodenum which is higher
and consequently less apt to be trapped under the seat belt as is the case
for the liver and spleen. There was however also less injury in the large
intestine which is usually directly under the belt. Most of the trauma in
this area was found in the sigmoid colon which is situated more in the
center of the abdomen and perhaps consequently absorbed more of the blow than
the laterally situated ascending and descending colon in which injury was
rare. A few injuries were also found in the caecum, where a rather abrupt
narrowing occurs at the entrance to the small intestine. The transverse
colon was free from trauma perhaps because of its superior position. The
mesentery of the sigmoid colon was frequently injured apparently because of
its attachments. The primary reason for injury to the caecum where the
small and large intestines join is likely to be due to a sudden build up
of pressure as the contents of the colon are forced away from the site of
impact. The sudden narrowing at this point, and a slightly weakened
muscular wall at their junction would seem to be a natural site for injury
to occur. The spleen and liver were also fairly common sites of injury
from lap belts. Such trauma must be due to wearing the belt too high or
else from a combination of lap belt-steering wheel impact. The danger from
such trauma lies primarily in the loss of blood from hemorrhage which may
be excessive before adequate surgical procedures can be implemented.

4



Injury patterns from the 2-point shoulder belt are presented in Table I,
Part B. The injuries are almost entirely in the more solid abdominal
organs or in the abdominal wall. Most injuries occurred in the liver and
spleen, followed by the kidneys.

Trauma from the 3-point belt (Table I, Part C) was similar to that
produced by the lap belt alone in that it involved the small intestine.
However thre pattern was different; most of these injuries from the 3-point
belt were in the duodenum while most injuries from lap belt were Tlocated
Tower in the ileum. It would appear that the 3-point belt produces trauma
across the line of contact. In addition, it is possible that the lap belt
is usually worn higher when worn with a shoulder harness. This might also
tend to increase injury to the duodenum. Table I, Part D presents
injuries from belts of unspecified types. Most trauma in this group is to
the small intestine.

Steering wheel-induced injuries constitute the next class to be
considered and results from 149 cases are presented in Table II. It is
immediately apparent from inspection of this table that most trauma from the
steering wheel is to the duodenum, pancreas, and liver. Such organs are
located in the upper part of the abdomen and are susceptible to blunt
trauma. The duodenum seems especially susceptible to injury, depending on
the direction of the forces as well as by the shape of the object. If the
yictim tends to submarine after the lower rim of the steering wheel is
deeply embedded into the abdomen, the upper abdominal organs including the
duodenum, pancreas, and Tiver may be subjectedto vertical tearing forces in

addition to the crushing forces produced by Tateral movement into the
steering wheel rim. Such motions would explain injury to the duodenum

and pancreas, both of which are relatively fixed and consequently subject to
the effects of shearing forces.

Injuries to pedestrians are collated in Table III. A marked shift
in injury patterns is immediately apparent. Most pedestrian abdominal
trauma is to the more solid organs - spleen, liver, diaphragm, kidneys and
pancreas with Tittle to the small intestine and almost none to the
large intestine. Injuries to the diaphragm and spleen are the most
prominent, A higher percentage of the pedestrian cases were fatalities due
to abdominal injury than was the case for the seat belt or steering
wheel impacts. Such a higher mortality rate may in part influence the



evaluation of the injuries, i.e., autopsies are generally more

thorough than surgical examination. In addition some injuries become
obvious only after some delay while sequelae and/or scar tissue develops.
Most lethal injuries do not allow for such a delay before examination.

The more detailed reports of injury kinematics are collated in Table IV.
Table IV, Part A gives the injury pattern resulting from dashboard impacts.
Most of the trauma in this group of 11 cases was to the Tiver, which might
be expected because of the Tocation of the dashboard relative to the
abdominal contents. Other injuries to the head and thorax are probably
more commonbut have not been considered in this report on abdominal impact.
Table IV, Part B presents data on armrest-induced injury. The spleen is the
target organ for most injuries from this impact, but the Tiver and kidney
3lso are injured fairly often. Table IV, Part C presents four cases of
trauma to rear seat occupants who sustained injuries to the diaphragm,
liver, spleen, and pancreas. In Table IV, Part D, 43 cases of injury from
miscellaneous causes are collated with detailed kinematic descriptions of
the car crash but no information on the object causing the injury. Injuries
in these cases are primarily in the liver, diaphragm, spleen and kidneys.

Bicycle injury cases are given in Table V; bicycle-auto accidents are
collated in Table V, Part A. The injury pattern is fairly evenly distributed
over the range of solid abdominal organs and the small intestine. The
greatest amount of trauma was to the spleen, Tiver and pancreas. Bicycle
handlebar injuries (42 cases) are shown in Table V, Part B. Trauma was
bredominate]y to the pancreas and duodenum with some to the jejunum.
Apparently this slower impact produces tears especially in the pancreas.
Injury to the duodenum, while common, is less severe than that to the pancreas.
Miscellaneous bicycle injuries given in Table V, Part C are mostly to the
spleen.

Reports of motorcycle accident cases are shown in Table VI. The injury
pattern is predominately in the area of the more solid organs - liver, spleen,
and pancreas - and in the duodenum.

Trauma from ejection from a moving vehicle (Table VII) is also pre-
dominately to the more solid organs - the spleen and liver are particularly
vulnerable. There was also some trauma to the duodenum and other organs.

This trauma pattern contrasts sharply as might be expected with steering wheel-



induced injuries which are primarily to the duodenum and pancreas and also
with belt-induced trauma to the smal] intestine. The ejection injury

pattern involving the liver and spleen is closer to that resulting from motor-
cycles (Table VI) which perhaps are also primarily ejections. The dash-

board (Table IV) and pedestrian (Table III) injury patterns are

similar to that caused by ejections but include injury to the diaphragm.

The injury pattern from bicycle accidents (Table V), however, differs
considerably with most of the injury occurring in the pancreatic-duodenal
region. Thus there is a large range of injuries with markedly different
trends.

Blunt abdominal crushing trauma as occurs from low velocity accidents
such for example as a pedestrian caught between the tailgate of a truck
and a loading dock, is presented in Table VIII. Such injuries are diversified
involving about equally the more solid organs and the small intestine.
Injuries were more prevalent to the liver, duodenum, diaphragm, pancreas,
stomach and jejunum. There was no major trend evident except the absence of
trauma to the large intestine.

Tables IX and X show trauma from unspecified impact objects in vehicular
accidents and other miscellaneous injuries. Results from Table X,
miscellaneous vehicular blunt abdominal trauma, show that most such injuries
were to the more solid abdominal organs and especially the spleen and
Tiver, Table IX, showing injury patterns from unspecified causes, indicates
that the injuries are pirmarily to the spleen, diaphragm and liver. A complete
tabulation of the data from the cases described in this section is presented
in Table XI.
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3.3 SUMMARY AND CONCLUSIONS OF THE LITERATURE REVIEW

A summary of the data from 1,200 cases of abdominal injury is shown
in Table XIT. Each "X" represents a 10% frequency of injury to an individual
organ from a particular cause. Most injuries with all causes included
were to the liver, spleen, duodenum, pancreas and diaphragm in descending
orderof frequency. Considering specific causes, injury to the liver was
common in every group, and the spleen was injured from everything except
the steering wheel and bicycle handlebar. The lap belt produced injury to
the Tower small intestine - the jejunum, ileum and ileal mesentery -
presumably because of the Tower location of the impact. The higher part of
the small intestine - the duodenum - was injured by the 3-point belt, the
steering wheel, and the bicycle handlebar, and in motorcycle, ejection and
compression accidents. Trauma to the pancreas resulted from steering wheel,
pedestrian, bicycle-auto and bicyc]e—hand]ebar, motorcycle, and compression
impacts, Injury to the kidney occurred in pedestrian, dashboard, afmrest, and
ejectin induced trauma. The diaphragm was injured in the pedestrian, armrest,
motorcycle, compression and unspecified groups. An injury pattern to the
1iver, spleen and duodenum was caused by the 3-point seat belt and motorcycle
ejection accidents.

Definite trends are present in the injury patterns from 1,200 cases
of abdominal trauma. Although the reason for such trends is not always clear,
the most common reason seems to be simply a matter of anatomical Tocation of
specific abdominal organs in relation to the site of the impact. Most mid-
abdominal impacts strike in the region of the Tiver which is very large and
is most often injured. Lower lap belt injuries occur to the lower anatomical
structures, the ileum and jejunum. The large intestine is rarely injured
perhaps, partly because of the protection offered by the pelvic girdle.
The spleen, pancreas, and duodenum are frequently injured and they too are
located at prominent mid-abdominal sites. The major results of this
extensive literature search are presented in Figure 1 showing the liver, spleen,
duodenum and pancreas to be major sites of injury. Lap belt injuries are
anatomically Tower in the ileum and jejunum. The liver, spleen and duodenum
are frequently injured together; this is true for impacts from the 3-point
lap belt, motorcycle and ejection injuries.
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This analysis of the literature deals exclusively with injury to
specific abdominal organs because that is what was reported and
available for our review. Yet it is very likely that the greateét number
of deaths from accidents involving abdominal injury were more directly
due to hemorrhage and respiratory problems. Hemorrhage is usually from an
injured abdominal organ but the cause of death is not the injury itself,
but circulatory shock from the loss of blood. The second major cause of
death is that of respiratory complications causing asphyxia. Such complications
result from abdominal injury alone or in conjunction with other injury.
Such problems can be due to airway blockage or neurogenic lung stiffness
making breathing difficult. Both such factors - hemorrhage and respiratory
complications -occur immediately at the scene of an accident, often have
fatal consequences,, and deserve additional extensive investigation.
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4.0 MECHANISMS OF INJURY - LITERATURE REVIEW

The two major causes of death from abdominal injury are: (1) hemorrhage
from any highly vascular organ - liver, spleen, pancreas or the omentum, and
(2) respiratory complications acting to reduce the air supply. Both of these
effects of trauma are immediate threats to survival. While little can be
done by ambulance emergency crews to treat internal hemorrhage, pulmonary
problems can be reduced by the administration of positive pressure ventila-
tion and by clearing the airway to lessen the T1iklihood of a respiratory
death. Such effects - hemorrhage and respiratory complications - are usually
additive to the effects of other injuries which result from a car crash.

The other general categories of injury which are life-threatening if not
diagnosed and treated include laceration or bursting of the gastro-intestinal
tract; severe pancreatic trauma; and laceration of the gallbladder or any
other structure where injury to the organ itself impairs function or allows
the contents of such an organ to spill into the abdominal cavity, permitting
a secondary infection to develop. While the latter category of injuries may
result in delayed complications, surgical treatment is often effective.
Surprisingly, however, the literature has little to say about the first two
categories; the emphasis is extensively on injuries to specific organs.

The reasons are clear - most clinical reports are based on autopsies or
surgical repair procedures. Both tend to emphasize the lesions to specific
abdominal organs which are evident in this kind of postmortem or surgical
examination. Thus this Titerature review necessarily will deal mostly with
injury to specific organs but will include a special section devoted to
hemorrhage and respiratory problems.

4.1 INJURY TO THE PANCREAS

Sudden high velocity blunt impact to the abdomen results in rapid
movement of the mobile abdominal viscera from the high pressure center of
impact to the relatively low pressure peripheral areas. The majority of
pancreatic injuries are apparently due to blunt trauma usually from the
steering wheel (Thal and Wilson, 1964), with some others from bicycle
accidents. A common mechanism was suggested for such traumatic injury. The
head and body of the pancreas and the second portion of the duodenum are
firmly fixed to the posterior parietal wall; while the liver, protected by
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the lower rib cage, is abruptly displaced upward and the hepatic flexure of
the colon downward. With the liver and the colon traveling in opposite
directions away from the pancreas and duodenum, there is a tendancy toward
rupture of the common bile duct and gastro-duodenal artery, and horizontal
tearing across the transverse mesocolon with injury to the middle colic
vessels. The impact over the body of the pancreas and the tension to the
superior mesenteric vein results in separation of the tissue plane between
the body of the pancreas and the superior mesenteric vein,

The symptoms and signs are related to the crushing trauma inflicted on
the head of the pancreas and to the shearing effect on blood vessels and the
biliary tract as the liver and colon are pushed cephaled and caudad
respectively. Surgery is required for adequate repair. While some of the
literature suggests that pancreatic injuries are not very common, extensive
damage frequently has been reported to result from steering wheel impact
(Thal and Wilson, 1964). Our own experimental work cited in this report
suggests that such injuries may result from any high abdominal impact such
as might be produced by a seat belt or steering wheel. Additional evidence
is presented in the specific literature review section.

4.2 GENERAL MECHANISM OF INJURY TO THE SMALL BOWEL

Injury to the small bowel may be caused by:

(1) Crushing of the small bowel between the anterior abdominal
wall as it is forced inwards and the vertebral column, ribs or pelvic bone.

(2) Tearing from an obliquely applied force with the result that
the bowel is torn loose from its attachments to the posterior abdominal wall
or mesentary.

(3) Compression causing bursting of the bowel as a result of a
sudden force applied to a gas or fluid-filled loop of the bowel.

(4) Deceleration suddenly may result in shearing and tearing as
the bowel moves relative to the body.

(5) Blunt force may rupture a major vessel in the mesentery or
cause a hematoma within the mesentery which infarcts the overlying bowel.
(Cantor, 1970).

The term "whiplash abdominal injury" has been used recently (Berardi, 1969)
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to refer to injuries to the small intestine resulting from shearing forces
which develop during sudden deceleration. The small intestine is relatively
viable being attached to the mesentery. The vessels and particularly the
arteries in the mesentery, however, impart to it a certain "stiffness" which
resists sudden deformation. According to Berardi, because of the torturous
route of the intestine, a whip-like motion can be given to the mesentery
which may rupture certain of the vessels. Presumably the force of the im-
pact or deceleration would influence the degree of vascular rupture and
extent of subsequent hemorrhage or gastro-intestinal complications. The
main characteristic of such a "whiplash abdominal injury" is given as no
direct contact with the abdominal wall. Such an explaination seems possible
to me but unlikely in the laboratory where the impactor strikes and deeply
penetrates the abdominal wall. We found no mesenteric injury except directly
under or adjacent to the point of impact. However, this would not entirely
rule out some whiplash effect.

4.3 DUODENUM

Duodenal rupture in blunt abdominal trauma is a severe injury unless
adequately diagnosed and surgically treated. Only approximately 5% of patients
operated upon for blunt abdominal trauma have a duodenal injury (Roman, et al.,
1971). Although this makes such an injury seem unusual when all types of
car crash injuries are considered, our own literature review shows that steering
wheel impact frequently does cause injury to the duodenum. The duodenum
lies in the depth of the peritoneal cavity protected by the liver, lower rib
cage and vertebral column. This anatomic advantage does not, however, offer
complete protection.

The mechanism of duodenal injury may be threefold (Roman, et al., 1971).
First, the anterior abdominal wall is pushed posteriorly to the spine. The
second or third portions of the duodenum may be thrust to the right in con-
tinuity with the head of the pancreas while the first or fourth portions move
to the left with the stomach or proximal duodenum. Second, intraluminal
pressure may become suddenly increased as the pylorus and ligament of Trietz
become occluded forming a closed loop with resultant blowout. Such a mech-
anism was considered unlikely by Roman et al. (1971) in light of experimental
tests using dogs where blowouts induced by injection of saline solution or
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air were quite different from those found clinically. Such tests produced
pin-point perforations at the proximal or distal level of the duodenum in
contrast to clinical injuries which were transverse lacerations of 50% or
more of the duodenum. Third, the impact may create a tearing or shearing
force at the site of a junction between fixed and mobile parts of the
duodenum. The third possibility seems most 1ikely in lieu of the transverse
tears observed clinically. It should perhaps be noted here that in our own
laboratory experiments no duodenal injury aside from minor contusions of the
wall was found. The possibility exists, of course, that such a contused
area could over a period of days develop into a small perforation.

Another type of injury observed clinically some time after blunt
abdominal injury is that of an intramural hematoma. A hematoma in the wall
of the duodenum may slowly expand and partially or totally occlude the lumen
producing effective obstruction (Freark, et al., 1966). Such damage may
not be apparent shortly after injury, even at autopsy, because such a hema-
toma may develop slowly. ‘ T

4.4 COLON

Injuries to the colon rerely result from non-penetrating trauma (Kennedy,
1960). In our laboratory work, occasionally there was evidence of minor
contusion to the wall of the Targe intestine. Tears may develop which can
eventually result in perforation.

4.5 URETER AND BLADDER

Injury of the ureter and bladder from blunt abdominal trauma is rare.
Rupture of the bladder is frequently associated with pelvic fractures which
do not fall directly into the area of abdominal impact.

4.6 ABDOMINAL WALL INJURIES

The abdominal wall is usually the direct site of impact in such traumatic
injuries. The rectus muscles and blood vessels in the wall may be injured as
a result of being struck by the impacting object, especially if clothing is
light and the object unpadded. Seat belts can also produce abrasions to the
abdominal cavity as can the steering wheel if the victim moves vertically
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during the deceleration. While the primary symptom is pain, pulmonary
complications can occur as a result of sympathetic nerve stimulation which
is of consequence when combined with other injuries. Our Taboratory tests
showed 1ittle evidence of such injury to the wall of the abdomen.

4.7 LIVER

The mortality in non-penetrating wounds to the liver is high if the
effects of hemorrhage alone are included in such estimates. A 40-60%
mortality rate has been estimated by Hellstrom (1966). However, over half
of these cases were dead on admission suggesting that hemorrhage or blood
loss into the abdominal cavity with subsequent shock was an even greater
cause of death.
In addition to hemorrhage into the abdominal cavity, a number of other
results of blunt trauma to the liver were cited by Hellstrom (1966) and
serve to point out that the mechanisms of Tiver injury do not only involve
the liver itself, The central nervous system may be involved in blunt
abdominal impact in the region of the liver. Compression of the Tower
thorax or upper part of the abdomen may result in traumatic asphyxia (Moritz,
1954), a condition characterized by petechiae, mainly on the face, combined
with intraocular hemorrhages. According to Moritz, this is due to rapid
displacement of blood from the right atrium and valveless superior vena
cava. Intracranial hemorrhage was also a frequent result of blunt trauma
to the liver. The occurrence of cerebral microaneurysms may be an additional
consequence of such rapid shifts of blood towards the head. Such distur-
bances in cerebral circulation often occurred with traumatic asphyxia which
suggests centrally induced pulmonary cemplications of nervous origin. While
Hellstrom (1966) suggests a vagal mechanism, recent work by (Beckman et al.
1971) demonstrates a sympathetic influence to be a more likely causal mechanism.
Cardiac lesions in the absence of direct trauma may occur either as a
result of sudden displacement of the heart or by a sudden increase of intra-cardiac
pressure. Rupture of the right heart may occur as a result of cranial ventricle
displacement of the heart and a sudden increase in pressure resulting from
blunt impact to the liver. Bright and Beck (1933) showed in dog experiments
that acute cardiac dilatation occurred on sudden compression of the lower
half of the body. The major finding was that of epicardial hemorrhage.
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Circulatory failure also may result from myocardial ischemia induced during
the shock phase, most likely by a neurogenic mechanism (Beckman et al., 1971).
Another cause of reduced myocardial function may be post-traumatic blood cell
aggregation. Although such effects are often delayed at least for a few

hours after the injury, it may be assumed that myocardial function is reduced
after trauma to the liver. Our own experimental work demonstrated marked

ECG changes after such injury which are indications of at least temporary
cardiac impairment.

Aortic rupture occurs clinically in 35% of the cases of liver rupture
(Hellstrom, 1966). Such aortic rupture was not found, however, in our own
laboratory work, perhaps because the forces involved were excessively high.
Two factors predominate in the literature to explain the mechanisms of
aortic rupture:

1. Stretching of the aorta, in a cranial direction,'as a result
of a direct decelerative forces (Hass, 1944); (McKnight et al, 1964).

2. A sudden increase in the aortic blood pressure (Oppenheim,
1918; Gable and Townsen, 1963).

3. A combination of these (Thorin, 1958; Moritz, 1954 ; Lundevall,
1964). The third possibly seems most likely, with stretching of the aortic
wall making a pressure blowout more Tikely to occur.

While pathogenesis of pulmonary changes will be considered as a
separate topic, its relation to blunt injury to the liver will be considered
here. Pulmonary hemorrhage which easily can be detected at autopsy may result
}rom a direct blow to the lower thorax or upper abdominal region or from an
increase in pulmonary vascular pressures resulting in extravasation of blood
(Hass, 1944; Beckman and Bean, 1970). It perhaps may be assumed that the
sudden rise in pressure which was shown by Bright (1934) to occur in the
right heart in association with abdominal injury may propagate into the lungs
and give rise to capillary ruptures. The recent work of Beckman et al. (1971)
suggests an additional neurogenic mechanism for such lung changes. The
sympathetic nervous system, which is most likely stimulated during abdominal
impact (also found occur during mechanical head injury, Beckman and Bean,
1969), was shown to directly alter the surface 1ining of the alveoli of the
lung which in turn results in the development of a "wet lung" with decreased
compliance.
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Liver lesions resulting from blunt trauma may be divided into the
following groups (Sandblom, 1948).
1. Ruptures through the capsule and the parenchyma
2. Subcapsular lesijons
(a) Subcapsular hematoma
(b) Subcapsular rupture
(c) Central rupture
Central ruptures are considered to be as common clinically as capsular ruptures
(Sandblom, 1948). Because of their location in the interior of the liver
they do not give rise to hemorrhage and bile leakage into the peritoneal
cavity and as a result, many such internal injuries apparently go undiag-
nosed. While some ruptures heal others cause abcesses with future complica-
tions.
Fatality following blunt trauma to the Tiver is most likely due to one
or a combination of the following:
1. Direct damage to the liver -
Hemorrhage
Pulmonary complications

2

3

4. Disturbance in the physical properties of blood

5. Shock (induced neurogenically or due to blood loss)
6

Disturbance of cardiac rhythm

It is concluded that the mechanisms of injury from blunt trauma to the
Tiver involve many factors but that the prominent ones are: (1) rupture of
the liver, (2) hemorrhage, and (3) pulmonary complications. The latter two
especially deserve additional emphasis and investigation.

4.8 GALL BLADDER

Rupture of the gall bladder from blunt trauma is rare (Kennedy, 1960),
and therefore will not be given special consideration as to possible injury
mechanisms.

4.9 KIDNEY

The kidneys are protected from injury by the lower ribs, the spine, the
Tumbar muscles and the abdominal viscera. The incidence of serious injury to
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the kidney from blunt trauma is not high (Kennedy, 1960) but still many cases
have been cited in the Titerature. The effects of trauma are usually direct
by hydraulic compression, although occasionally they are indirect. In most
cases of renal injury, the impact is over the kidney anterially, posterially
or laterally. The most common injury from blunt trauma is to the surface

or perinephric fat involving hemorrhage and the possible development of cal-
cification or a cyst. Injury to the kidney itself may in the form of contusion show
(very common in our own laboratory experiments), laceration, or a combination
of the two. Lacerations are mostly on the surface, but occasionally are

very deep. Most lesions heal spontaneously without serious after-effects
(Kennedy, 1960).

4.10 SPLEEN

Rupture of the spleen from blunt abdominal impact reportedly is fairly
common and can be very serious when it does occur because of rapid excessive
blood loss. While in our own experimental work lacerations to the tip of
the spleen were often found on postmortem examination, such effects may be
partly artefactual having been caused by the edge of the impactor or sled.
Rupture or laceration is due primarily to direct trauma to the spleen. Our
literature review indicates that injury to the spleen is a common consequence
of pedestrian accidents, ejection, and motorcycle injuries and from impacts
involving a car occupant striking a dashboard or armrest. The lap belt also
is an occasional cause of injury to the spleen.
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5.0 EXPERIMENTAL STUDIES OF ABDOMINAL TRAUMA

5.1 INTRODUCTION

The literature review indicates that the most frequent causes of blunt
abdominal injury were the steering wheel and the lap belt; the organs most
often injured were the Tiver, pancreas, spleen, and intestines. Based on
this information a series of animal abdominal impacts were designed to study
the relationship between shape and type of impactor, velocity of impact, body
region impacted and injury Tevel.

The (Cercopithecus pygerythrus) vervet monkey was choosen as the primary

test animal for this study. The monkey has been found to be a very good
research animal for abdominal studies because of its great similarities to
man. The second animal used in this study was the (Sus scrofa) mini-pig.
His torso weight can be made comparable fo man's, thus allowing more réa1istic
impact forces for scaling to man.

Fifty-three animals were exposed to controlled abdominal impacts for
quantative determination of input versus occurrence of trauma. Three
of the most probable causes of abdominal trauma were selected as the
steering wheel which was represented by a metal plate for controlled test
purposes, the seat belt which was scaled to the general size of the animals
~tested, and various objects such as the armrest, gear shift, etc. represented
by a round rigid impactor. Vervet monkeys were exposed to each of these
impactors and 15 pigs to the round impactor.

5.2 TEST METHODS

5.2.1 Vervet Monkey Front Abdominal Impacts. The test animals were housed

in the Biomedical Laboratory's vivarium of the Highway Safety Research Institute
for a minimum of two days. During this time the animals were examined and
their physical condition recorded. This pre-impact physical was then compared
to the post-impact physical and used in evaluating the extent of injury.

The animal to be tested was anesthetized with 30 mg/kg of ketalar [d1
2-(0-chlorepheny1)-2-(methylamino) cyclohexanone Hydrochloride]. This drug
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is a rapid-acting general anesthetic producing an anesthetic state character-
ized by profound analgesia, normal pharyngeal-laryngeal reflexes and normal
or slightly enhanced skeletal muscle tone. With this drug the post-impact
state of consciousness can be determined. The good muscle tone provided by
this drug made the test conditions more realistic and representative of the
responses of the alert animal.

After the animal is fully anesthetized, he is shaved and targeted for
high speed photographic analysis. The animal was then taken to the impact

room where EKG, respiratory rate and reflex state were recorded. A complete
set of anthropometric measurements were then made of each test animal. The
test animal was seated on a bench type seat and supported by surgical thread
through the ears. This method of support makes the animal essentially a
free body. It was found to provide reproducible results and eliminated the
complicated boundry conditions of a seat or sling.

A1l impacts were carried out by a pneumatically operated testing machine
especially constructed for impact studies (Figure 1). The machine consists
of an air reservoir, and a ground and honed cylinder with two carefully
fitted pistons. One, the transfer piston, is propelled by compressed air
through the cylinder and transfers it momentum to the impact piston. A
striker plate, attached to the impact piston, travels a distance of about four
inches, when an inversion tube absorbs the energy of the impact piston and
halts its movement. The stroke of the impactor was controlled by its
initial positioning and its velocity was controlled by the reservoir pressure.
The impactor was instrumented with an accelerometer and an inertia compensated
force transducer. High speed motion pictures at 5000 fps were taken for
photographic analysis (Figure 2).

5.2.1.1 Sled Test with Lap Belt and Air Bag. Four sled tests were conducted
using the HSRI small high velocity sled facility. This facility is capable
of powering a 25 pound sled to a velocity of 60 mph. High speed motion
pictures (up to 10,000 frames per second) are synchronized with the sled's
motion to obtain the test animal's body kinematics. Sled acceleration and
belt loads were recorded on an oscilloscope (Figure 3).

The test animal was belted to the sled by a one inch nylon seat belt
pulled tight over the Eminentia IT1iopectinea (Figure 4). The belt was
varied from this position up to the iliac crest, in a series of four sled
runs. .
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With the use of lap belts the animal is slammed onto the floor or
some stopping surface in front of him under the sled deceleration. As a
result of this secondary collision injuries not associated with the belts
have been reported by researchers. To avoid this problem a small preinflated
air bag was positioned in front of the test animal. This air bag was equipped
with an adjustable pressure relief value so a precise ride down of the sled
could be obtained (Figure 5).

5.2.1.2 Abdominal Impacts. The body impacts were carried out with
two types of impactors. The first was a rigid impactor weighing

22 pounds consisting of three different contacting surfaces. Each
contacting surface was 8 inches long (this was to insure total body
contact) and 1/2, 1 and 2 inches in width respectively (Figure 6).

The second type impactor consisted of a belt stretched between two
supports (Figure 7). Three different size belts were used: 1/2, 1 and 2
inches for comparison with the rigid impactor tests. T

Contacting force and pulse duration was recorded on an oscilloscope.
Impactor velocity was determined from the high speed movie analysis.

The animals were positioned to 1imit the depth of penetration to
approximately 50% body width, and a one-foot thick soft foam pad was
arranged to prevent injury after impact.

There were three impact locations on the midline of the body. The
first was midway between the base of xiphoid process and the transpyloric
plane approximately 20% down from the base of the xiphoid process to the
iliac crests. The second impact location was midway between the transpyloric
plane and the transtubercular plane approximately 53% down from the base of
the xiphoid process to the iliaccrests. The third impact location was
in the transtubercular plane approximately 81% down from the base of the
xiphoid process to the iliac crests. These percentages mark the center
contact point for each impact test.

The animal was impacted at one of the predetermined impact points and
the injury evaluated. If the injury was not serious, then the next
animal was impacted at the same location but at a higher velocity. This
procedure was continued for each impact location and each impactor
(Figure 8 and 9).
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5.2.2 Mini-Pig Front Abdominal Impact. The mini-pig front abdominal impacts
were carried out using a single impactor. This impactor weighed 30 pounds

and has a 3 inch diameter circular impacting surface. The pigs were
supported by a rope around the back and under the front legs, again making
the animal essentially a free body. The impactors depth of penetration was
preset at approximately 3 inches.

Three impact locations were located on the right and left midclavicular
lines. Each of these impact locations were 15%, 30% and 45% respectively
down from the base of the xiphoid process to the iliac crests. The same
instrumentation used in the monkey test set-up was used in the mini-pig test.

5.2.3 Biomedical Data Collection. Gross autopsy was conducted in the

Autopsy Laboratory, especially equipped for dissection. Autopsies were
conducted as a blind study, according to accepted research procedure, with the
investigator conducting the gross autopsy having no knowledge of physical
data on the intensity, location of impact, or circumstances of each test.
Careful anatomical dissection of the head, face and neck tissues, where

head impacts occurred allowed discrete identification of many sites of
vascular failure. When gross trauma was found it was photographically
recorded using a specially modified Pentax camera with close-up lens,

either in situ or as an isolated entity to provide a permanent record of the
injury. Tissues were saved from all major organs for further histopathologic
examination. A typical copy of the autopsy report form used for each

subject is included in Appendix A. Weights of major organs were obtained,
including the heart, brain, lungs, liver, spleen, pancreas, adrenals, and
kidneys. Each autopsy report includes gross and microscopic pathology,
anthropometry, pre- and post-impact radiographs, color photographic
documentation of dissections, injuries and the animal test preparation.
Isoenzyme determinations in the case of larger primates were also made.
Included are all background information relative to the history, case, and

any medication of the particular subject.

It should be noted that no animal carcass was destroyed post-autopsy
without making an effort to more fully utilize the remains within the
Medical School community. In this connection, some 12 departments received
carcass materials which were of direct benefit to other medical research
studies in progress. Some examples included the testis which were used by
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the Department of Gynecology and Obstetrics for hormone studies, thighs by
the Department of Surgery for fascia graft experiments, and other 'discarded’
materials were received by the Human Growth Center, Department of Anatomy,
Department of Opthamology, Department of Otorhinolaryngology, Department of
Pathology, Kresge Hearing Research Institute, Department of Anthropology,
University of Michigan Museum, and hands and feet were used for a study of
dermatoglyphics by the School of Public Health investigators. Thus, the
animal subjects were optimally utilized in respect to all animal utilization
codes of ethics.

Tissue specimens were prepared in the HSRI Histology Laboratory for
microscopic examination. Fixed in a solution of formalin, the specimens
were dehydrated with alcohol, cleaned, infiltrated and finally imbedded
in paraffin. The paraffin blocks were placed in the microtome and tissues
were sectioned at a thickness of 5 microns, using an A0 Spencer 820 microtome
and mounted on a glass slide. Various stains were used, but in the case
of brain tissue some slides for each subject were prepared with Gallocyamin
stain for Nissl substance, since early dissolution of Nissl substance has been
found to occur subsequent to nerve cell injury.

Microscopic examination and study of the tissue preparations was
accomplished with an AO Spencer Series 10 microscope using 4X, 10X and 45X
objectives with trinocular body, vhich permits the use of a Pentax H/A
camera for microphotography. Histopathology was evaluated by specialists
from the University School of Medicine. These included Dr. Thomas Johnson,
Dr. Paul Gikas, Dr. Thomas Sodeman from the Department of Pathology, and
Dr. Gary Boorman from the Unit for Laboratory Animal Care. As a further
check on interpretation, selected brain tissues were submitted for evaluation
by two additional pathologists experienced in infra-human brain pathology,
Dr. Weatherbee, Chief of the U.S. Veteran's Hospital Pathology Department
at Ann Arbor, and Dr. G.T. Price, pathology consultant. A difference in
brain histopathology observations as well as interpretation is not unusual
among pathologists, and the submission of critical tissue specimens to more
than one pathologist without the knowledge of the other was intended as a
check to decrease the chances of missing any pertinent pathology, as well
as alert us to any specific cases where there might be a difference of opinion
as to pathological interpretation. A similar procedure was also followed in
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the final interpretation of injury severity related to both gross and micro-
scopic findings, with separate ratings made by two researchers experienced in
infra-human primate injury investigations. Interpretations and scoring was
consistently within 1/2 scaling point; giving considerable confidence to
our final scaling design. The following is the 5-point injury scale used
to rate the injury of all test animals.

1. No injury - minor injury.

2. Recoverable injuries (these may be severe, but non-dangerous

to Tife).

3. Marginal as to whether injury is irreversible (i.e., results in

permanent disability of function or structure).

4. Serious injury, non-reversihle, probably not survivable.

5. Fatal trauma.

5.3 RESULTS

5.3.1 Results of Vervet Monkey Abdominal Impacts. The results of the vervet

monkey abdominal impact tests are given in Table XIII. The force/area
column in this table was determined by dividing the peak impact force by

the area of the impactor in contact with the animal. The contacting

area for the rigid impactor was found by multipling the impactor's width by
the diameter of the test animal at the point of impact, while the contacting
area for the flexible impactor was based on the half circumference of

“the test animal at the contact location.

The injuries seen in these impact tests were quite similar to those
seen clinically in automobile accidents.

The injuries associated with the rigid impactor were quite similar to
steering wheel rim injuries. The liver, spleen, and pancreas were generally
involved in this type of impact (Figure 11).

The injuries observed in the flexible impactor experiments were very
similar to lap belt injuries described in the literature. These injuries
were generally to the liver, stomach, jejunum, and ileum. A1l of these
observed injuries involved tears or ruptures of the organs involved (Figure 12).
Three impact areas were established. These were the upper abdomen which
was centered 20% of the distance from the base of the xiphoid process to
the iliac crests, the midabdomen which was centered midway between the

89



xiphoid process and the iliac crests and the Tower abdomen which was centered
81% of the distance between the xiphoid process and the iliac crests.

There was 1ittle difference between the results obtained with the flexible
impacts and the rigid impactor. This was probably due to the very Tow
stiffness of the abdominal region. The impactor stiffness would have to
be of the same order of magnitude before any significant influences would
occur.

The average pressures varied over a wide range for both location and
velocity. It must be recognized that this was a pilot study of experimental
abdominal impact and many more species of animals must be studied before
sufficient data is available to develop scaling relationships that would
allow extrapolation to man. However the results indicate that the vervet
monkey (Cercopithecus pygerythrus) can survive (injury level of 3) blunt
impacts to the upper abdomen with the various impactors used at velocities up

to 22 mph, while in the midabdomen it can survive impacts of this type of
approximately 26 mph and in the lower abdomen of 34 mph.

5.3.2. Sled Tests Vervet Monkey. Four sled tests were performed with the
animal seated in a scaled chair and lap belted. Sled pulses ranged from
20 to 40 g's with durations from 100 to 120 milliseconds. The sled pulse
used had a very carefully arranged square profile. No serious injuries were
observed. Belt load cell indicated peak forces of from 340 to 490 pounds
resulting in average lap belt bearing pressures of from 68 to 115 psi.
“Although plans have been made to extend the capacity of this sled, at the
time of this writing the maximum pulse capability was 40 g's for
120 milliseconds. Injury levels of 1 and 2 were observed indicating that
this primate can withstand at least this level of loading provided the head
is well protected.

5.3.3 Results of Mini-Pig Abdominal Impacts. The results of the mini-pig
impact experiments are presented in Table XIV. The force/area column was
determined as described above.

The injuries seen in this study were very localized. Clinically these
injuries resembled injuries received from blunt objects in the car, for
example, the gear shift Tever (Figure 13). The mini-pig proved to be an
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excellent animal for the study of localized blunt trauma to the abdomen.

The mini-pig's abdomen is anatomically and anthropometrically quite similar
to mans so that little if any scaling considerations are required. The

Tiver was the organ most frequently involved (Table XIV). The liver could

be ruptured with blows from the 1 1/2 radius impactor applied in any of the
abdominal regions. The velocity of the impactor and the depth of penetration
were the two most critical input parameters. The method of suspension of the
animal significantly effected the depth of penetration. More work must

be performed before a correlation of impactor area, impactor velocity,
abdominal Tocation and depth of penetration can be accomplished. Prelim-
inary correlation analysis indicate that approximately 30 more animals
would provide a statistically acceptable data base for these correlations.
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TABLE X111,

TEST DATA
e 80DY IMPACT VELOCITY  PEAK CONTACT FORCE/AREA IMPACT SCALING
x. WEIGHT (kq) LOCATION=* (MPH) FORCE (18S.) (18/SQ._IN.) OURATION INDEX
(msec) NOX
A Flexible 67X 1/2° N-22 ab kB Upper Abdomen 20.2 76 223.2 5.0 3
(Vervet) 7-19 ab 2.7 Upper Abdomen {25.0) L0D+ Lot L00 2
erve 71-20 ab 2.9 Upper Abdomen 25.8 408 262 6.6 2
71-23 ab 2.3 Mid Abdomen 17.6 204 225.6 4.8 3
n-2 a 3.4 Mid Abdomen 26.2 380 268 4.4 3
N-24 b 2.9 Lower Abdomen 23.4 266 236 6.0 1
7-% ab 3.2 Lower Abdomen 4.2 430 340 5.6 3
8. Flexible 6°X 1* -7 ab 3.8 Upper Abdomen 20.7 260 7.8 10.4 2
(Vervet) 71-26 ab 3.2 Upper Abdomen 22.9 304 88.8 8.4 2
ery 71-28 ab 1.9 Mid Abdomen 24.0 254 101.2 10.0 2
Nn-25 ab 2.3 Lower Abdomen 22.8 364 172 8.6 1
C. Flexible X 2" ° 71-29 ab 7 Upper Abdomen 17.9 186 27.4 7.4 1
(Vervet) 71-3 ab 3.4 Upper Abdomen 25.6 354 50.4 9.2 4
e 71-30 ab 3.5 Mideibdomen 20.0 166 26.4 9.4 1
71-33 ab 1.9 Mid Abdomen 24.2 220 45.6 5.6 4
n-x ab 3.4 Lower Abdamen 2.8 354 6.6 9.4 1
D. Rigid 8°x 172* 71-06 ab 3 Upper Abdomen 21.5 450 260.0 9.4 3
(Vervet) 71-07 ab 3.8 Mid Abdomen 25.4 320 206.0 10.6 2
71-05 ab 3.6 Lower Abdomen 32.5 282 200.0 6.4 1
71-3 ab 3.3 Lower Abdomen 34.8 525 400.0 7.6 3
E. Rigid 8'x1" 71-18 ab 3.4 Upper Abdomen 20.5 170 53.4 1.6 3
(Vervet) 71-15 ab 2.7 Upper Abdomen 21.8 133 42.5 1.2 2
71-13 ab 4.3 Upper Abdomen 22.0 300 81.0 n.4 3
71-14 ab 4.3 Mid Abdomen 18.8 116 40.6 1.6 1
71-12 ab 3.6 Mid Abdomen 28.2 LX)} 133.0 1n.2 4
n-nad 3.8 Lower Abdomen 271.0 . 506 176.0 n.2 1
F. Rigid 8°x 2* 7ie17 ab 2.4 Upper Abdomen 21.2 190 29,8 13.0 3
(Yervet) 71-10 ab 5.2 Upper Abdomen 25.0 225 2.0 7.2 4
71-16 ab 3.6 Mid Abdomen 19.6 280 4.8 12.6 1
71-09 ab 4.6 Mid Abdomen 28.3 413 61.5 10.0 3
71-08 ab 3.3 Lower Abdomen 27.4 489 93.5 9.4 1
N-35 ab 3.6 Lower Abdomen 35.1 450 83.0 8.0 3
6. Rigid 1-1/2® Radius 71-46 ab 65 Upper Rt. Abdomen 23.8 650 92.0 n.o 1
| (Mini-Pig) 71-38 ab 53 Upper Rt. Abdomen 29.2 600 85.0 LOD+ 2
9 71-51 ab 47 Mid Rt. Abdomen 20.5 600 85.0 16.0 3
71-48 ab 4 Mid Rt. Abodren  23.4 L0D LoD+ Loot 1
7147 ab 58 Mid Rt. Abdomen 21.6 /00 99.2 17.5 5
N-42 b 50 Mid Rt. Abdomen 30.0 550 77.8 9.5 2
N-53 ab “ Lower Rt. Abdomen 31.0 850 120.0 4.5 3
n-41 a» 49 Lower Rt. Abdomen 32.0 700 99.3 n.o 3
N-45 ad 48 Upper Lf. Abdomen 24.3 600 85.0 11.5 2
71-39 ab 51 Upper Lf. Abdomen 37.8 650 92.0 10.5 2
7140 ab 47 Mid Lf. Abdomen 23.7 600 85.0 1.0 5
71-50 ab 45 Mid Lf. Abdomen 30.8 850 120.0 10.0 4
] Nn-49 ab 50 Lower Lf. Abdomen 28.6 LoDt Loot LoD+ 2
N-44 ab 43 Lower Lf. Abodmen 31.2 425 T 60.2 10.0 1
: N-52 a» 51 Lower Lf. Abdomen 32.4 950 134.0 12.5 3
H. Seat Belt Sled ;}:g; s :z Lap izg :gg Hgé }ggg }
s . Lap B . X
| (vervet) 702 s ] Lap 19.3 4 .8 106.0 1
5 n-o4s 4.5 Lap 48.5 340 68. 120.0 2
1. Rigid 1-1/2* Raoius 71-43 ab 3.5 Upper Abodmen 28.6 250 35.3 8.0 3
i +1-1/2" Pad Nn-37 ab 2.6 Mid Abdomen 2.4 150 21.2 10.0 2
(Vervet)
*Impact Yocetion: vervet - 20% (high); §3% (mid); 81% (low), down the midline from the base of xiphofd process to the 111ac crests. Mini-
Pig - 2-1/2" right or ieft of the midline; 3, 6 or 9 Inches below the base of the xiphoid process.
**lajury scale 1 to 5: 1 = no fnjury to minor; 2 = recoverable; 3 = marginal recovery; 4 = severe; 5 * lethal.
tloss of Data :
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TABLE xIV

INJURY PATTERNS FROM TESTS
RUN FORCE/AREA SCALING HEMORRHAGE RESPIRATION SPECIFIC ORGANS
N. (LBS/SQ. IN.) INDEX * {cc) INDEX ™ WITH INDEX*
)ienidle 6° X v Nn-22 ab 223.2 k] 50 2 Liver - 3
t) Nn-19 ab LOD + 2 0 N.A* Liver - 2, lung - 2, duod.
(vorve 71-2 ab 262. 2 100 NA* Liver - 2
71-23 ab 225.6 k] 20 3 Spleen - 2
71-21 ab 268. 3 30 2 Spleen - 3
71-24 ab 236. 1 0 2 1
N-34 ab 340. 3 0 1 Teum - 3
"m—s' X1 n-27 ab n.8 2 0 1 Pancreas - 1, stomach - 2
' t) 71-26 ab 88.8 2 30 NA Liver - 2, pancreas - 2,
(Verve Tungs - 2
N-28 adb 101.2 2 0 N.A** Lungs - 3, spleen - 1,
stomach - 1
N-25 ab 172. 1 0 2 1
—
Flexible 6" X 2° 7N-29 ab 27.4 1 0 1 R. kidney - 1
t) 71-31 ab 50.4 4 20 1 Liver - 4, pancreas - 1
(Verve 71-30 ab %4 1 0 1 L. kidney - 1
- N-33 ab 45.6 4 50 N.A ** Liver - 4, Omentum - 2
N-32 ab 67.6 1 0 1 Spleen - 1, L. kidney - 1
T rgld & X 120 71-06 ab 260.0 3 2 2 Pancreas - 4, Tiver - 1,
i t) stomach - 4
(Verve 71-07 ab 206.0 2 1 3 Intestine - 1, colon - 1
7-05 ab 200.0 1 5 1 Intestine - 2
71-36 ab 400.0 3 20 3 D. Colon - 3
JE—
i Rigld 8° X 1° 71-18 ab 53.4 3 30 1 Liver - 3
Vervet) 71-15 ab 42.5 2 20 2 Liver - 1
(Verve N-13 2 81.0 3 30 1 Pancreas - 4, liver - 2
-4 ab 40.6 1 0 2 Pancreas - 1
N-12 ab 133.0 4 100 2 Pancreas - 3, liver - 1,
spleen - 4
-1 ab 176.0 1 10 1 Intestine - 1
&, Rigid 8" X 2" n-17 ab 29.8 3 30 2 L:ver - 3, colon - 1,
ntestine -
(Vervet) 7-10 2 2.0 4 100 3 Liver - 4
. N-16 ab 4.8 1 0 1 Liver - 1
71-09 ab 61.5 3 30 3 Pancreas - 4, spleen - 3
N-08 ab 93.5 1 1 1 Intestine - 1, colon - 1
71-35 ab 88.0 4 10 N.A** D. Colon - 4, lungs - 3
3. Rigid 1-1/2" Radius 71-46 ab 92.0 1 0 N.A
(Mini-Pig) 7N-38 ab 85.0 2 10 KA Liver - 1, lung - 4
71-51 ab 85.0 3 300 - 1600 N.A Liver - 3
71-48 ab L00 + 1 0 N.AL
N-47 ab 99.2 5 500 N.A ** Liver - §
71-42 ab 7.8 2 200 N.A* Liver - 2
71-53 ab 120.0 3 1000 - 1500 N.A Liver - 3
71-41 ab 99.3 3 500 N.A Liver - 2, ribs - 2
745 ab es5.0 2 200 - 300 N.A Liver - 4, lung - 3
71-39 ab 92.0 2 . 0 N.A ** Lung - 4
71-40 ab 85.0 5 1000 - 2000 N.A ** Liver - 5
71-50 ab 120.0 4 1000 - 2000 N.A# L:ver - e. spleen - 4,
ung -
71-49 ab 100 + 2 100 - 200 N.A Omentum - 2
N-44 b 60.2 1 10 N.A Lung - 1
1-52 ab 134.0 3 1000 - 1500 N.A* Liver - 3
*. Seat Belt - Sled ;}—Oi s Hgg } 1l N-?.” tnt?stine -1
-03 s o
{Vervet) 7102 s .8 1 1 % 1
N-04 s 68. 2 2 3 Intestine - 2
L Mgid 1-172" 71-43 ab 35.3 3 50 - 75 1 Liver - 4, omentum - 1,
+1-1/2" Pad 1.2 2 2 . anncrea? - ll 3
Nn-37 ab . ver - 1, spleen - 3,
(Vervet) pancreas - |
—

*Injury Scale 1 to 5: 1 = no injury to minor; 2 = recoverable; 3 = marginal recovery; 4 = severe; 5 = lethal.

"t available

*Lass of Data




————
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prTes

A. Flexible 6" X 1/2*
(vervet)

8. Flexible ¢ X 1"
(Vervet)

C. Flexible " X 2"
(Vervet)

D. Rigid 8" X 1/2°
{Vervet)

N-22 ab

Nn-19 ab

Nn-20 ab

n-23 ab

naa»

n-24 a

Nn-3% ab

n-27 ab

7-26 ab

7-28 ab

n-25 ab

-9 ab

n-3ad

71-30 ab

71-33 ab

Nn-32 ad

7-06 ab

Nn-o07 ab

N-05 ab

POST MORTEM EXAMINATION DATA

IMACT
LOCATION

Upper Abdomen

Upper Abdomen

Upper Abdomen

Mid Abdomen

Mid Abdomen

Lower Abdomen

Lower Abdomen

Upper Abdomen

Upper Abdomen

Mid Abdomen

Low Abdomen

Upper Abdomen

Upper Abdomen

Mid Abdomen

Mid Abdomen

Low Abdomen

Upper Abdomen

Mid Abdomen

Lower abdomen

TABLE Xv.

FORCE/AREA  SCALING
(LB/SQ. IN.) IfiDEX NO.
223.2 3
Lo *+ 2
262, 2
225.6 3
268. 3
236. 1
340. 3
n.s 2
88.8 2
101.2 2
172. 1
27.4 1
50.4 4
26.4 1
45.8 4
67.6 1
260.0 3
206.0 2
200.0 1

AVTOPSY RESULTS

Fifty cc blood in the abdominal reqion; moderate
laceration of several lobes of the liver; no
change in Tung compliance.

No blood in the abdominal cavity; minor laceratim
to the posterior surface of the liver; minor
contusion of the duodenum; moderate gross
pulmonary hemorrhage.

One hundred cc blood in the abdominal cavity;
moderate laceration of the inferior edges of
the liver; lung weight 21.5 gms.

Twenty cc blood in the abdominal cavity;
laceration af the spleen; moderate gross lung
congestion and hemorrhage; lung weight 20 gms;
lung compliance decrease 88% (severe).

Thirty cc blood in the abdominal region;
crushed and transected spleen; 58% lung compli-
ance decrease; lung weight 12.5 g.

No evidence of any injury except for minor
evidence of the lung congestion - 2 central
hemorrhagic areas; lung weight 20 gms; compli-
ance decrease 60%.

Blow out perforation of the ileum, 1 cm diameter;
contusion of the ileum.

Very little evidence of injury; minor contusion
to anterior wall of the body of the stomach;
very minor evidence of hemorrhage from the

neck of the pancreas; no change n lung
compliance.

Thirty cc blood in the abdominal cavity;
lacerations of the right and left lobes of the
liver both on the anterior and posterior
surfaces; minor evidence of hemorrhages from
the head of the pancreas; gross lung congestion;
lung weight 30.5 gms.

No blood in the abdominal cavitv; mnor laceratio
of the tip of the spieen; mincr contusion to

the ventral wali of the body of the stomacn,
severe gross pulmonary hemorrhagic congestion;
Tung weight 31,5 gms indicative of severe
congestion.

No evidence of any injury except for a minor
abrasion on the surface of the abdomen and a
72% lung compliance decrease.

No blood in the abdominal region; very minor
contusion to the medial surface of the right
kidney.

Twenty cc blood in the abdominal region;
multiple severe lacerations of the liver
especially of the anterior surface; moderate
evidence of hemorrhage from the head of the
pancreas; no lung changes.

The only evidence of injury was that of minor
contusion of the left kidney.

Fifty cc blood in the abdeminal cavity; very
severe 1acerations of the left labe of the
liver on both anterior and posterior surfaces;
severe bruise on the anterior aodominal wall;
severe hemorrhage from the omentum; gross
pulmonary congestion.

Very little evidence of any injury. Minor
tear at the tip of the spleen; minor contusion
to the left kidney; minor hemorrhage of the
omentum; a0 lung changes.

Thirty cc of blood in the abdominal region; 1 ¢m
round blow out perforation in the cardia of the
stomach; severe contusion and laceration of the
pancreas; mnor laceration of the liver and splem
compliance decrease of 36% just after the test.

One cc bload fn the abdominal region, minor
contusion to small intestine and 1ts mesentery;
contusion to ascending colon (dorsal side); lung
complfance decrease of 39%; very minor evidence
of gross lung congestion.

Five cc blood in the abdominal reqton; minor
contusfon tn much of the smil) and large intes-
tine, small laceration 1n the wall of the
drodenum,




E. Rigid 8" X 1*
(Vervet)

F. Riglds® x2°
(Vervet)

6. Rigld 1-1/2" Radius
(Mini-Pig)

N-% ab

N-18 ab

n-1s

N-13 3

n-uab

n-12a

N-Nab

n-i7 ab

n-10 »

n-16 ad

n-g9 ad

n-08 ab

n-35 ad

n-46 ab
N-38 b

Nn-51 ab

71-48 ab
71-47 ab

Nn-42

71-53 ab

IMPACT
LOCATION

Lower Abdomen

Upper Abdomen

Upper Abdomen

Upper Abdomen

Mid  Abdomen

Mid Abdomen

Lower Abdomen

Upper Abdomen

Upper Abdomen

Mid Abdomen

Mid Abdomen

Lower Abdomen

Lower Abdomen

Upper Rt. Abdomen
Upper Rt. Abdomen

Mid Rt. Abdomen

Mid Rt. Abdomen
Mid Rt. Abdomen

#id Rt. Abdomen

Lower Rt. Abdomen

FORCE/AREA SCALING
(L8/sQ. IN.) INDEX NO.

400.0 3
53.4 3
2.5 2
81.0 3
40.6 1

133.0 4

176.0 1
2.8 3
29.0 '
"R ] 1
61.5 3
93.5 1
88.0 3
92.0 1
85.0 2
85.0 3

Loo+ 1

99,2 5
7.8 2
120.0 3

AUTOPSY RESULTS

Twenty cc blood {n the abdominal cavity: two
smll perforations in the descending colon;
minor hemorrhage from the mesenteric vessels;
431 decrease in lung compliance; minor pulmonary
edema.

Thirty cc blood in the abdominal cavity:
extensive laceration of the liver; no change in
lung compliance; lung weight 17 gms.

Twenty cc blood in the abdominal region: minor
laceration of the liver: very minor pancreatic
hemorrhage; lung compliance decrease of 28%;
lung weight normal - 16 gms.

Thirty cc blood in the abdominal cavity; severe
laceration or rupture of the pancreas, numerous
minor lacerations 1n the liver; minor mesenteric
hemorrhage; lung compliance decrease, 12%, lung
weight 27 g indicative of some congestion.

Very little evidence of any injury. Minor
pancreatic hemorrhage; lung compliance decrease
of 36%; lung weight 15.5 gms.

Fifty to 100 cc bloed in the abdominal cavity;
near transection of spleen; deep laceration to
the head and ta1l of the pancreas; minor lacer-
ation of liver, 20% decrease in lung compliance;
lung weight 28.5 gms 1ndicative of congestion.

Ten cc blood in the abdominal cavity; minor
hemorrhage to the mesentery of the small intes-
tine and descending colon and minor contusion
to the jejunum. No other evidence of njury.

Thirty cc blood in the abdominal cavity;
extensive laceration of the liver; minor con-
tfusiog to the duodenum; lung compliance decrease
of 34%.

One hundred cc blood in the abdominal region;
severely crushed right lobe of the liver; minor
contusion to the left kidney; lung compliance
decreased by 58%; petechial hemorrhage of the
lungs; lung weight 30.3 g ndicative of
considerable congestion.

No evidence of injury except for a lung compli-
ance decrease of 15%.

Thirty cc blocd in abdominal region; massive
bleeding from the spleen and pancreas; severe
laceration of the spleen; partial transection
of the pancreas; 45% decrease 1n lung compliance
Tung weight 24.59 indicative of congestion.

One cc blood in abdominal region; very minor
contusion to the intestine and colon, no lung
compliance change.

Ten cc blood in the abdominal cavity; large tear
in the descending colon; numerous mesenteric
hematomas; lungs very edematous and hemorrhagic.

No evidence of any injury.

Approximately 10 cc bloed in the abdominal cavity,
a small round contused or puncture wound to the
lower right ventral lobes of the liver, very
severe marked pulmonary embolism, edema,
hemorrhagic consolidation and patchy atelectasis;
lung weight 387 gms.

Five hundred to one thousand cc blood in the
abdominal cavity; severe lacerations to the
liver; posterior surface, left lobe, and
quadrate lobe and especially between the left
and quadrate lobes.

No evidence of any injury.

Five hundred cc blood in the abdominal cavity;
very severe laceration between the right and left
lobes of the liver, the lobes were almost torn
apart; no other evidence of injury except

partial consolidation of a small central lobe of
the lungs, lung weight 378 qms.

Two hundred cc blood fn the abdominal cavity;
minor lacerations to the liver, anterior right
Tobe and posterfor right lobe adjicent to the
gallbladder, no other evidence of injury,

Ore thousand to 1500 cc b!ood In the abdominal
reqion, very severe laceration to the )iver,
pasterlor surface of rldaht Tobe and quadrate
Tobe.
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vontinued Nn-41 2

N-45 ab

n-3 a»

71-40 ab

Nn-49 ab

N-44 ab

n-s2 ab

. Seat Belt - Sled n-o! s
(Vervet)

n-Q3 s

n-02 s

n-4 s

i Pigid 1-1/2" Radius T-43 ab
+ 1-1/2" Pad N
(Vervet)

n-37 ab

! TSS of Data

TABLE XV Continued

IMPACT
LOCATION

Lower Rt. Abdomen

Upper Lf. Abdamen

Upper Lf. Abdomen

Mid Lf. Abdomen

Mid Lf. Abdomen

Lower Lf. Abdomen

Lower Lf. Abdomen

Lower Lf. Abdomen

Lep

up

Lap

Lap

Upper Abdomen

Mid Abdomen

FORCE/ARFA
(LB/SQ. IN.)
99.3

85.0

92.0

[

60.2

134.0

15.6

m.s

3.3

2.2

SCALING
INDEX NO.

3

AUTOPSY_RESULTS

Five hundred cc blood in the abdominal cavity,
winor lacerations to the liver on the posterior
quadrate lobe; 3 broken ribs, no other evidence

of injury. Organ. weights: lungs - 634 g,

spleen - 142 g, r. kidney - 135 g, pancreas - 62¢,
heart - 242 g, liver - 1240 g.

Two hundred to 3C0 cc blood in the abdominal
region; moderate laceration on the liver on the
posterior side between the left and quadrate
lobes; minor evidence of edema and consolidation
of the lungs. (Note: death by pneumothorax may
have masked any possible lung changes). Organ
weights: heart - 325 g, r. lung - 385 g, 1. lung-
235 g, r. kidney - 145 g, 1. kidney - 135 g,
pancreas - 35 g, and Tiver - 1815 g.

No blood in the abdominal cavity; only evidence
of injury was that to the lungs which 1ncluded
severe gross hemorrhage, severe embolization,
edema, lung weight, 513 gms indicative of edema.

Severe hemorrhage in the abdominal region,

1000 - 2000 cc of blood; very severe lacerations
of the liver especially on the posterior medial
left lobe and quadrate lobe n the pyloric
area; lungs normal.

One to two thousand cc blood in the abdominal

cavity; severely lacerated spleen; severe

lacerations to the liver, posterior surface of

:? left and quadrate lobe; minor pulmonary
lema

One to two hundred cc blood in the abdominal
cavity; hemorrhage from the greater omentum.

Ten cc blood in the abdominal region; very minor
evidence of hemorrhage 1n the lungs; (Note: death
by pneumothorax may have masked any possible
Tung changes).

One thousand to 1500 cc blood in the abdominal-
region; very severe laceration to the liver,
anterior surface of right lobe.

Very miner injury; no blood ¥n the abdomrnal
region; slight aiscoloration along lower left
lobe and inferior lobes of 1iver; slight
contusion to upper descending colon.

Very minor external bruises were the only
evidence of any 1njury.

Mo evidence of any pathology except for minor
bruises to the external abdominal wall
apparently due to the seat belt.

Two cc blood in the abdominal region, contusion
to the ascending colon; slight hemorrhage from
the mesenteric vessels; partial laceration of
the duodenum with contents st111 contained;
lung compliance decrease of 44% immediately
after the test; minor petechial hemorrhage Just
below where the seat belt was positioned

during the test.

Fifty to 75 cc blood fn the abdominal cavity;
severe lacerations of the liver, posterior
surface of right and left lobes; hemorrhage
from the greater omentum; minor contusion to the
duodenum; minor hemorrhage from the pancreas;
Tungs grossly normal.

Twenty cc blood in the abdominal cavity;

major tear in the spleen, left kidney contusion
and subcapsular hemorrhage; hemorrhage from
the tail of the pancreas; contusion on the
posterior wall of the stomach-cardia; no
evidence of gross lung damage.



A. Flexidble 6° x 172"
{Vervet)

B. flexible 6" X1*
(Vervet)

C. Flexible 6" x 2*
(Vervet)

tigid 8" X 172"
(Vervet)

E. kigid 8" X 1"
(Vervet)

F. Rigid 8° x 2*
(Vervet)

6. Rigid 1-1/2" Radius
(Mini-Pig)

H. Seat Belt - Sled
(Vervet)

1. Rigid 1-1/2" Radius
+1-1/2" Pad
(Vervet)

RUN
.

71-22 ab
11-19 ab
71-20 ab
Nn-23 ab
-21 ab
Nn-24 ab
N-34 ab

7-27 ab
7-26 ab
71-28 ab
Nn-25 ab

N-29 ab
71-31 ab
71-30 ab
N-33 ab
Nn-32 ad

71-06 ab
N-67 ab
71-05 ab
71-36 ab

71-18 ab
71-15 ab
71-13 ab
71-14 ab
71-12 ab
n-11 ab

n-17 ab
7-10 ab
71-16 ab
71-09 ab
71-08 ab
Nn-35 adb

71-46 ab
7-38 ab
71-51 ab
71-48 ab
T-47 ab
1-42 ab
71-53 ab
71-41 ab
71-45 ab
71-39 ab
71-40 ab
71-50 ab

-43 ab
n-37 ab

TABLE xvI,

ADDITIONAL TEST DATA
EXG

(HEART RATE) RESPIRATORY RATE
SEX BEFORE  AFTER X CHANGE BEFORE AFTER
Female 150 150 0 20 20
Male 120 150 +25 24 36
Female 190 150 <21 25 N.A
Male 150 150 0 N.A ** 34
Female 180 150 -20 20 N.A
Male 90 120 +25 28 38
Male 150 90 -1 22 18
Male 150 180 +20 18 26
female 150 180 +20 32 28
Female . 180 150 =17 16 16
Male 150 120 -20 32 ki
Male 180 150 =17 20 32
Male 180 180 0 20 32
Male 120 150 +25 16 20
Female 180 210 +17 N.A ™ 24
Male 150 120 -20 22 28
Female 90 120 +33 [23 20
Male 90 60 -33 N.A 28
Female 120 90 =25 20 24
Male 90 90 0 2 20
Male 120 150 =25 34 48
Female 150 150 0 26 20
Male 90 60 -33 20 18
Female 150 180 +20 2 N.A M
Female 180 180 0 20 30
Female 180 150 =17 20 NA*
Female 130 90 =31 22 20
Male 120 120 0 24 22
Male 120 120 0 22 28
Male 120 60 =50 22 19
Female 150 150 0 28 40
Male 120 120 0 24 24
Male 150 150 0 N.A M NA
Male 90 N.A = NA R N.A P NA
"a}e 1Zg 180 +50 NA NA*
Male 9 ~ ok 3 -
vale m BT b P e
Male 150 120 =20 N.A w* NA™
Male 150 150 0 NA.& NA.*
Male 90 90 0 NA NA™
Male 150 60 -60 N.A* N.A
Male 90 120 +33 N.A ** N.A *
Male 90 210 +133 N.A * NA.™
Male 90 150 +66 N.A ** N.A
Male 120 120 -0 N.A** NA Y
Male 90 90 0 N.A** NA
Male 150 150 0 NA N.A Y
Male 120 90 =25 20 28
Male 150 120 =20 34 48
Male 90 120 +33 36 NA
Male 120 120 0 40 NA
Ferale 150 150 0 20 N.A **
Female 180 120 -3 N N.A¥*

#Loss of Data
**Not available
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6.0 A MATHEMATICAL MODEL FOR ABDOMINAL IMPACT
by Ali Engin
6.1 INTRODUCTION

The subject matter of this investigation is the dynamic analyses of fluid-
filled shells of revolution, void of all bending rigidity and subjected to
general axisymmetric loads of considerable magnitude. Although linear shell
theory can only be used within a 1imited range of loading, for most practical
applications it provides us with numerical values which are in good agreement
with the experimental results. The situation, however, is quite different if
one desires to model the abdominal region of the human body. In order for the
model to represent the abdomen with some closeness to reality it should allow
not only large displacements and rotations but also large elastic strains.

Hence, a nonlinear formulation of fluid-filled shells of revolution, which allows
large displacements as well as large strains, is very desirable and it will be
the subject of this paper.

As far as this author knows, a treatment of large displacements and large
strains theory of fluid-filled shells of revolution does not exist in the liter-
ature of theoretical mechanics. Most of the previous work has been on the static
analyses of sheets and shells. Bromberg and Stoker (1945) first introduced a
paper dealing with the problem of nonlinear theory of curved elastic sheets.

Very extensive treatment of the nonlinear field theory of the coninuum mechanics
was presented by Truesdell and Noll (1965) in the third volume of the Encyclo-
pedia of Physics (Handbuch der Physik). Books by Eringen (1962) and Green and

Adkins (1968) provide good reference material. Some of the more recent papers
on the large deformation of sheets and shells are by Sanders and Liepins (1963),
Naghdi and Nordgren (1963), Sanders (1963) and Yang (1967).

In this paper the fundamentals of large displacements and large strains

theory of fluid-filled shells of revolution will be discussed in some detail.
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At the beginning, to familiarize the reader with the shell theory, we present a
very brief preliminary part and introduce the equations of motion of an arbitrary
shell. From these general equations, the equations of motion for membrane shells
of revolution are obtained. Later on, with the aid of geometrical relations, the
equations of motion for membrane shells of revolution are obtained for large dis-
placements and large strains. The shell material is assumed to be elastic, iso-
tropic, and incompressible and its stress-strain behavior is expressed by means
of a strain energy function, W, which can represent highly nonlinear behavior of
the biological tissues. The properties of fluid are taken to be isotropic, in-
compressible and viscous. The equations of motion are cast into nine nonlinear
partial differential equations in nine unknowns for axisymmetric forced oscilla-
tions of the fluid-shell system. The fheory presented here can be uged for both

global and local modeling of the abdominal injury. With global modeling we are

referring to the behavior of the abdominal region as a whole unit with its solid
and hollow viscus and are representing it with fluid-filled membrane. This model
will be useful in describing intra-abdominal pressures as well as stresses gener-
ated in the abdominal wall due to a lap-type seat belt in the event of a vehicle

deceleration of high magnitude. With local modeling we are referring to the be-

havior of a specific organ such as intestines. For example, during an external
Toading to the abdomen, a fluid- or food-filled segment of intestine can be kinked
at two places or kinked at one place and have a closure by trauma at a second
place, a situation which makes the intestine quite vulnerable to a bursting type
of injury if some local transverse force acts on the segment. In this case also

the magnitudes of intraluminal pressure and membrane stresses play an important

role.
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6.2 FORMULATION OF THE PROBLEM

The equations of motion of a thin shell can be derived by means of Hamilton's
principle as it was done by some authors in the past. Before we present these
equations let us indicate some of the quantities appearing in these equations.
Let o, and a, be the curvilinear coordinates for the shell surface* and R, and
R, be the corresponding radii of curvature. On this surface the differential
length of an arc, ds, is given by:

ds = [A2(da )? + 2A2da da, + AZ(dw,)?]1/2 (1)

where A%, AZ and Ag are called the first order fundamental quantities since Eq.
(1) is known to be the first fundamental form of the surface.

For thin elastic shells, since the strains and the stresses have _been shown
to be linearly distributed across the thickness of the shell, it is convenient
to introduce the following stress resultants, N N2, N ) Q1 and Q2 along with

1° 1

the moment resultants M;, M M), which are all defined per unit arc length of

29
the reference surface; usually the reference surface is taken to be the midsurface
of the shell (for definition of these stress and moment resultants see e.g. Flligge
(1962)).

A11 the forces acting on the surface of the shell can be combined in a vector

form as:

a(al,azat) = ql(al’a2’t)%1 + q2(al ’GZ’t)%Z - qn(alaazst)ﬁ (2)
where q,, q, and q, are the scalar components of the total surface force along
a;, a, and the shell normal; t,, t, and n are the unit vectors along the corres-

ponding coordinates and t is time.

*Every surface in the rectangular coordinate system (x, y, z) can be written as
a function of the two parameters o and a, as follows:

X = fl(al,az), y = fz(al,ozz), zZ = fs(al,az)
where f,, f, and f, are single-valued and continuous functions.
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After the above preliminaries we can no

of motion for an arbitrary thin shell:

a(NA)) (N, A) 8A, 3A,

. * N ae - N
3&1 3&2 a, Otl
a(leAz) . a(NzAl) - Ef?._ " Eﬁl
ou 3(12 2130Ll 190y

+ A A (gl +q.)
172'R 9

Q
+ AA (ﬁ— + qz)

w introduce the

1

2

following equations

2
Bul

Ay Ayogl—r-

2
32u,

= AlAzpshEEY_

32u

_ 3
- (gt N, - g AR = AR (5)

1 2 1 2
s(MA)  a(M,.A) oA oA
1 2 211 1 2 _
= + e Mlz@— - Mz-aa—l - QAA =0 (6)
a(M. _A)  3(M.A)) oA A
12 2 21 2 1 _
B * 30, + szSE;" M18u2 - 0261A2 =0 (7)
M M
- N + 21 12 - 0, (8)

21 12 R2 Rl

where o is shell mass density, h is the shell thickness and Up, Uy, Uy are

and n.

) The last equation is

midsurface displacement components along s
identically satisfied for thin shells since le = N21 and M12 = M21 for these

shells. Note that the symmetry of the stress tensor (i.e. 1., =

i3 Tji) does not
necessarily imply the above equalities.

Since our main concern here is the theoretical modeling of abdominal injury
we are interested in membrane equations of fluid-filled shells of revolution.
For the membrane theory M =M, = M, =M, =0, and Egs. (6)-(8) will also

yield Ql = Q2 = 0 and le = N The first fundamental form of the midsurface

21°
of shells of revolution is given as

(ds)? = ri(de)? + (rgsing)?(de)? (9)
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Hence, A1 =R =r ,A = resin¢, R2 =y, 0 = ¢, 6 and for a surface of

1 ) 6’ 1
revolution, the Gauss condition takes the form Rlcos¢ %E(stin¢). For a shell

2

of revolution ry and re are also independent of 6. The equations of motion for

membrane shells of revolution can easily be obtained from Eqs. (3)-(5) using the

parameters that we have identified above. Thus, Eqs. (3)-(5) reduce to

oN oN 92U
1 "¢, coteyy 1 $6 . b
% r (N¢ N + 5 sing 36+ 9 pshatz (10)
o 6 6
2
1My acotey L1 Mo T (1)
rosing s rg g0 T, 3 9% = P2
¢
N N 32y
94+ 0 _ 4 =, 3
"y " 6 n pshatZ )

Egs. (10)-(12) are linear partial differential equations and they are good for
describing small oscillations of membrane. For large deformations, the equaticns

of motion have to be written for the deformed shell element. The following devel-
opment is similar to that of Reissner (1949) up to Eq. (19) after which we shall
proceed in a different direction. We shall also restrict ourselves to symmetrically
loaded shells of revolution. Instead of using 6 and ¢ as coordinates, let us use

6 and & for the parametric representation of the shell midsurface.

Geometrical Relations - I

Let v = r(z) and z = z(&) be the parametric representation of the midsurface
at a given time, t, where £ is a parameter on the surface and r and z are the
radial and axial coordinates of a point on the surface. It can be shown that
the first fundamental form of such a surface is

(ds)? = a2(dg)2 + r2(do)? (13)
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2 2
where o2 = (%E) + (%%0 , r = 3¢ (=r£), ry = ETEE and ¢ is the angle formed by

dg
the normal of the shell midsurface and the vertical axis (axis of revolution).

The Tocation of an arbitrary point in the shell space can be described by
the following position vector:

R = r(g)e, + z(e)k + on (14)
where ér’ k and n are unit vectors shown in Fig.14 and ¢ denotes the distance of
the point from the midsurface. The coordinates £,0,z define a system of orthogonal
curvilinear coordinates in the shell space. For this coordinate system it is easy
to show that the magnitude of a differential line element is obtained from

(d1)? = 2(1 + ¢/r )2(dg)? + r2(1 + ¢/r )?(do)? + (de)? (15)
where r¢ and ry are the principal radii of curvature of the midsurface of the
shell and their values are given after Eq. (13). Let Eq. (15) represent the dif-
ferential line element after deformation; the same element before deformation is
given by

(d1,)2 = o3(1 + c/r¢o)2(d£)2 +ra(l 4 c/reo)z(de)2 + (de)? (16)

Hence, the zero subscripted variables refer to the original (undeformed) config-

uration of the shell.

Analysis of Strain and Equations of Motion for the Shell

The original and the later configurations of the shell are related by

r(g,t) = r () +ule,t), z(g,t) = z,(g) + w(e,t), o(e,t) = oo(8) - B(5,t) (17)
where u(g,t) and w(g,t) are respectively the radial and axial displacements and
g is the rotation of a tangent to a meridian at a given material point. With the
usual assumptions of the thin shell theory, i.e. deformations due to transverse
shear stress and transverse normal stress are neglected compared with the defor-
mations due to the remaining stresses, from the comparison of Egs. (15) and (16)

one can obtain the following strains:
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F igure 14 Geometry of a shell of revolution showing various coordinates.



do

3
R
E -
¥ a, (1 + 5—-§f2)
0 Og dg (]8)
ro-r, +g{sing - sing,)
Ee =

r.(1 +-%— sing,)
Due to thinness of the shell the terms with ¢ in the denominator of the strain

expressions can be neglected. The resulting quantities can now be written as

_ 0 of E _ o z 938
= + = = + 2. 22
€¢ Go ¢ O oy 1 0, 0f
or
ou .
. cos¢o)(1 + 35) Y (19)
¢ CoS¢ dro o, 9
- de
r-r, sing - sin¢o U sing - sing,
€y = te =ty
) r, ro ro ro
We can also define the membrane strains in the following way direct]y
from Fig. 2:
r-r
€9~ 1 - =’%_
(o] o]
o - ao o Y\d)dq) (20)
g, = ——=—-1-= -1
) a, R r¢od¢0
From Eq. (20) r=r(l+ ee) (21a)
= +
r¢d¢ r¢od¢o(1 e¢) (21b)
We shall use Eq. (21b) in relating the derivatives with respect to ¢ and ¢,:
1 o[ ] _ 1 o[ ]
o - + (22)
Fy 3 r¢o(] e;j 3¢,

Furthermore we have the following relations for the stress resu]tants,N¢ ) Ne s
(0] (o]

of the undeformed shell and the stress resultants, N¢, Ne’ of the deformed shell:
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Figure 15

A |

Side view of an element of shell in undeformed and in
deformed state.



N (r, +u)de =N r do (23a)

¢ 0 ¢, ©
N r¢d¢
b
Ner¢d¢ N Y‘ d(b -(']“_I_*—E—T (23b)

In Eq. (23a) inertia effects are neglected since they are second order conpared
to the stress resultants. For axisymmetric loading the equaticnsy of motion (10)-

(12) take the following form:

1 oN cots 07U \
F;JBQ) + —r—e—(Nq) - Ne) + q¢ = pSh—"—t_”- (249/
N N 32u

To, 0 s .
Y‘q) + Y‘e qn pShatz (24..)/

Since the shape of the deformed shell at a given time is not krovn in advancie,

it is necessary to express all the guantities occurring in Egs. {24a) and (Z4b)
in terms of those measured on the undeformed shell. For this we wake use of Eqs.
(21a)-(23b). Before we do this let us write a different form of Lgqs. (24a) and
(24b) by writing the dynamic equilibrium of forces parallel to thz axis of the

shell and in the direction.of the radius, ro

¢(N¢r sing) + (qncos¢ + q¢sin¢)rr¢ =g haig (25a)
a¢(N¢r cos¢) - N oo + (q¢cos¢ - qnsin¢)rrqb = rr¢pshgig (25b)
where r = rg +u = r,sing. MWe can now express Egs. (25a) and (25b) 1in terms of
undeformed variables:
From Eq. (25a)
3(N¢orosin¢) )
%, + (qncos¢ + q¢sin¢)(1 + ee)(1 + e¢)ror¢0 = (1 + ee)(l + e¢)r r‘(p pshstg
(26a)

Similarly from Eq. (25b)




(N, r.cos¢)
o - qsing)(1+ e )(1+ ¢ )ror
50 - Neor¢o + (q¢cos¢ q,sin¢ €q eg)Toly
- d2u )
= (1 +¢)(0 + €¢)ror¢opshng (26b)

Geometrical Relations - II

With the help of Fig.15 we can write the following geometrical relations:

dry = r¢0d¢ocos¢o (27a)
dz, = r¢od¢osin¢o (27b)
dr = r¢d¢cos¢ = r¢od¢o(] + e¢)cos¢ , (27¢)
dz = r¢d¢sin¢ = r¢od¢o(] + e¢)?in¢ o (27d)
From Eq. (27d) %%g = r¢0(1 + e¢)sin¢ (28a)

Next let us differentiate Eq. (21a) with respect to ¢, and use Eqs. (27a) and

(27¢) in the differentiated expression to obtain the following relation

s dse
(1 + e¢)cos¢ = (1+ ee)cos¢0 + ?zr-agg- (28b)
(o}

Stress-Strain Relations for the Shell

Due to the highly nonlinear behavior of the biological tissues the

Tinear Hook's Law is not applicable for the analysis. We will use the concept
of strain energy function, W, in describing the material behavior of the shell.
Furthermore the material is assumed to be elastic, isotropic and incompressible.
The strain energy function, W, is a function of the three strain invariants 11’
12, I3 which are defined by:

=23+ a3+

= 2232 4 1232 + 3232 29
I, = 232 +222 +)22 (29)

= 223232
1 7\1)\2>\3
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where A, A, A, are the stretch-ratios along the three principal directions [e.g.
see Green and Adkins (1960)].
For an incompressible material strain invariants become

= 12 2 2 =2 2 =242
I =22+ 22 +2% =) +22 + 272

]

I

-2 -2 -2 = 3=2 4 3=2 4 3232
, T AT A2 40y A X 2% (30)

I

23252 =
3 )\1)\2)\3 1

The biaxial state of stress is given by

- (2 _ 1 y(oN 2.0W
tl z(xl x2x?)(al * kzaI )
12 1 2
(31)
1 oW oW
t, = 2002 - ) o * Mg
2 2 x%x% aI1 1312

where t, and t, are the physical components of stress referred to %he deformed

state. In our particular formulation of the shell problem R 1+ €q and

A, E A =1+ €q Since we are using variables measured in the undeformed state,

the stress resultant stretch-ratio relation for the shell can now be written as

O N TR
No e 2h(xG - ) Gt Ayl )
8¢ 1 2 (32)
IV S
- 2 2
Ny he = 200G Agxé)(al ¥ xeaIz)

For W any suitable form can be chosen; for example, Aubert (1955) has chosen an
exponential form for the load-extension relation of the sartorious muscle. Here,

we can also accept an exponential form of W for the abdominal wall:

2 .

M1,,1,) = ¢ fe2hi(l = 3T2) (332)
where ¢, and c, are two parametric constants. Another useful form of W for in-
compressible material is:

W= N(I1 -3, 1, - 3) (33b)
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Treloar (1958) has given a power series expansion of Eq. (33b) in the following
double series form: .

W= 1

(1, - 3)'(1, - 3)7 (33¢)
i=0,j=0

Cij
Recently, Hoppmann and Wan (1970) represented the strain energy function in a

Taylor's series as follows:
(1, - 3) + A, (1, - 3)}" (33d)

where the terms A]n and Azn represent the usual partial derivatives in a Taylor's
expansion, evaluated at I, equal 3 and I, equal 3. Incidentally, both representa-
tions given by Egs. (33c) and (33d) are equivalent.

Equation of Motion for Fluid

For an incompressible viscous fluid the Navier-Stokes equations and the
equation of continuity in the case of axisymmetric motion in cylindrical co-

ordinates [e.g. see Landau-Lifshitz (1959)] are:

2 2
_?.\_/£+VEYL+V?_Y£=_L§_R+\)(8VY‘+avr\+lavr-_\_[.r_‘) (34a)
ot rar 932 Ps ar or2 922 r oor r2

2 2
BVZ ‘v BVZ , BVZ ) _] ap (8 VZ . 94V lavz) (34b)
ot rar 79z pg 02 a2 9z2 roor

-t =L L= 0 (34c)

where v, and v, are the fluid velocities in the r and z directions, ¥ is the

fluid density, v = %—-is the kinematic viscosity and p is dynamic fluid pressure.

f
Boundary Conditions Between Fluid and Shell

Whether the fluid is viscous or not, the kinematical condition that the nor-

mal velocity of the fluid in contact with the shell must be equal to the normal

velocity of the shell, should be satisfied. If the fluid is viscous (i.e. v # 0)




than the continuity of tangential velocities is also required. Thus there is no
relative motion between the shell and the fluid when they are in contact with
each other. This condition can be stated in vectorial form on the boundary as

follows:

v =0 (36a)
%Eg-— v, =0 (36b)

Before we continue further, note that since the displacement of shell in r

2
b %
1), LU 8 sinitarly,

direction is given by u =r - r = rye. =r,(a s 512 Togte

6 "

2 2 ‘ SE
%£g-= %E%’ hence the boundary conditions between the fluid and shell become
W
32
Sf%'z Yz (370)

In Tight of the above change of variables, the equations of motion, Eqs. (26a)
and (26b), of the shell become:

8(N, r,sing)

. + (q,c086 + q5ino) - p2e
S, QpCose + q,sino Aek¢ror¢o = Aex¢ror¢ops =0 (38a)
3(N, r cos¢) 2
bo -N_r, +(q.cos¢ - qsing)rardr. =xrar.r hflig- (38b)
8, 8o 0, 6 n 09 0 4o 079 © ¢,Ps at2
where for a given shell r, and r¢ are known functions and A and q¢ are t and ¢
(0]

dependent scalar components of the external force on the shell. Egs. (28a) and

(28b) become

dz

M _ .o

%0, r¢ox¢51n¢ a0 (39a)
ro 3

A¢COS¢ = )\eCOS¢O + ?E’—o _375; (39b)
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Egs. (32), (34), (38) and (39) are nine partial differential equations for

the nine unknowns, N, , N by

9" 0, ¢’
formulation of the problem has been completed.

Ag, ¢y W, v, v, and p; hence, in principle the

r* 'z

If desired, the above formulation can be extended to include another fluid-
filled shell of revolution having a common symmetry axis with the outside shell.
Of course, this addition will complicate the problem extremely since nine more
partial differential equations very similar to those given by Eqgs. (32), (34),
(38) and (39) will be added to the original set, bringing the total number of
unknowns to eighteen.

The application of the present formulation of the fluid-filled shells of

revolution to a specific geometry and the solution of the resulting equations

will constitute future investigations in the area of abdominal %njury modeling.
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6.4 NOMENCLATURE

A2,A2,p2
I,1,,1,
MysMysMy
Nl’Nz’le
R
N¢,Ne
0.0,

Rl,R2

The first order fundamental quantities

Strain invariants

Moment resultants

Stress resultants

Stress resultants referred to the undeformed shell

Stress resultants referred to the deformed shell

Stress resultants in the transverse direction

Radii of curvature

Strain energy function for the shell material

Shell thickness

Unit vectors for the (x,y,z) coordinate system

Dynamic fluid pressure

Scalar components of the total surface force along a0, and the shell
normal, respectively

reosin¢o, resin¢ respectively

Radii of curvature for the undeformed shell

Radii of curvature for the deformed shell

Time

The physical components of stress referred to the deformed state

Unit vectors along &y 50 and the shell normal, respectively

2
Displacement components of the shell midsurface along o 50, and the

shell normal, respectively
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u,w Displacement components of the shell midsurface along the axial (z)
and the radial (r) directions, respectively

The fluid velocities in the radial (r) and axial (z) directions,
respectively

(x,y,z) Cartesian coordinate system

o, s, Curvilinear coordinates for the shell surface

dr 2 dz 2 1/2
0 0

, 1/2
s LG + 3D 1 I

%E)Z + (%%J 1 , respectively
B The rotation of a tangent to a meridian at a given material point
The membrane strains in ¢ and 6 directions, respectively
6,6 Circumferential angle and the angle formed by the normal of the shell
surface and the axis of (evo1ution, respectively
Aok, The stretch-ratios in the three principal directions
A,sh, The stretch-ratios in the directions of & and ¢, respectively
p Dynamic viscosity for the fluid
v u/pf, kinematic viscosity for the fluid

PgsP Densities of fluid and shell, respectively

(z,6,z) Orthogonal curvilinear coordinates for the shell element
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7.0 RECOMMENDATIONS AND CONCLUSION

This study of abdominal injury indicates that most of the internal
organs can easily be injured by blows to the abdomen. The Tethal force
levels are low. In the mini-pig a force of 8 x body weight applied over
a 7 square inch area in the abdominal region generally ruptured the liver.
It is recognized therefore that the abdomen is extremely vulnerable to
blunt trauma and great care should be taken in the design of automotive
vehicle interior to insure that the abdomen is not impacted by the steering
wheel or other protruding levers and knobs. Careful instruction regarding
the proper use of seat belts to avoid loading the abdomen should be issued.

The experimental studies described in this report are preliminary and
limited in scope. However they clearly show that abdominal injuries can
be produced in experimental animals that‘are amazingly similar to those
experienced by humans in automotive vehicle accidents. More work must be
performed before suitable correlation and scaling relationships can be
developed to adequately describe human abdominal impact tolerance on a
quantitative basis.

The mathematical analysis described in this report will provide a
basis for further modeling efforts and demonstrate the feasibility of this
approach.

In terms of effective emergency treatment in response to abdominal
trauma an understanding of the mechanism of injury is of the greatest
importance, for only through a knowledge of the forces applied in each indi-
vidual case is the proper management of that patient possible. A few
minutes at the very onset devoted to learning the details of the accident
are almost indispensable. Careful attention to the location of contusions
and lacerations about the abdomen may be the key to acquiring an understanding
of the direction and intensity of the forces applied and thru that an
immediate diagnosis of the organs involved and the level of injury.
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