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Abstract—The central aspects of injury biomechanics research are defined and research approaches
described. These aspects include the identification and definition of impact injury mechanisms, the

quantification of biomechanical response to impact, the determination of impact tolerance levels, and the
development and use of injury assessment devices and techniques for evaluating injury prevention systems.
The current status of knowledge and technology is then reviewed for the head, cervical spine, thorax,
abdomen, and lower extremity. Important gaps are identified, and research priorities emphasizing

functional impairment are proposed.

INTRODUCTION

Impact injury to the human body is caused by defor-
mation of biological tissues beyond their recoverable
limit, resulting in damage to anatomical structures or
alteration in normal function. The structural injuries,
such as bone fractures, are likely to heal, but normal
motor or sensory function may never compietely
return if central nervous system tissues are damaged.
Even though humans have been known to survive
remarkable impact situations, such as falls from ex-
treme heights or severe motor vehicle crashes, mech-
anical impact is one of the leading causes of injury,
fatality, and disability in the United States (American
Trauma Society, 1982; Baker et al., 1984; Committee
on Trauma Research, 1985; Committee on Trauma &

Committee on Shock, 1966; Hartunian et al., 1981;
R Natinnal Q"ﬁ’ty Council, 1983: Office of

986; National Safe ouncil, 1983: Office of

T uchtar 1
LUCHeT, 1

the Assistant Secy. for Health & Surgeon General,
1979; Trunkey, 1983; Viano, 1988a). Since accidental
injury primarily affects the younger portion of our
population (Baker et al., 1984; Perloff et al., 1984),
there is an urgency to allocate national resources
toward research that will bring us closer to an under-
standing of the process and effects of injury and thus
closer to its prevention {Baker ei al, 1984; Morse,
1973; SAE, 1982; Stone, 1977; Toole and Toole, 1984;
Trunkey, 1983; U.S. DOT, 1983; Waller, 1984).
Injury biomechanics research uses the principles of
mechanics to investigate and explain the physical and

physiclogical responses to impact that result in injury.

Both penetrating and non-penetrating injuries may be
addressed, but the latter are more complex, less well
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understood, and offer greater opportunities for miti-
gation through technological advances. Trauma re-
search involves a variety of disciplines, including
engineering, physiology, medicine, biology and ana-

tomy. For this reason, there is no unified research

tomy. For this reason, there is no unified resear
approach nor single area of education, training, or
experience that will prepare scientists for such work,
and studies are often conducted by teams of engineer-
ing, medical, and other personnel, whose combined
expertise is important to the success of the research.

The risk of injury is related to the energy delivered
to the body by the impacting object as well as to the
object’s shape. Penetrating injuries are gencraicd by
high-speed projectiles, such as bullets, or by sharp
objects moving at relatively lower speeds, such as
knives and daggers (Rosenberg et.al., 1984). In this
type of injury, impact energy is concentrated in a small
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area of the body, there
this energy, and the mechanisms of structural damage
are fairly obvious (Adams, 1982; Di Maio, 1981). Non-
penetrating injuries occur, however, when the body is
struck by or strikes a blunt object, such as a vehicle

instrument panel, at a moderate velocity, but the force

of the impact is distributed over a broad area (Council
on Scientific Affairs, 1983; Smith and Coleman, 1984).
In this case, impact energy can be absorbed by pad-
ding or other crushable materials, which allows the
impacting and impacted surfaces to deform and there-
by extends the duration of the impact and reduces its
severity (Begeman and King, 1975; Blizard and
Patrick et al, 1965; Reiser and Chabal, 1969; SAE,
1980; Stapp, 1970).

Because of the inertial resistance of body tissues and
the elastic and viscous compliance of body structures,
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uman budy dur ing impact.
This force generates both deformation and acceler-
ation of the body, and both can cause injury (Viano,
1988a; Viano and Lau, 1988). Compression of the
chest can fracture ribs and rupture organs, while head
acceleration can result in injury to the brain as its
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motion lags that of the skull and its soft tissue deforms
beyond its recoverable limit. The human body’s vis-
coelastic tissues also protect vital organs from impact
injury by absorbing some of the impact energy. As
long as the energy delivered to the tissue is below its
tolerance limit, recovery from impact deformation
occurs.

The broad goal of injury biomechanics research is
to understand the injury process and to develop ways
to reduce or eliminate the structural and functional
damage that can occur in an impact environment. To
achieve this goal, researchers must identify and define
the mechanisms of impact injury, quantify the re-
sponses of body tissues and systems to a range of
impact conditions, determine the level of response at
which the tissues or systems will fail to recover,
develop protective materials and structures that re-
duce the level of impact energy and force delivered to
the body, and develop test devices and computer
models that respond to impact in a humanlike man-
ner, so that protective systems can be accurately
evaluated. The following sections address the general
scope of each of these research aspects and describe
the current state of knowledge and technology related
to several critical body regions.

INJURY MECHANISMS

A mechanism of injury is a description of the
mechanical and physiological changes that result in
anatomical and functional damage. Knowledge and
understanding of injury mechanisms is fundamental to
the science of injury biomechanics, because it provides
the basis for determining appropriate measures of
response and tolerance to impact in the various parts
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of the body. Deformation of tissues beyond their
recoverable limit is the general injury mechanism
associated with blunt impact (Frankel and Nordin,
1980; Ghista, 1982; Reul et al., 1978; Nahum and
Melvin, 1985). This mechanism is measured in terms of
strain, defined as the change in a dimension, such as
the circumference of an artery, divided by the original
dimension. The primary types of strain that damage
tissue are tensile strain and shear strain (Fig. 1), which
produce lacerations, fractures, ruptures and avulsions
(Fung et al., 1972; Mohan and Melvin, 1982, 1983;
Viano, 1986). A third type is compressive strain, which
produces crushing injuries.

If an artery is stretched beyond its tensile strength,
the tissue will break. Organs and vessels can be
stretched in different ways, which result in different
types of injuries. For example, the motion of the heart
during chest compression stretches the aorta along its
axis at its points of attachment. This elongation
generally leads to a transverse laceration when the
strain limit of the tissue is exceeded (Besson and
Saegesser, 1983; Mohan and Melvin, 1982). An in-
crease in vascular pressure, on the other hand, dilates
the vessel and produces tensile strain in both the axial
and transverse directions. If pressures rise beyond the
vessel’s limit, the tissue will burst outward. Impact
along the axis of a femur causes an increase in its
curvature, with tensile strain on the anterior surface,
and compressive strain on the posterior. Midshaft
fracture of the femur occurs when its tensile strain
limit is exceeded (Cheng et al, 1984; Evans, 1981;
Viano, 1977, 1986; Viano and Stalnaker, 1980). This
injury mechanism is also common to the ribs, where
compression of the chest causes tensile strain on the
outer surface of the ribs. Thus injury to two very

BLUNT IMPACT

HEMORRHAGE

Fig. 1. Stretch of a vessel can tear the tissue (a partial tear shown) with a loss or containment of blood.

Opposing forces across the vessel can cause a shear injury (a complete tear shown) again with or without loss

of blood. Vessels beneath the skin can be torn by stretch or shear without laceration of the skin. This can
cause a bruise or contusion.
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different types of tissue, vascular and bony, can be
explained in terms of tensile strain and associated
failure.

Shear strain occurs when opposing forces act across
4 tissue, moving it in opposite directions. When the
resistive limit is reached, the tissue will separate.
During head impact, for example, the differential
movement of the brain with respect to the accelerated
skull may cause shear strains and eventual failure of
the interfacial structures between brain and skull
(Gurdjian, 1975; Courville, 1950; Ommaya et al.,
1971). Differential motion of lobes of the liver can also
shear the attachments at the hilar region and lacerate
the major connecting vessels when the strain exceeds
the limit of recovery (Lau and Viano, 1981a, b).

The strain mechanism not only explains laceration
injuries but is also a principal factor in contusion
injury (Fig. 1). In this case, the surface of the tissue is
not damaged, but deformation of the body may stretch
and shear internal vessels and increase intraluminary
pressures, causing internal tissue damage with hemo-
rrhage or blood retained by a pseudo-aneurysm or
partial tear of the vessel.

The rate of loading and thus the strain rate is also an
important factor in the production of injury (Lau and
Viano, 1981a, b; Viano and Lau, 1983; 1988). Because
bilogical tissues are viscoelastic, their response and
tolerance to impact is rate sensitive. If, for example, a
fluid-filled organ is compressed slowly, much of the
applied energy can be absorbed through deformation
without tissue damage. When loaded rapidly, how-
ever, the organ cannot deform fast enough and rup-
ture may occur before significant change in shape.
Compact bone also exhibits rate sensitivity during
impact. A femur loaded axially can withstand higher
loads as impact velocity increases, but the actual strain
(bending) at failure decreases (Cheng et al., 1984;
Viano, 1980; Viano and Stalnaker, 1980).

Research addressing injury mechanisms requires a
combination of accident investigations, clinical case
studies, and laboratory experiments with human ca-
davers and anesthetized animals (Table 1). Because of
extensive clinical and experimental work, mechanisms
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for many significant injuries have been adequately
described. The sequence of events following blunt
thoracic impact that lead to laceration and rupture of
the heart and great vessels has been discussed exten-
sively in the literature (Besson and Saegesser, 1983;
Liedtke and Demuth, 1973; Symbas, 1976, Viano,
1983), and fracture of the femur and dislocation of the
knee joint are generally well understood (Noyes and
Grood, 1976; Viano, 1980, Viano et al., 1978). Less is
known about injury mechanisms for other organs,
bones, and joints, but, more importantly, the mechan-
isms of functional damage to central nervous tissue
have not been well established. Although isolated
tissue preparations have provided some information
on the changes that occur, many of the mechanisms
responsible for these changes are unknown or specula-
tive at best. Research needs to be directed at the
biomechanics of impact to central nervous system
tissue as the first step toward mitigating its disabling
consequences (Journal of American Insurance, 1983;
Kraus et al., 1984; NINCDS, 1980).

BIOMECHANICAL RESPONSE

Once a mechanism is described or hypothesized, the
next step is to quantify the biomechanical response
during impact deformations. Response is a time vary-
ing change in shape of the body, an organ, or tissue
caused by mechanical loads (Kroell et al., 1973; Stapp,
1970; Nahum and Melvin, 1985). Measurements
characterize the elastic and viscous resistance of bio-
logical tissue to deformation and the inertial resistance
of the body to motion. The quantified responses are
used to analyze the injury process, so that response
thresholds related to injury can be established, and 1o
develop mechanical or mathematical models that be-
have like humans under impact conditions.

Ideally, human response measures would be ob-
tained from living human subjects under various
impact conditions. For obvious reasons, this is not
possible. People involved in accidental impact are not
instrumented with electronic measuring devices, and
experimental impact of human volunteers can only be

Table 1. Applicability of research tools used in impact biomechanics

Tool/procedure Injury Impact Impact Assessment
mechanisms  response tolerance technologies

Crash investigation/ *xk * *x *x

reconstruction

Clinical study ook * * *

Volunteer test * T * o

Animal experiment *Rkk ok T * %

Human cadaver kA T ET TS *x

Dummy test * P *k R

Mathematical model * *x Y Ty

» Limited applicability
+x Appropriate/useful.
=+ Important/valuable.
«xxx Vital/necessary.
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done below the pain threshold. There are, in fact, rigid
rules and guidelines limiting the acceleration levels
that can be used with volunteers. Only a few ‘man-
rated’ impact facilities exist in the United States
(Begeman et al., 1980; Ewing et al., 1978; Von Gierke
and Brinkley, 1975), most of these being military
facilities. As a result, human volunteer data tend to
reflect the response of strong young males.
Although measures of response to noninjurious
impact can be obtained from volunteer experiments,
the primary data on impact response at injury levels
must, of necessity, be obtained using human surro-
gates. These are human cadavers and anesthetized
animals, each of which has its limitations for impact
biomechanics research. The cadaver is a suitable
research model to simulate gross geometric and ma-
terial properties of the human or to study the mechan-
ical response of a body segment, such as chest defor-
mation or head trajectory. Such surrogates, however,
tend to be of an advanced age, have no active muscular

response that may influence their realism at lower

levels of acceleration, and cannot be used to assess
functional changes due to injury. The only way to
obtain information on the physiological responses
triggered by injury is to subject live, anesthetized
animals to experimental impact, and even their
physiological responses are influenced somewhat by
the anesthetic. Although biological data obtainable
only from animal experiments are critical to the study
of brain and spinal cord injuries, arrhythmia, and
shock, the use of animals for such research is coming
under increasing criticism by activist groups who
would like to prohibit it altogether.

IMPACT TOLERANCE

At some measurable level of deformation magni-
tude and rate, the tissue will not be able to recover, and
damage or injury will occur. This level of response is
the injury threshold and indicates the tolerance of the
body, organ, or tissue to impact. Although any injury
is of concern, it is common in impact biomechanics to
try to identify response thresholds beyond which there
is unacceptable damage to tissues or structures, such
as gross anatomical lesions or injuries that resultin a
permanent alteration of normal function. The defi-
nition of unacceptable injury is not fixed but is a
function of a variety of parameters, including the body
region, the type of tissue, and, for experimental pur-
poses, the type of test subject used. Even with the use
of surrogates, our current state of knowledge con-
cerning human impact tolerance is very incomplete,
and experimental impact data are practically non-
existent for adult females and for children,

Determination of human tolerance levels is compli-
cated by many factors related to the impact configur-
ation, the test environment, and the test subject that
influence the outcome of the impact event. These
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factors include the velocity, mass, direction and sur-
face area of the impactor and the onset rate and
duration of the applied force. In addition, the body
orientation, the design and tightness of any restraint
system used, and the characteristics of the seating
system affect the results. Biological factors, such as
age, sex, body size, and physical and possibly mental
condition, also influence human injury tolerance as
well as the ability to survive particular injuries. Dis-
eases such as hypertension and arteriosclerosis tend to
increase the severity of cardiovascular trauma, and
osteoporosis reduces the impact resistance of bone.
The latter disease is more likely to affect women
postmenopause, and is a significant factor in vertebral,
rib, and femoral fracture.

Chronic alcohol use interferes with normal body
repair processes and is also a significant factor in
accident causation. Alcohol in tissues appears to
predispose an accident victim to more severe and
extensive injury than the non-drinker in a similar
impact environment (Anderson and Viano, 1986;
Waller et al., 1986). Physiological experiments have
demonstrated a higher mortality to blunt thoracic
impact with, than without, administration of alcohol,
as alcohol enhances the electro-mechanical
decoupling of the cardiac excitation—contraction
process (Desiderio, 1987) and increases the risk of
permanent impairment resulting from spinal cord
injury (Anderson, 1986; Flamm et al., 1977). The high
incidence of alcohol in the blood of seriously and
fatally injured road accident victims (38 and 46%,
respectively), indicates that this drug may be one of the
more significant factors influencing injury severity.

Along with population variability, individual vari-
ability should be considered when trying to determine
human tolerance levels. In addition, experimental
impacts with a given set of parameters may yield
tolerance information for that configuration, but the
result may not be applicable to a different set of
parameters. Any statement of human tolerance to
impact must be accompanied by the specific con-
ditions involved, since there are a number of toleran-
ces depending upon what is being loaded and how the
loading occurs, and even a well-controlled impact will
generate different results for different subjects. In the
end, it may only be possible to identify a distribution
of tolerances for a given population and exposure.

Although the most reliable tolerance information
comes from experimental impacts, accidental falls can
provide some insight into human tolerances to a
variety of impact conditions (Foust et al., 1977;
Snyder, 1963) particularly at extreme levels beyond
which human volunteers are not subjected. Other
sources of this type of information are clinical studies
of impact trauma and reconstructions of automotive
or aircraft crashes (SAE, 1985a). The data obtained,
however, are of limited scientific value, because no
impact or response measurements are made during
the event. Thus, although the injuries may be known,
the impact conditions, the biomechanical response,
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and the tolerance levels can only be estimated after the
fact.

INJURY ASSESSMENT TECHNOLOGY

Blunt impact and acceleration injury can be signifi-
cantly reduced in the automotive environment
through the use of crushable vehicle structures, which
absorb impact energy, and restraint systems, which
allow the occupant to decelerate more slowly with the
crushing vehicle. Other occupant protection tech-
nology has been applied to produce a friendly interior,
which reduces the likelihood that impact with interior
surfaces will be injurious (Viano, 1988a). These pro-
tective systems could not be designed, developed,
refined, and installed in automobiles, however, with-
out some means of first testing their effectiveness in the
laboratory. Although cadavers have been and are still
used occasionally for this purpose, they are not easily
available nor do they provide repeatable information.
A better solution is an anthropomorphic dummy that
responds to impact in a humanlike manner, as dic-
tated by average response data generated in labora-
tory experiments with human surrogates.

For practical reasons, dummies are not actually
‘injured’, but rather levels of biomechanical response
are established that are judged likely to result in injury
if the dummy were a human. These response thres-
holds are called injury criteria, and different criteria
are used for different regions on the body (SAE, 1980).
Using such a test device along with appropriate
criteria in test configurations that represent a range of
impact exposures, the risk of injury and disability to
the human can be assessed, improvements in pro-
tective systems can be made, and the overall risk of
injury reduced.

Current anthropomorphic dummies (Foster et al,
1977; Mertz, 1985) are providing more extensive accel-
eration, deformation, and kinematic data, which in
most cases can be correlated somewhat with human
impact response. However, their ability to predict
anatomical or structural injuries is marginally reliable.
More important, dummies are not capable of eva-
luating functional changes that result in severe cogni-
tive dysfunction, quadriplegia, or fatal ventricular
fibrillation.

Another test tool used to assess injury risk is
computer simulation of an occupant in a crash situ-
ation (King and Chou, 1976; SAE, 1985b). This tool
can be used to study the effects of a wide range of
design changes and improvements without the time
and cost of several laboratory experiments. Although
there have been recent advances in the simulation of
real-world crashes, mathematical models cannot in-
corporate all the complexities of the human system.

Anthropomorphic dummies and mathematical
models are used extensively as predictive tools, parti-
cularly of body kinematics and acceleration during
impact. Simulations, however, are only as accurate as
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the biomechanical information used in their formu-
lation, and they are probably lacking in accuracy
when interactive forces are developed during impact.
For most body regions, the lack of basic research data
on biomechanical response has retarded the devel-
opment of more sophisticated models or dummies.
Thus, the current tools and techniques for assessing
injury are only a first step in the development of a truly
adequate evaluation procedure for protective systems.
Further advances are dependent on a clear under-
standing of, and detailed data on, trauma mechanisms,
biomechanical responses and tolerance levels of the
human. In the following sections, the current state of
knowledge regarding these factors is summarized for
critical body regions.

HEAD INJURY

A variety of mechanisms have been postulated for
mechanical damage to the brain in closed head injury,
but all are related to acceleration of the head. The
most severe accelerations are usually the result of
direct impact to the skull or face. High accelerations
can also be generated during abrupt changes in mo-
tion without head contact, such as might occur to a
restrained occupant in a severe frontal crash, but such
acceleration has not been found to produce brain
injury without direct impact. The actual mechanisms
of injury (Courville, 1950; DOT, 1981; Gennarelli and
Thibault, 1982; Gennarelli et al., 1982; Gurdjian, 1975;
Gurdjian and Gurdjian, 1975, 1976; Ommaya, 1985;
Ommaya et al., 1971; Viano, 1985) may include the
following: (1) direct brain contusion from skull
deformation at the point of contact; (2) brain con-
tusion from movements of the brain against rough and
irregular interior skull surfaces or from the side op-
posite the impact; (3) brain and spinal cord deforma-
tion in response to pressure gradients and motions
relative to the skull, resulting in stress in the tissues;
and (4) subdural hematoma from movement of the
brain relative to its dural envelope, resulting in tears of
connecting blood vessels.

Because the brain has its own inertia and is loosely
coupled to the skull, its motion will lag that of the skull
when the head is suddenly stopped (Fig. 2). The result-
ing differential displacement causes interfacial shear
between the brain and skull, stretches the vessels that
tether the brain, and strains the brain tissue as it
contacts boney protrusions and membranes. When
the skull is impacted directly, the brain also deforms
and pressures increase at the site of local skull defor-
mation. These deformations and pressure increases, if
of sufficient magnitude, can result in brain laceration
or contusion, evidenced by hemorrhage, or diffuse
axonal injury, which causes functional changes.
Clearly, neural injury is a major source of injury
disability (Gennarelli, 1982; Langfitt et al., 1982; Rimel
et al., 1981, 1982) and much more research is needed
on its mechanism and tolerance to impact.
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Fig. 2. Blunt impact of the moving head decelerates the

skull. Injury of the brain can be caused as its motion lags that

of the skull and strain develops in brain tissue and blood
vessels.

Although different impacts to the head can produce
a variety of complex three-dimensional motions with a
wide range of deformations throughout the brain
tissue, vascular brain injuries primarily occur on the
inferior surfaces of the frontal and temporal lobes,
where ridgy protuberances are located (Gurdjian,
1975; Gurdjian and Gurdjian, 1975, 1976). Such injuries
occur whether the impact is to the front or the back of
the head. At low levels of dynamic loading, there may
be only temporary disruption of brain function, or
concussion, but the mechanisms described above are
still thought to be the source of this dysfunction.

The threshold values for the mechanical impact
parameters associated with a particular type of brain
injury are not well defined. These parameters include
translational and rotational accelerations, rotational
velocities and contact forces, and procedures are now
available to assess the complete dynamics of the head
in test dummies subjected to impact (Viano et al,
1986). In the development of head injury criteria
(Hess et al., 1980), emphasis has been placed on the
effects of translational acceleration, and tolerance
levels have been based on experimental impacts with
head contact. The Wayne State Tolerance Curve
(Lissner et al., 1960) and the later Japan Head Toler-
ance Curve (Ono et al., 1980) are based on empirical
data and describe tolerable levels of head translational
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acceleration as functions of head impact duration.
Although the curves are in close agreement for the
short-duration, direct-contact impact injuries studied,
their application for non-contact, or indirect impact, is
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The Head Injury Criterion (Versace, 1971) is an
extension of the Gadd Severity Index (Gadd, 1966)
and is based on the general relationship between
tolerable acceleration level and the associated dur-
ation, as described by the Wayne State Tolerance
Curve, but allows the analysis of complex
acceleration—time waveforms. The HIC is the most
commonly used method of evaluating head impact
data at this time. Recently, statistical analysis of direct
head impact cadaver test data has been used to define
the relationship between HIC values and the probab-
ility of sustaining a particular level of injury, thus

providing a continucus ability to interpret HIC values

(Prasad and Mertz, 1985). A HIC level of 1000 was
found to produce an expected 16% incidence of life-
threatening brain injury to the adult population.

Injury criteria based on head angular acceleration
and angular velocity have been proposed for long-
duration, indirect impact situations (Ommaya, 1985),
but they lack the extensive evaluation and review that
has been given the HIC for short-duration (less than
15 ms) head impacts. Mathematical models of the
head hold promise for evolving into injury predictive
models, given proper development and evaluation.
Simple models, such as the Mean Strain Criterion
(Stalnaker and McElhaney, 1970), which are based on
translational acceleration, have the potential for de-
scribing the dependence of the injury response on
impact waveform and direction of impact. The appli-
cation of the MSC and other brain response models to
dummy head accelerations which may be helpful in
interpreting injury risks (Viano, 1988b) remains to be
developed. More sophisticated finite element models
of the brain and skull (see review by Khalil and Viano,
1982) have been developed, but their complexities and
the lack of experimental verification of brain injury
mechanisms have hampered their development into
injury predictive models.

The testing technology available to simulate the
response of the head to impact is rather crude (Hess et
al., 1980; Hubbard and McLeod, 1974). The data
presently available for defining this response are lim-
ited to rigid impacts and are predominantly based on
embalmed cadaver tests. The response measures are
either head acceleration or contact force, and rigid
surfaces have been used because response measures
may not be repeatable if the impacted surface is
allowed to deform. Thus, test dummy heads have been
designed to respond in a humanlike manner only to
direct forehead impact with rigid surfaces (Foster et
al.,, 1977). Even then, the heads do not contain simu-
lated brains, primarily because there is little data on
brain impact response on which to base a simulation.
Current head impact data are adequate to define
general response to rigid impacts to the front and side
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of the head over a range of impact velocities from 1 to
8 m s~ ! for peak contact force, but only 1to 5ms ™!
for acceleration response. There is, therefore, a need
for more studies using unembalmed cadavers at higher
impact speeds and using current acceleration
measurement techniques. A repeatable and repro-
ducible method for conducting padded head impacts
is also needed to define head response to non-rigid
impacts.

Another major limitation of current mechanical
simulations of head impact is the lack of humanlike
facial structures. Skull response is simulated by a
metal headform covered by a rubber-like scalp, and
the dummy’s face is merely the front part of this ‘skull’.
The fracture and collapse of human facial bones
during distributed loading, however, significantly re-
duce the peak forces and resulting head accelerations,
compared with those produced by similar impacts to
the skull. Because current dummies have unrealisti-
cally rigid faces, indicators of brain impact tolerance
that are based on skull acceleration cannot be used to
evaluate brain injury when the impact is to the face.

The response of facial structures to impact has been
studied to a limited extent, but data on fracture
tolerance of facial bones to direct loading is available
for individual bones as well as for the face as a whole,
(e.g. Hodgson, 1967, Schneider and Nahum, 1972,
Tarriere et al., 1981). Soft tissue injuries are also of
concern relative to the face, as important nerves can be
severed and disfigurement and paralysis result from
facial laceration. The failure characteristics of soft
facial tissues have been studied in connection with the
development of high-penetration-resistant wind-
shields (Patrick and Daniel, 1964), and rating systems
for the assessment of laceration severity have been
developed (Pickard et al, 1973). There is a need,
however, to study the mechanisms of facial laceration
from blunt as well as penetrating impact.

CERVICAL SPINE INJURY

Impact to the head may cause the neck to flex (bend
forward), extend (bend rearward), or bend laterally,
depending on the impact direction (Fig.3). In ad-
dition, tension or compression of the neck may occur
along with flexion, extension, or lateral bending, de-
pending on whether the head/neck system is inertially
or directly loaded during impact. Each of these load-
ing combinations can result in different injury mech-
anisms of the cervical spine, including compressive
and shear strain at the vertebral bodies that may result
in wedge fractures of the bodies and, with increased
load, fracture-dislocations of the facets (Holdsworth,
1963, 1970; Kazarian, 1981; Portnoy et al., 1971;
Schneider, 1974).

Although this description of the injury mechanisms
leading to cervical spine fracture-dislocation is a
reasonable hypothesis, it has not been verified exper-
imentally, nor is there any direct correlation between
fracture-dislocation and spinal cord damage. Another
reasonable hypothesis, however, is that, if the relative
displacement between adjacent facets is large, an
unstable fracture occurs. Bone and other tissue can
then intrude into the spinal canal, causing injury to the
spinal cord. Unless the cord is transected, damage is
less likely to be lacerative than it is to be contusive to
the central grey matter and to cause a transient
disruption of axonal function. The hemorrhagic
damage expands radially with time and can ultimately
permanently disrupt the axonal tracts and alter motor
and sensory function. Thus, impact involving head
motion initiates a complicated sequence of events that
can ultimately result in damage to the vertebral
column and intrusion into the spinal cord.

The static and dynamic response of the head/neck
system to indirect inertial loading at low crash severi-
ties has been studied extensively in volunteers and, to

Fig. 3. Downward impact on the head can flex (a) or extend (b) the neck with fracture-dislocation of the
vertebrae and possible damage of the spinal cord.
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a lesser extent, in cadavers (Collins, 1983; Ewing et al.,
1978; Mertz and Patrick, 1967; Patrick and Chou,
1976; Schneider et al.,, 1975). These studies have in-
cluded frontal, lateral, and oblique impacts, and a
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for suitable neck linkage systems, ranges of motion,
and joint resistance characteristics are thus available
for dummy design (Mertz et al., 1978, 1973) and
mathematical modeling (Bowman et al., 1984; Wis-
mans and Spenny, 1983, 1984).

The status of knowledge on the tolerance of the
neck to loading is limited. Of necessity, all volunteer
data are below the imjury threshoid. Additionaily,
injury mechanisms can be quite different from those
mechanisms controlling response. Most injury
threshold data are either based on cadaver tests or on

reconstructions of accidents with instrumented dum-
mies. As such, the threshold values are subiect to the
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limitations associated with the surrogate used to
obtain the data. These data sources have been used to
develop tolerance limits for neck bending moments in
midsagittal flexion and extension, axial compressive
and tensile neck forces, and neck shear forces (Mertz,
1984; Mertz and Patrick, 1971; Mertz et al., 1978;
Yamada, 1970). The tolerance of the neck to various
combinations of forces and moments, however, has
not been established.

The current technology to assess neck injury is to
install a multi-axis force and moment transducer at
the base of the dummy head. The reaction loads
measured are then used individually as indicators of
injury severity. The validity of such measures, how-
ever, depends on the realism of the head/neck/torso-
kinematics. Early dummy necks were merely a column
of rubber, but human necks consist of a series of joints.
Jointed necks have now been developed to achieve
humanlike range-of-motion characteristics (Foster et
al., 1977), but, unlike humans, current dummies still
have rigid thoracic spines. This lack of torso flexibility
affects the response of the neck to impact situations.
Without adequate simulations of body (spinal) mo-
tion, measurements from the most sophisticated in-
strumentation may yield inadequate results.

THORACIC AND ABDOMINAL INJURY

Impact to the sternum compresses the rib cage and
accelerates the throax in the direction of the force
(Committee on Trauma Research, 1985; Viano, 1983)
(Fig. 4). With sufficient compression, ribs can fracture
from tensile strain on their outer surface. As the
sternum is pushed inward, the heart is compressed and
is displaced from its normal position in the thoracic
cavity. This motion of the heart can stretch the aorta
at the isthmus from its posterior points of tethering.
Axial stretch in the aorta causes tensile strain that may
result in transverse rupture (Besson and Saegesser,
1983; Viano, 1983). In this case, injury to the aorta is
the indirect result of a nonpenetrating thoracic im-
pact, which generates a complex series of relative
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Fig. 4. Chest impact compresses the rib cage, displaces
internal organs and may lacerate major vessels by crushing
or stretching mechanisms. However, high-velocity impact of
the chest can cause major internal organ injury with minimal
compression by the viscous injury mechanism.

displacements of body tissues and structures that
ultimately cause the non-recoverable axial strain.
Compression of the thorax also increases the pressure
in the lungs (Lau and Viano, 1981), chambers of the
heart (Stein et al,, 1982) and aorta (Zehnder, 1960),
which incrementally increases the strain in the tissues
and adds to injury vulnerability. Although this mech-
anism of aortic rupture has been well described in
clinical literature, there has been no experimental
verification of this hypothesis or a tolerable level of
compression proposed at this time.

Abdominal contents are even more vulnerable to
injury than those in the thorax, because there is little
boney structure below the rib cage to provide pro-
tection in frontal and lateral impacts. Blunt impact to
the upper abdomen can compress and injure solid
organs, such as the liver and kidneys, before significant
whole-body motion or acceleration occurs (Horsch et
al., 1985; Lau and Viano, 1986; Lau et al., 1987; Melvin
et al, 1973) (Fig. 5). In the case of the liver, com-
pression increaSes intrahepatic pressure and generates
tensile or shear strains. If the tissue is sufficiently
deformed, laceration of the major hepatic vessels
occurs, resulting in extensive hemoperitoneum. Ab-
dominal deformation also causes the lobes of the liver
to move relative to each other, stretching and shearing
the vascular attachments at the hilar region (Lau and
Viano, 1981b,¢).

Although the most critical upper and lower torso
injuries are to the internal organs, most experimental
studies using cadavers have assessed thoracic injury in
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Fig. 5. High-speed impact of the abdomen can injure hepatic

tissue without significant abdominal compression or whole-

body motion. The liver and spleen are also vulnerable to

crushing deformation, and relative motion of the liver and its
attachments can rupture vessels.

terms of skeletal damage. Tolerance criteria based on
impact force or chest compression, in addition to the
traditional acceleration criterion, have thus been sug-
gested. For lower speed impacts, these criteria may be
useful. For higher velocity impacts, however, in which
certain internal organ injuries have been found to
occur prior to significant chest compression (Lau and
Viano, 1986; Viano and Lau, 1983, 1985, 1988), a
further factor of impact velocity must be considered.
The viscous nature of biological tissue and thus the
rate-sensitivity of its response to impact loading has
been described above, but the concept is particularly
important in the assessment of thoracic and abdomi-
nal injury. A Viscous Tolerance Criterion (Viano and
Lau, 1985, 1988; Lau and Viano, 1986), which takes
both velocity and compression into account, provides
an injury criterion that is directly related to the
biomechanical factors causing injury and indicates
that the body’s tolerance to compression decreases as
the speed of deformation increases.

Tolerance levels for the thorax have been estab-
lished for each of the types of injury criteria indicated
(Hess et al., 1982; Lau and Viano, 1986, Mertz and
Gadd, 1971; Neathery et al., 1975; Patrick et al., 1967,
Viano, 1978; Viano and Lau, 1985, 1988). The ab-
domen has received less attention, but tolerance limits
based on compression have been suggested (Lau et al.,
1987; Lau and Viano, 1981b, ¢; Melvin et al., 1973).
Dummy technology, however, lags somewhat behind
the analytical capability. Rigid spines, steel ribs that
do not break, a lack of any internal organ simulation,
and a foam abdomen with no or minimal instrumen-
tation make reliable injury assessment difficult. The
human thorax and abdomen are complex three-

dimensional structures that require complex simu-
lations to realistically respond to impact in all direc-
tions. Similarly, instrumentation must be able to make
ngbal response measurements to ensure an adequate
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different directions, with different shaped impactors,
and at different loading rates.

LOWER EXTREMITY INJURIES

Impact to the knee along the axis of the femur
compresses the patella against the soft tissues of the
patellofemoral joint, loading and deforming the arti-
cular cartilage (Fig. 6). Increased force in the femoral

condvles accelerates and deforms the structure. Defor-
Conayies acceieratles ang Geiorms (10 structure. 12¢ior

mation of the femur is increased by the inertial resis-
tance of the mass of the lower torso, which resists
displacement. Because of the curved shape of the
femur, deformation increases this curvature through
tensile strain on the anterior surface. If the tensile
strain exceeds the limit of compact bone, a fracture can
begin and rapidly propagate through the structure.
Bending is thus the primary injury mechanism for the
femur.

The frontal impact response of the upper leg during
seated knee impacts has been studied extensively
(Evans, 1981; Horsch and Patrick, 1976; Melvin and
Stalnaker, 1976; Nahum and Melvin, 1985; Viano and
Stalnaker, 1980). This research includes information
on the acceleration—time histories, force~time histor-
ies, impedance and effective mass. Other studies have
defined the geometry of engagement of the knee into
crushable padding (Hering and Patrick, 1977; SAE,
1986), and load—deflection data are also available for
subluxation of the tibia with respect to the knee joint
(Viano et al., 1978).

For injury assessment purposes, femoral response
and tolerance limits are generally defined in terms of
the force sustained by the femur when it is impacted
axially at the knee. This is an indirect response
measure since the failure mechanism is due to bending
of the bone from knee impact. Measurement of knee
impact load, however, can be made with much less
effort than that of femoral bending. More research is
needed before long-bone tolerance to fracture can be
based on parameters directly responsible for its failure.

The current generation of test dummies are instru-
mented with a femoral load cell that measures the
axial force in the dummy upper leg (Foster et al., 1977).
More sophisticated load cells are used in dummy
femurs (Cheng et al., 1984) for research purposes but
are not generally used in the laboratory evaluation of
occupant protection technology.

GAPS IN CURRENT BIOMECHANICAL KNOWLEDGE

The status of current knowledge about injury mech-
anisms, the understanding and quantification of bio-
mechanical response and tolerance to impact, and the
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Fig. 6. Knee impact bends the femur with possible midshaft fracture due to tensile strain exceeding

tolerance at the midsection. Rigid or sharp contacts may fracture the patella and supracondylar fractures

can occur by shearing due to loading through the patella. Load transfer to the pelvis can shear the femoral
neck or dislocate the hip, and load transfer to the tibia may injure the posterior cruciate ligament.

availability of meaningful injury evaluation criteria
and technology are summarized in Table 2. Although
the head and spine house the organs that control life
itself, and there is a reasonable understanding of the
processes that generate structural injury, very little is
known about the mechanisms of functional damage to
the brain and spinal cord. Likewise, the mechanical
parameters associated with anatomical alterations of
thoracic organs are relatively clear, but the disruption
of cardiac function after thoracic impact, without
apparent structural damage, is only now being deter-
mined (King and Viano, 1986; Lau 1985a, b). In order
to be able to protect the body from functional impair-
ments, there must be a better understanding of the
electro-mechanical changes associated with impact
and/or tissue damage.

Research to improve our understanding of, and
ability to quantify, biomechanical response to impact,
as well as to establish impact tolerance thresholds, has
always been handicapped by the obvious necessity of
using human surrogates in impact experiments, except
at very low severity levels. Human cadavers have
provided a reasonable experimental model for skeletal
response, especially for the skull, rib cage, and femur,
and cadaver research continues to emphasize the
response characteristics of the thorax and lower ex-
tremities. These studies are supplemented by the use of
anesthetized animals for thoracic and abdominal im-
pact experiments, the results of which can be scaled to
human dimensions. There is an urgent need, however,
to quantify head/neck impact response, because of the

high incidence of brain and spinal injury in motor
vehicle crashes and the serious and usually irreversible
consequences of brain and spinal cord damage.

In order to develop meaningful measures of the risk
of damage to central nervous tissue, a physiological
model must be used in experimental studies. The use of
animals in biomedical research is encountering in-
creasing opposition from special interest groups, some
of whom have resorted to violent means to stop
animal research. Guidelines for the ethical treatment
of laboratory animals have been drawn up by the
National Institutes of Health (Dept of Health Edu-
cation & Welfare, 1978) and other Federal agencies to
assure the highest standards of animal anesthesia,
care, and use. The philosophical arguments regarding
animal rights and the sanctity of any life form have not
been settled, however. A committee of the National
Academy of Sciences has concluded that the human
cadaver is an essential surrogate for impact bio-
mechanics research, but its use is limited to structural
response studies. Animals are thus essential surrogates
for the study of the physiological response to impact
and injury, so that functional impairment can be
understood, treated, and possibly prevented.

Test dummies are the primary tool for predicting
injury, yet only a few measures of potential injury are
assessed with current techniques during impact tests.
The most common ones are the acceleration response
of the head and chest and the forces on the femur.
Although the measurement of femoral forces is well
accepted and used, the mechanisms of femoral injury
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Body region

Injury

mechanisms

Impact
response

Impact
tolerance

Assessment
technologies

Head
Skull
Face
Brain
Structure
Function

Spine
Vertebrae
Spinal cord

Ctructure
STUCiure

Function
Thorax

Rib cage

Heart, great vessels
Structure
Function

Lungs

Abdomen
Solid organs
Hollow organs

Extremities
Femur
Other long bones
Joints
Muscle

Sensory organs
Skin
Other

* %

3*
¥*

* %

*kowok

EE T

* % kK

EEE S

&k
* %k
* %k

* ok
&k

« Unknown/unavailable.
xx Hypothetical/inadequate.

«*+ Somewhat understood and verified/useful.

%% Well known/adequate.

is not axial compression, but rather bending. The head
also has a well publicized criterion for evaluation of
injury risk (HIC), but the criterion is based on limited
experimental verification and has not been correlated
with the risk of brain damage. Some experimental data
are available for the evaluation of neck injury, but they
do not assess functional changes associated with risk
of paralysis. Clearly, the two most significant body
regions, the head and neck, are not adequately evalu-
ated using current testing technology, yet these are the
regions most frequently and severely injured in motor
vehicle crashes.

CONCLUSION

As a science, injury biomechanics research is in its
infancy. There are large gaps in experimental data, and
reliable test techniques have not been developed for
important areas of interest. There are also few trained
scientists and engineers with background and experi-
ence in the mechanics and physiology of trauma, and
few universities have developed faculty and curricula
to produce new researchers in the field. The recent

establishment of five ‘Centers of Excellence’ by the
U.S. Center for Disease Control is an encouraging
step, but it remains to be seen how research priorities
will be set, whether the parent organization will be
able to maintain an even distribution of engineers,
physiologists, and physicians in both its intra- and
extramural programs, and how it will achieve mean-
ingful cooperation and exchange of information with
existing Federal agencies. It is hoped that the research
at these centers and at other universities funded by the
program can be undertaken on a long-term basis and
directed at an objective understanding of injury mech-
anisms and biomechanical response, as opposed to
short-term research done in support of Federal regu-
lation, which has occurred in the past.

Partially because of a lack of sufficient information
on which to base the design of a humanlike dummy,
the tools currently in use to assess injury risk are
inadequate to indicate the wide diversity of potential
anatomical and functional damage. In certain areas,
however, there are better data on human impact
response than are reflected by current dummies
(Melvin et al., 1985; Melvin and Weber, 1985). Some
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significant improvements in kinematics and response
could therefore be made fairly soon if dummy technol-
ogy were brought up to date. On the longer term,
however, efforts to improve injury assessment capa-
bilities should be consistent with a national research
priority to address the most critical injuries, which are
functionally disabling injuries to the brain and spinal
cord, and to develop ways of preventing, as well as
reversing, these injuries.
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