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Chapter 9

Biomechanics of Impact Injury
David J. Porta, PhD
1. INTRODUCTION
Physicians diagnose and treat. Engineers break and build. The field of biomechanics is a wonderful bridge between the two. Those who study the biomechanics of
trauma get to work with fine people in both areas in an effort to elucidate mechanisms
of injury. Presumably, definition of these mechanisms can lead to injury mitigation and
perhaps even enhanced treatment outcomes. In the forensic arena, determination of
injury mechanism can be a critical component in settling legal disputes, as illustrated by
the case studies at the end of this chapter.

2. BASIC FRACTURE EVENT
The complete fracture of a bone due to impact is a very quick event. In Fig. 1, the
heavy cart is traveling a mere 7.8 m/s (17.5 mph) and the cadaveric foot is restrained
only by the friction of the shoe with the concrete. During the impact, a force transducer
situated between the two pipes records the resistance the cart encounters. At the instant
that the leading 4.75-cm diameter steel pipe contacts the leg, the transducer is pinched
between the pipes (the front pipe is connected to the rear by slide pins) and a signal analyzer captures force readings at up to 10,000 times per second. Figure 2 shows a sample plot of force (kN) vs time (ms) for these types of impacts. The tibia, fibula, and soft
tissues store energy as they bend until the peak of the graph is reached. After this point,
the bone fractures and the force drops off precipitously. The pipe contacts and pushes
soft tissues for a short period of time as the leg wraps and then swings free, but the
actual bone fracture event occurs in less than 0.001 s (1).
When reconstructing an injury scenario, the extremely high speed of fracture
propagation must be kept in mind. How can a victim or a witness be expected to know
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Fig. 1. Cadaver test simulating a pedestrian impact.

the precise position of a body part during an auto accident, attack, or slip-and-fall accident?
What about the level of weight bearing? The precise angle of impact? In short, relying
on the verbal history of a patient or witness is unwise. However, this hasn’t stopped
many a physician from rendering an opinion “to a high degree of medical certainty” that
the injuries they treated were due to a particular accident or insult. On cross-examination,
a skilled attorney can quickly separate the medical facts from hearsay. Often, the testifying physician is confused about his or her role. As the person who rendered medical
care, he or she can testify to the extent of the injuries and usually the degree of impairment and potential disability. However, unless there is something remarkable about the
nature of the injury (e.g., metal flakes were recovered from the fractured proximal
tibia), the physician is generally unable to state with certainty that the cause of a particular injury was a bumper strike to the leg, for example. Treating thousands of patients
with the same type of injury does not, in and of itself, qualify one to render opinions
about the cause of a particular injury. Given proper questioning, the physician and court
will soon realize that “medical certainty” does not apply when the rationale is based
more on the timeline from the patient history than on the particulars of the injury.
Imagine if patient history were the cornerstone of other medical opinions. Would there not
be a large number of physicians testifying that toilet seats cause sexually transmitted
diseases, given the histories reported by philandering husbands? Or perhaps obstetricians would support the stories of immaculate conceptions given the histories reported
by impregnated 15-yr-olds.
Determination of the fracture mechanism related to impact should be based on scientific data and not on unreliable patient histories regarding an event that took place in
a fraction of a second. Before introducing some basic tenets of that science, a review of
bone composition is in order.

2.1. Bone Composition
It is assumed that persons reading this text will already be somewhat familiar with
the basic composition of bone. However, in trying to convey the effects of the physics
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Fig. 2. Sample force plot from femur impact at 7.5 m/s.

involved in bone fracture, we must briefly revisit the materials of which bone is composed
and discuss them in terms that engineers might use.
A bone is a nonhomogeneous, composite organ consisting of several types of tissue,
although osseous connective tissue is dominant. Bone occurs in two forms: a low-density
tissue (0.05–1.0 g/cc) termed cancellous, trabecular, or spongy bone; and a high-density
form (1.8–2.0 g/cc) referred to as compact, cortical, or hard bone (2,3). In long bones,
both cancellous and compact osseous tissues are present, but their relative amounts vary
by region. The epiphyses are large masses of cancellous bone covered by a thin layer of
compact bone (and hyaline cartilage within the joint cavities). The diaphysis is a thickened tube of compact bone that has a thin layer of cancellous bone lining its medullary
(marrow) cavity. The composition of the patella and tarsal bones is very similar to that
of the epiphyses.
As with most connective tissues, the extracellular matrix is the defining feature, not
the cells themselves. Water accounts for approx 25% of total bone weight. The remaining
osseous connective tissue is generally described as roughly 50% organic and 50% inorganic by mass. The protein collagen accounts for about 95% of the organic extracellular
matrix. Embedded in the matrix are the inorganic crystals of the mineral hydroxyapatite,
Ca10 (PO4)6 (OH)2. The crystals are 50 to 100 angstroms (Å; where 1 Å = 10−7 mm) long
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and provide bone with great compressive strength, while the collagen gives bone considerable tensile strength (3–5).
Compact bone is arranged in functional units termed osteons or Haversian systems.
Osteons take the form of small columns organized parallel to the long axis of a bone.
Each osteon is approx 20 mm long and 200–400 μm in diameter (6). At the center of
each adult osteon is a small canal roughly 70 μm in diameter that transmits vascular
components. Mature bone cells, or osteocytes, are arranged in concentric rings around
each canal. The organic and inorganic components occupy the areas between osteocytes,
such that each cell is enclosed in a small cave termed a lacuna. Tiny canaliculi serve as
conduits for nutrients and waste transport between the lacunae and blood vessels in the
larger central canal system. The concentric rings of cells are spaced according to very
organized patterns of collagen and hydroxyapatite crystals. This composite of organic
and inorganic materials, combined with nonuniform shapes, gives bone the property of
being anisotropic. In terms of traumatic impact, this means bone behaves differently
when the impact arrives from different angles. For example, bone is significantly more
resistant to compressive forces along its long axis than when it is struck transverse to
the axis. This is a product of the tendency of the osteonal structure to follow the long
axis of the bone (7). Additionally, it has been shown in cadaver studies that lowerextremity long bones offer greater resistance to anterior impacts than to medial, lateral,
or posterior strikes, but there is no statistically significant difference between the breaking
strength of left and right bones struck in the same plane (1).
The next section serves as an introduction to biomechanics as it relates to bone.
There are many excellent texts (e.g., 8–10) devoted to biomechanics. However, the text
by Lucas et al. (11) is highly recommended for anyone seeking an efficient discussion of
details that cannot be covered in this single chapter. Their paperback text published in
1999 is particularly interesting and well organized. Each of the 17 chapters begins with
a “Clinical Question,” and the authors skillfully guide the reader (presumably an orthopedic resident) through some fairly complicated concepts that can only be introduced here.

2.2. The Physics of Movement
A brief review of any introductory physics text will remind one of the many ways
in which scientists describe movement. Scalar quantities are the most basic variables.
Each of these quantities has only one component—e.g., time is measured in seconds,
length in meters, and mass in grams. When these scalar measures are combined, the
resulting quantity is a bit more complex. For example, velocity (v) is the measure of
distance traveled in a given length of time (recorded perhaps as m/s or mph). The
energy of motion, termed kinetic energy (Ke), is dependent on velocity at a particular
moment, and the higher the kinetic energy, the greater the risk of skeletal trauma.
Kinetic energy is calculated by multiplying half the mass of a moving object by the
square of its velocity (Ke = 1/2 mv2). Bearing both components in mind, it can be seen
that a significant amount of potential energy is developed when a low-mass bullet is
fired at a great velocity, or when a high-mass object travels at a relatively low rate of
speed. Either can be sufficient to damage the lower extremity or any other body part.
A major cause of lower-extremity injury is motor vehicle accidents. Often the injurious motion of a vehicle is described in terms of its change in velocity or delta V (Δv).
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However, further definition is necessary. A large change in velocity is not necessarily
injurious. When one rides in a jet plane, the change in velocity during landing may be
400 mph, yet no passenger is injured. However, a car crash at 40 mph may result in
serious injury or death for of all those aboard. The difference is quite simple. In an airplane,
the change in velocity happens over several seconds or even minutes. This presents very
little stress to the body. The car crash is a relatively instant change in velocity (probably
over a period of 100–200 ms). The difference in this pulse duration is critical. Thus,
when Δv is specified for a crash, it should be noted that this is a relatively instantaneous
change in velocity.
The change in velocity over time is referred to as acceleration (often measured in
m/s2 or ft/s2). One may also see “g” listed as a unit of acceleration. This refers to multiples
of the earth’s gravity, which pulls a body towards the earth’s core at an acceleration of
9.80665 m/s2. The use of acceleration is an improvement in the description of how a
body acts when it is slowed (or sped up) to an injurious level. While acceleration is
commonly utilized in describing neck injuries in car crashes, it also has a relationship to
lower-extremity injuries. Extremities are often damaged during direct impact. Injurious
impactors generally must have a fair amount of mass. Few people would mind having
a lightweight foam ball accelerated to 90 mph against their leg. However, if the foam is
replaced by a 5-oz baseball, the results could be serious. If the object in question is a 16-lb
bowling ball, fracture surely would result.
The mass of an accelerated object exerts force. Force is a vector quantity, which
must be described by two components: its magnitude and the direction of application. Sir
Isaac Newton (1643–1727), in the second of his three laws regarding the motion of bodies, taught the world that force is the product of an impactor’s mass and its acceleration (F
= ma). In fact, the International System of Units (SI unit) for force (kg • m/s2) is termed
a newton (N; 1 N = 0.225 lb of force [lbf]).
When a force is applied to a bone, it causes the bone to change its motion, size,
and/or shape (12). At this point, force may seem to be a fairly complicated but sufficient
measure of an impact. However, force alone is woefully inadequate and often (particularly
in a legal environment) misleading in describing an impact. To state that it takes 7.8 kN
of force (1753 lbf) to break a leg (Fig. 2) is meaningless without describing the manner
of application (especially the composition and shape of the impacting surface). Take, for
example, the simple act of cutting a log. An axe of a given mass is accelerated towards
the log such that the impact fractures the wood. Implicit in our understanding of this
event is the fact that the sharp, thin edge of the axe was utilized. Imagine taking the
same axe in hand and turning it 90 degrees, such that the wide side of the blade contacts
the log. If it is accelerated in the same manner as before, the chance of cutting the log
is almost nil. The force is equal, but the results are not. This difference reflects the engineering concept of stress, which is a more acceptable description of a traumatic force
that will be explained in the next section. Although engineering publications may list
results in terms of g or N, a quick look at the materials and methods section will invariably yield the impact parameters necessary to calculate more advanced concepts like
stress and bending moment.
The manner of application of force or stress is critical when investigating injury
mechanisms leading to bone fracture. In an effort to define the tolerance of the human
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body to trauma, engineers have studied the material properties of bone. Just as biologists
study the body by investigating its cells or molecules, engineers begin their study of
structures by looking at the material and mechanical properties of finite elements. This
approach is foundational of the field of biomechanics.

3. BIOMECHANICS
“In engineering, the design of failure-resistant structures requires three important pieces
of information: (a) the geometry of the structure, (b) the mechanical properties of the
materials from which the structure is made, and (c) the location and direction of the loads
to which the structure is subjected in service.” (3)

The biomechanics of bone has been thoroughly studied and presented by numerous
authors (e.g., 13–16). As noted previously, bone tissue is able to resist compressive forces
while maintaining good tensile strength. In essence, there are numerous strong but brittle
crystals embedded in a weaker, flexible mesh. From a material science standpoint, this provides a composite that is generally stronger per unit weight than a pure sample of either
individual substance. Two factors are critical in defining material properties: strength and
stiffness. To understand these factors, one must study the material under loading. The material properties of bone have been determined by the study of small samples of a standard
length, width, and depth without regard for overall structural geometry. These milled cubes
of bone were subjected to external pressure or Stress (σ).
Stress is a force applied per unit area and is usually expressed in terms of lb/in2
(psi) or N/m2, also referred to as a Pascal (Pa) in honor of the French scientist Blaise
Pascal (1623–1662). In the previous example of force application, the properly swung
axe (striking with the narrow portion of the head) imparts far greater stress and thus
fractures the log. When the axe is turned 90 degrees, the stress is much lower and is
completely tolerated by the log. When a bone is stressed sufficiently, it deforms. The
change in length divided by the original length is the strain (ε) in the bone. This parameter has no units of its own but is occasionally expressed as a percentage. A plot of the
results is termed a stress–strain curve (Fig. 3).
Many other material properties can be extracted from this curve (16). The straight
portion of the curve is termed the “elastic” region. When a force is applied per unit area,
there will be a change in length; however, in this early phase, the change is temporary. The
bone retains the ability to return to its original shape after removal of the external force.
The slope of the line in the elastic region is known as the modulus of elasticity (E), or
Young’s modulus (named after Thomas Young, MD 1773–1829). This is essentially a measure of stiffness. Lucas (7) listed approximate stiffness values in gigaPascals (gPa) for
cancellous bone (0.005–1.5 gPa), polymethylmethacrylate cement (1.2 gPa); cortical bone
(12–24 gPa), and cobalt—chromium implant alloys (210 gPa). While other publications
list similar data within a certain range (16–19), the consistent finding is that spongy
bone (found in the epiphyses) is much less stiff than cortical bone (found in the diaphysis). Perhaps the preponderance of epiphyseal fractures in falls that affect the lower
extremity can be explained by the simple fact that the spongy bone in this area is less
dense and has a lower value for E.
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Fig. 3. Stress–strain curves for various materials.

At some point, the straight line on the stress–strain curve gives way to an actual
curve. This is the yield point, and it marks the beginning of loading levels that will produce some permanent changes in the bone. From this point, loading results in “plastic”
deformation. As the stress increases to the maximum the specimen can handle, the bone
reaches its ultimate tensile strength (UTS) and failure becomes imminent. Continued
loading results in fracture, and the bone specimen reaches its maximum deformation or
strain. Note the theoretical differences between materials in Fig. 3. Some metals may be
incredibly stiff, but with sufficient loading, they may have an extensive plastic phase
(bending) prior to ultimate failure. The line for simple glass indicates a stiff material
that has almost no plastic phase at all. Essentially, glass doesn’t bend much before
breaking, and when it does bend, it fractures. Application of slightly less stress or force
does not elicit a plastic phase in this very brittle material. Thus, for safety, engineers cleverly glazed and layered windshield glass in an effort to help occupants remain inside a
vehicle during a crash. Processing glass in this manner results in added strength and some
ability for plastic deformation (of the windshield, not the individual pieces of glass).
This is vividly demonstrated by the classic bulge in the windshield left by the head of
an unbelted vehicle occupant after a frontal impact. Other material properties—such as
energy, ductility, and toughness—can also be extrapolated from the stress–strain curve,
but their discussion is unnecessary for this basic introduction. In summary, the

286

Porta

stress–strain curve for a material indicates the load it can bear until failure and the
deformation before fracturing (both expressed as UTS for most bone).
Material properties calculated based on data from isolated cubes of cortical bone
are interesting and important, but they serve merely as a starting point in understanding
how an entire bone reacts to impact. Recall that a whole bone has varying levels of cortical and cancellous bone throughout its length. In addition to the strength and stiffness
afforded by its composite nature, the anisotropic organization of the bone would surely
lead to differing stress–strain curves depending on the orientation of a sample taken.
Also, material properties vary according to the rate at which bone is loaded. A rapidly
loaded bone has a greater modulus of elasticity and greater ultimate tensile strength
(i.e., a steeper and taller stress–strain curve) than a slowly loaded bone. Some of the earliest studies supporting this property were performed by Mather in 1968 (20) with matched
pairs of femurs. One was loaded quasi-statically (very slowly) and the other was loaded
dynamically (impacted at speed). The energies were approx 50% higher in the dynamic
loading cases. This property has come to be known as viscoelasticity and is a common
feature of biologic tissues. Interestingly, Mather also noted that impact strength was
unaffected by subject age, while static strength decreased with age.

3.1. Previous Research on Lower Extremity Impact Biomechanics
There are several published reviews of research into the tolerance of lower extremities to impact (e.g., 21–23). However, the majority of the work has dealt with quasi-static
testing of standardized specimens in order to determine material properties. In 1970,
Yamada (24) published what is probably the most elaborate and thorough documentation of the mechanical properties of human and animal bones. Yamada noted that female
tibias are approximately five-sixths as strong as those of males, and he found no significant
differences in anterior versus lateral tests of small standardized samples of bone—not
whole-bone impacts.
Melvin and Evans (25) and Nyquist (21) reviewed some of the earliest known
biomechanical tests. In 1859, Weber performed static three-point loading tests of the
mid-shaft region of human long bones. He applied 245-N (55-lb) increments of force to
femurs fixed in place by supports placed 18.3 cm apart. Force applied over a distance is
termed moment, which is often expressed in Newton–meters (Nm) or Foot–pounds (ft-lb).
This is yet another improvement over force alone. The four male femurs failed at an
average of 223 Nm (4.87 kN force), while the five female bones failed at 182 Nm (3.98 kN).
Male tibias failed at 165 Nm (3.06 kN force) and female tibias failed at 125 Nm (2.33 kN
force). In 1880, Messerer used a hydraulic test device that provided a much better resolution of 10 to 50 N. Positioned by supports placed 31.7 cm apart, 6 male femurs aged
24 to 78 yr were loaded laterally, resulting in an average bending moment of 310 Nm
(3.92 kN). Six female femurs (28-cm support distance) aged 20 to 82 yr failed at an average of 180 Nm (2.58 kN). Male tibias (24.7-cm support distance) failed at 207 Nm
(3.36 kN), and female tibias (22.2-cm support distance) failed at 124 Nm (2.24 kN).
The direction of loading and impactor shape were not listed for most of the setups in
either review. Since these early studies, numerous other static test results have been
published. A discussion of these studies is beyond the scope of this chapter, but much of
these data can be found in the engineering literature (e.g., the Journal of Biomechanics
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Table 1
Organizations That Publish Injury Biomechanics Research
Organization

WebSite (http://www)

Publications

American Association of
Automotive Medicine (AAAM)

.carcrash.org/

Annual Meeting
Proceedings &
Accident Analysis
Prevention Journal and
Journal of Crash
Prevention and
Injury Control

International Technical
Conference on the Enhanced
Safety of Vehicles (ESV)
International Research Council
on the Biomechanics of impact
(IRCOBI)

-nrd.nhtsa.dot.gov/
departments/nrd-o1/esv/
esv.html
.ircobi.org/

Biannual Conference
Proceedings

International Traffic Medicine
Association (ITMA)
Society of Automotive Engineers
(SAE)

.trafficmedicine.org/

Traffic Injury
Prevention journal
Technical Papers,
Textbooks, and
Transactions Journal
Annual Proceedings

Stapp Car Crash Conference

.sae.org/servlets/index

.stapp.org/index.htm

Annual Conference
Proceedings &
Accident Analysis and
Prevention journal

and the Journal of Biomechanical Engineering). Table 1 lists the most relevant organizations publishing data on injury biomechanics, as opposed to the more academic pursuits found in traditional engineering journals or the treatment-oriented publications
found in the medical literature.
In the most anatomically thorough discussion of tibial impact, Nyquist et al. (21)
reported the results of subjecting 20 unembalmed cadaveric tibias to impact by a 32-kg
impactor headed by a 25-mm cylinder. It is unclear whether the tests involved intact legs,
because it indicates only that the skin was left in place. Specimens were struck on the
anterior or lateral aspect at velocities ranging from 2.1 to 6.9 m/s (mean: 3.6 m/s). The distance between supports was 254 mm in most tests. Female bones failed at an average of
280 Nm and male bones failed at 320 Nm, regardless of direction of impact. In this study,
cortex thickness was analyzed by computer to determine cross-sectional areas for further
engineering calculations regarding moments of inertia. Bone samples were also subjected
to ashing to determine mineral content. The authors concluded that the variability in bending moment could not be explained by correlations with cross-sectional area or classical
strength of material beam bending theory. Furthermore, the variability in bending moments
did not correlate with mineral content or impact velocity. The lack of correlation between
various cortex measurements and breaking force was also seen in studies performed
throughout the early 1990s (1). The only information regarding fracture patterns in the
Nyquist article was a listing of three degrees of comminution (comminuted, slightly

288

Porta

comminuted, and not comminuted). A serious emphasis on the anatomy of fracture patterns
and their relationship to mechanism of injury is a relatively recent development.

4. DISCUSSION OF FRACTURE PATTERNS
In 1969, Klenerman (26) accurately noted that the appearance of a fracture during
clinical examination is merely the end result of a series of events. These events are best
understood by experimentally controlled fracture studies involving careful examination
and documentation of posttest specimens. Only then can the true mechanism of injury
be defined and ultimately mitigated. Fracture pattern is influenced by the specific mechanism of injury, the forces applied, and the physical properties of the bone (27). When
considering fracture propagation, the actual failure lines are said to be a record of
energy dissipation (28).
Numerous authors have attempted to list the mechanisms of loading that give rise
to certain patterns of fracture. One of the most detailed listings was presented by Johner
and Wruhs in 1983 (29). Their system is a combination of the classifications made by the
Swiss Association for the Study of Internal Fixation (AO/ASIF), the work of Muller in
1979 (30), and the work of Muller and Nazarian in 1981 (31). Long-bone fractures are
classified generally as simple, butterfly, or comminuted. Within these classifications,
several patterns of interest and their presumed mechanisms are listed: transverse fracture
from pure bending, oblique fracture from uneven bending, nonfragmented wedge from
low-speed bending with compression, fragmented wedge from high-speed bending with
compression, segmental fractures by four-point loading, and massive comminution by
crushing. Allum and Mabray (32) stated that a direct blow to an axially loaded bone gives
rise to short oblique and wedge-type fractures. They attributed long oblique fractures to
a combination of rotation, angulation, and axial compression. Levine (33) noted that
wedge fractures result from indirect bending. Connolly (34) stated that “tapping force
applied to the tibia” resulted in oblique fractures. He also noted that oblique fractures arise
from “torsion with an upward thrust” and segmental fractures are due to direct violence at
several locations. Numerous other authors have theorized that oblique fractures are due to
a combination of rotational and transverse loading.
Although there is a consensus on the mechanisms that result in some patterns,
there are clearly competing theories in the medical literature for others. Health care professionals benefit from the study of fracture patterns, because data from such work
influences treatment and can be useful in predicting delayed union or nonunion (27).
However, determining the mechanism that results in particular patterns is better approached
through experimentation rather than theorizing. Unfortunately, many unsubstantiated
theories have been repeated and referenced for decades.
It is difficult to review older literature for detailed fracture pattern data, as nearly
all the work was performed by engineers unfamiliar with anatomic terminology. Often
thigh impacts are referred to as leg, upper leg, or femur tests, and it is unclear whether
specimens were intact or bare bones. Likewise, leg impacts are referred to as tibial or
lower-leg tests. Additionally, the precise site of impact was often unspecified. However,
since 1989, Kress and Porta (35–49) have presented results from dynamic testing of more
than 550 cadaveric lower-extremity components. The impact results shown in Fig. 1 were
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part of that work. While many prior publications contain more engineering data, the more
recent studies placed their major focus on ultimate fracture pattern and its relation to
impact conditions. These data serve as the foundation for the content of the following
section, in which mechanisms of injury related to specific fracture patterns are described.

4.1. How Bone Breaks
Bone may be subjected to several different types of force (alone or in combination)
that exceed the structural integrity of the organ. A limb may be loaded in tension, bending, compression, and/or torsion. To a person in the health care field, these loading scenarios would equate to applying a force by traction (or distraction), transverse impact,
axial loading, and/or twisting. Each will be discussed in the coming sections, with final
comments on comminution and bone integrity to follow.

4.2. Tension
The most prominent example of a pure tensile force causing a break in a bone is
the avulsion fracture. In the lower extremity, these are usually limited to the trochanters
of the femur, the patella, the tibial tuberosity, and the ankle. All but the last one are usually due to a strong, rapid pull exerted by the muscle inserted on each area. During the
complex motions associated with ankle injuries, it is possible for the collection of strong
ligaments in the area to cause an avulsion in a malleolus during a particularly violent
movement. Rarely, quick contraction of the quadriceps may result in a relatively pure
tensile force acting on the patella, which tends to fracture transversely but may also
cause a jagged fracture (Fig. 4) (50).
Production of a pure tension-type fracture in the shaft of a normal lower-extremity
long bone is difficult to imagine in the real world. Perhaps a grossly negligent traction setup could somehow apply sufficient tensile force to fracture a bone. A more likely scenario
might involve a foot being caught in a type of machinery and then violently distracted. It
is difficult to know where the injury would occur in this situation, because the force would
be spread to virtually all the joints in the lower limb. This might result in dislocations and
ligament damage before any fractures would be seen. However, this is speculation, as no
reports of distraction-type injury mechanisms have been presented to date. If tension were
applied to the long axis of a single bone, it is presumed the bone would fail with a transverse fracture based on materials property testing of bone samples. One cannot help but
wonder, however, whether the fracture would occur at a metaphysis, given that it is a junctional zone between the dense cortical bone of the diaphysis and the less dense cancellous
bone of the epiphysis. In short, studies of whole bones subjected to tension have not been
published, and any discussion of a resultant fracture pattern is speculative.

4.3. Bending Fractures
Bending (or 3-point loading) is by far the most common mechanism of fracture for
lower-extremity long bones. When a long bone is impacted transversely at the diaphysis,
it reacts very much like a classic beam, in that it will bend (e.g., 7,17,51,52). As it bends,
the bone tissue at the site of the impact will become compressed. The tissue on the opposite side will be stretched (termed “tension”). This is often demonstrated with a standard
yellow-painted wooden pencil. As one bends the pencil, the yellow paint on the concave
side begins to buckle or bunch up—evidence of compression. The paint on the other
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Fig. 4. Patellar fracture (anteroposterior and lateromedial radiographs).

side separates—evidence of tension. Another more dramatic example of tensile and compressive forces in the same tissue can be seen in a simple trick. In an uninflated balloon,
the molecules of rubber are content to be in close proximity with each other. As the balloon is inflated many, but not all, of the molecules are put into tension. If the balloon is
not fully inflated, it can be seen that the rubber closest to the inlet, and directly opposite
of the inlet, are not being stretched (invariably the color is more intense—e.g., balloon
will be “darker” in these spots because the balloon wall is thicker). Essentially these
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Fig. 4. Continued.

molecules are in compression. A sharp wooden skewer poked into the side of the balloon would cause it to explode because the strength of the rubber was exceeded and the
tensile forces were free to rip the balloon walls apart. However, if the skewer is carefully poked through the thicker areas of the balloon, the rubber molecules will compress
around the stick and attempt to seal the hole; thus, the somewhat unintuitive results seen
in Fig. 5. As with the balloon, failure of bone occurs in the areas of tension. The tensile
forces lead to separation of the osseous tissue and propagation of a fracture line or lines.
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Fig. 5. Demonstration of tension and compression in a balloon.

Most sources agree that a transverse fracture can result from bending (Fig. 6).
However, there is no consensus on oblique and wedge patterns (a.k.a. butterfly or delta
fractures). Many authors assert that these patterns result from some form of combined
loading (with compression or with twisting). In our simple 3-point loading of bare long
bones, we routinely produced oblique, transverse, and wedge fracture patterns with
absolutely no axial or torsional loading whatsoever. In nearly all cases of wedge fracture, the initial point of failure was on the tension side immediately opposite the point
of impact (Fig. 7). This means that the point of the wedge is on the tension side of the
bone, corroborating the work of Spitz (53), who investigated pedestrian leg impacts that
resulted in wedge fractures. He stated that the wedge often points in the direction of the
movement of the vehicle.
In a stroke of serendipity, while cleaning fractured bone wedges for photographs, an
interesting discovery was made. After being soaked in bleach, the bones were dried in an
oven. The charred bleach revealed an amazing array of small fracture lines emanating from
the initial tensile failure point (Fig. 8). The impact occurred at the bone surface facing the
top of the photo. The solution had seeped into the cracks and then essentially burned when
the heat was applied. Presumably heating of the solution also caused mild expansion of the
cracks. This heat-treatment of bone may be an excellent method for elucidating or enhancing microfractures (54). It was clear from this study that there are often many nondisplaced
fracture lines in seemingly simple patterns. In later studies, the periosteum was carefully
dissected away from transverse and oblique fracture fragments. In addition to the transverse and oblique fractures, tension lines are clearly visible (Fig. 9). The black arrows indicate the site of impact. Thus, it appears that all three of these patterns (transverse, oblique,
and wedge) are actually slightly different manifestations of tensile failure. It is important to
note that almost none of these tension lines were visible on plain radiographs. However,
these lines may be helpful to the forensic pathologist or anthropologist examining postmortem specimens and attempting to determine a direction of impact.
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Fig. 6. Radiograph of transverse fractures to the femur and tibia.

What determines whether a bending load will produce an oblique, transverse, or
wedge pattern? It may be a feature of the tissue (inherent weakness in one plane) or the
dynamic load (shape of impactor, slight variations in the angle or energy of impact,
etc.), or some combination of factors. Perhaps the addition of compressive or torsional
loads will have some effect on the pattern, but this is clearly not essential and should
not be assumed when reconstructing an injury scenario from the fracture pattern.
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Fig. 6. Continued.

One feature of bone that may influence fracture pattern and bending forces is the
presence of stress-risers. “Stress-riser” (also referred to as stress raiser or stress concentrator) is an engineering term that describes a weak area or defect that when loaded,
will tend to fail prior to surrounding areas (55). This is analogous to the weakest link in
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Fig. 7. Wedge fractures produced in a tibia and fibula from pure bending.

Fig. 8. Tension lines in a stripped, bleached, and heated wedge fracture.

a chain. An example of inducing a stress-riser would be the scoring of glass. When subjected to bending loads, glass will usually fail along the score or stress-riser. In some of
our studies with bare bones, there was a concern that the bones could have been scored
during retrieval and cleaning. To investigate this possibility, entire surfaces of several
bones were scanned into a computer prior to testing. After fractures were produced, the
images were examined under magnification with different software filtering applications (56). No surface feature was found to influence the initiation or propagation of
fracture lines. Since subtle or accidental scoring appeared to have no effect, an additional study of several bones was performed involving intentional scoring. In Fig. 10, a
femur is shown with a pattern etched into the surface (up to 2 mm deep) by a Stryker
saw. The bone was subjected to impact, and although this extreme level of etching influenced the initiation site of the fracture, it did not significantly affect the overall pattern.
The tensile failure lines easily crossed the etching to give rise to a standard wedge
pattern that would be expected from the indicated impact direction.
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Fig. 9. Tension lines visible in transverse and oblique fractures.

Fig. 10. Scoring bone had little effect on dynamically produced fracture pattern.

These studies of surface artifacts were too small to determine whether fracture force
was affected. However, complete holes through the cortex have been shown to influence the
strength and presumably the site of fracture initiation (e.g., previous fracture site or fixation
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pins and screws). It has been reported that 3-mm holes can decrease tibial bending strength
by 40% (57). As reported by Brooks et al., Bechtol and associates (during the 1950s) drilled
various sizes of holes into dog bones that were then subjected to bending loads. They found
that holes in the area of the bone that was placed in tension reduced bone strength by 30%.
Interestingly, as long as the ratio of the hole size to bone diameter was not more than 30%,
the decrease in strength was not significantly different for holes of differing sizes. Holes in
the area of the bone that was in compression had essentially no effect on strength (57).
To this point, only artificial stress-risers have been discussed. It should be noted that
internal weaknesses (due to pathology) can certainly affect fracture strength, pattern, and
fragmentation levels (50). Also, one cannot ignore the role that bone micro-architecture
may play in fracture patterns. The difference between wedge, transverse, and oblique
fracture patterns in bending may simply be due to the random alignment of Haversian
and Volkmann canals, such that a certain impact parallel to these lines results in fracture
energy dissipation along the canals. These natural stress risers should be explored more
thoroughly.

4.4. Axial Loading Fractures
Cubes of cortical bone subjected to pure compression will often fail obliquely.
Unfortunately, many authors have applied this material property data to whole bone.
Some have even promulgated the idea that an oblique fracture arises from a bone subjected
to pure compression or the combination of bending with axial loading. As noted in the
previous section, oblique fractures will commonly arise from pure bending. In fact,
given the anatomy of a whole bone such as the femur, an oblique fracture may result
from apparent axial loading, but is more likely to occur because the bone actually bends.
For example, the straw in Fig. 11 is subjected to axial loading, but the resultant force on
the bone is bending (not the shear seen in cubes of bone). Add to this the fact that our
long bones are not perfectly straight and it is easy to see that axial loading tends to
enhance the curves (or compress the bow) in a bone. Thus, a fall onto a stiff limb may
result in a bending fracture even though the loading is described as axial.
In the rare cases in which relatively pure axial loading is applied quickly to a
lower extremity (as when an unrestrained passenger is involved in a frontal crash and
the flexed knee strikes the dashboard), the result can be an impacted fracture, especially
in the young (Fig. 12) and the very old. Note that bending fractures are still common
(Fig. 13), and with high force levels there can be significant comminution, even in
healthy bone. At lower levels of force or in particularly robust bone, acetabular and
patellar fractures may occur without concomitant femur fractures, because the long
bones are approx 50% stronger during compression (axial loading) vs bending (58).
However, if an impacted fracture is seen, there can be little doubt that the mechanism
of injury involved significant axial loading of the bone. In these cases, the compact bone
of the diaphysis is driven into the epiphysis. Presumably the less dense spongy bone is
simply compacted within the epiphysis.

4.5. Torsional Fractures
When a twisting motion is applied to a long bone—e.g., when a ski tip is caught on
the ice and acts as a moment arm for the lower extremity—the most elegant of fracture
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Fig. 11. Is this axial loading or bending?

patterns results: a spiral (Fig. 14). The pattern is completely unique and diagnostic of
torsional force as the primary mechanism of injury. A fracture initiates at some point on
the bone and then travels at an angle of approx 45 degrees (with respect to the long axis
of the bone) around the shaft in the same direction as the applied torque. Once the fracture
has completely encircled the bone, the shaft becomes so unstable that a longitudinal
fracture line develops between the proximal and distal ends of the spiral. This can be
easily demonstrated by twisting a piece of chalk. The fracture that results is essentially
identical to what would be seen in bone. The precise propagation of the fracture line has
been determined (Fig. 15) in more than 50 cadaveric bone experiments, and the longitudinal line or “hinge” (so called because it often acts like a hinge due to retention of
the periosteum in this region) is the last component to form (60–63). Bear in mind that
although there is considerably more time involved in traveling along the lines in a spiral fracture than in other types, the amount of time for these fractures to develop is still
very short: less than 2 ms. Figure 16 shows one radiographic view of a spiral fracture.
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Fig. 12. Radiograph of an impacted distal femur fracture in a teenager.

With the aid of some simple tools (a bone model or an opaque tube with the four
anatomic sides labeled, a sheet of clear plastic, and a marker) the direction of twist can
often be determined using two high-quality orthogonal radiographs in six steps (60):
1. Determine whether the hinge is located more on the lateral or medial side by looking
at an A-P radiograph.
2. Define the position of the hinge as being more anterior or posterior by studying a
lateral-medial radiograph.
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Fig. 13. Comminuted fracture produced from dashboard-style axial impact.
3. Wrap the clear plastic sheet around the bone model or opaque tube and sketch the hinge
on the plastic at the anatomic location determined from steps 1 and 2.
4. Use the radiograph with the clearest view of the hinge and determine the direction of
the spiral as it radiates from one end of the hinge. Start at the same point on the plastic
sheet to reproduce the spiral. Sketch the radiating spiral around the plastic until both
ends of the hinge are connected.
5. The sketched pattern should be checked by separating the bone model from the plastic
sheet and superimposing the rolled plastic over the radiographs. An accurate reproduction
of the spiral fracture is confirmed if this three-dimensional sketch can be matched to
the fracture lines in both radiographs.
6. To determine the direction in which the bone was twisted, first consider the logical choice
for which end was torqued. In most cases, the torsion arises from the distal end of the bone,
but evidence (e.g., witnesses or bruising pattern) and patient history should assist with this
determination. Note which direction the spiral runs around the bone at the torqued end.
That is the same direction in which the torque was applied to that end of the bone (if the
opposite end of the bone was the site of torsion, then the direction will be opposite).

The spiral fracture is all too often the result of nonaccidental trauma. A frustrated
caregiver may resort to twisting a limb to punish a child. When considering such a
potential case of abuse, it may be important for the forensic expert to first distinguish
between fracture patterns that result from bending vs twisting. Being able to determine
the direction of twist might also prove helpful in finding inconsistencies in the story of
a caregiver who is suspected of abusing a child.
The fact that two excellent X-rays are needed cannot be overemphasized. One is
insufficient for any degree of certainty. In fact, a single view of a spiral fracture can be easily
misinterpreted as a bending type of fracture (oblique or even a wedge), as seen in the
humeri in Fig. 17.
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Fig. 14. Photograph of spiral fracture fragments. (Courtesy of Patrick Besant-Matthews, MD)

Fig. 15. Propagation of the spiral fracture pattern.
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Fig. 16. Radiograph of a spiral fracture of the femur.

It was previously mentioned that the oblique fracture is often construed as the
result of bending combined with simultaneous axial loading. Perhaps even more often,
authors have noted that oblique fractures result from a combination of bending and
twisting. Precious few studies have examined the effects of combined loading on fracture patterns. In 2003, Frick published the results of a study (an MS thesis) of matched
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Fig. 17. Radiograph of a spiral fracture that could be confused for a wedge.

pairs of femurs (64). One member was torqued to failure and the second was pretorqued to either 30 or 70% of the torsional fracture threshold. That second bone was
then struck with a steel pipe and fracture patterns were carefully documented. Frick
found that oblique fractures may result from a combination of torsion and bending when
bending is the dominant loading mechanism. If torsion is dominant and a bending force
is added, the fracture is still spiral.

4.6. Effects of Impact Energy and Bone Integrity
As noted previously, when sufficiently stressed, bone will dissipate energy as it
fractures. Many authors have noted that the higher the energy input, the greater the
degree of fragmentation or comminution and the greater the potential for soft-tissue
injury due to the displacement of fragments (Fig. 18). Aldman described fractures that
resulted from low-speed impact as rather smooth, while those resulting from higher
velocities gave rise to more “jagged and feathery” fracture patterns that are usually
accompanied by a greater amount of soft-tissue damage (e.g., 65,66). Today, orthopedic surgeons have a wide array of fixation devices, bone cements, and artificial
replacements with which to repair almost any type of bone trauma. Thus, it is often
the surrounding soft-tissue damage that ultimately determines the survival or demise
of a limb.
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Fig. 18. Comminuted fractures of the tibia and fibula.

Cancer, infection, or any of the multitude of diseases affecting bone metabolism
will surely lead to decreased bone strength (50). Unfortunately, the natural aging process
also leaves our bones less able to resist external forces (67). Regardless of the specific
etiology, weakened bones are surely more prone to fracture. In general, fractures to
osteoporotic bone, for example, will have a higher level of comminution than would
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be seen in healthy bone. A relatively small impact on a weakened bone can result in a
segmental fracture, normally the product of an impact from a large surface (e.g., a blunt
vs pointed car bumper). High degrees of comminution will often completely obscure
any particular pattern data. Weakened bones will also be more susceptible to secondary
fractures in a traumatic event. For example, a young healthy person struck by a car may
suffer only a broken tibia, fibula, or both. An older person with diabetes may have fractures
in the leg, but also the thigh, pelvis, rib cage, and skull. In short, comminution will often
negate the potential forensic value of fracture patterns.

5. CASE STUDIES
The following case studies are provided to demonstrate the potential utility of a
deeper understanding of fracture biomechanics and the resultant patterns. While they
are similar to actual cases, they are not intended as direct representations.

5.1. Chiropractic Manipulation Causing Fracture?
At 2 AM, an obese 50-yr-old female called for an ambulance. The crew arrived
quickly and transported her from her bathroom to the emergency department. After triage,
she was sent for X-rays and was soon diagnosed with a transverse intertrochanteric fracture in the left femur. Orthopedic surgeons repaired the hip using an internal fixation
device, and after appropriate rehabilitation, she was sent home. She subsequently experienced multiple failures of the fixation device and became frustrated with her constant setbacks. After hearing her grumble about malpractice, the orthopedist asked how the injury
originally occurred. When informed that she had been to the chiropractor on the afternoon of
the injury, the orthopedist suggested her injury was the result of chiropractic manipulation.
The woman described a maneuver in which she was laid on her side and the left hip was
twisted while the low back was held in place. Could the chiropractor have caused this injury?
There are several inconsistencies in the story. If the injury occurred in the afternoon,
why didn’t she call for an ambulance before 2 AM? Perhaps she had an extremely high
tolerance for pain. How did she walk out of the office with a supposedly fractured hip?
Perhaps it was an incomplete fracture (although there is no published record of an
incomplete fracture being caused by manipulation and then spontaneously completing
itself 12 h later). Why was she found in the bathroom? Perhaps she had to use the facilities
and the hip fracture completed itself during her stroll.
While the story is highly suspicious, the only factual evidence is the fracture pattern.
Both parties agree that the manipulation was a twist, yet the fracture pattern is one that
results from bending (see Fig. 16 vs Fig. 6). She most likely fell and struck the tub or
toilet while walking into the bathroom.

5.2. Pediatric Pedestrian Hit-and-Run Case
A teenaged boy lived in a small shotgun house on a busy downtown street. He was
notorious for running into the street after his dog, which liked to chase cars. He has
been nearly hit at least a dozen times. One cold winter morning, he was struck and
killed by a car that was driven by a 26-yr-old woman who was taking medication for narcolepsy. There were no witnesses to the incident. The police accident reconstructionist
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Fig. 19. Oblique fracture with tension lines evident.

determined that the boy was hit by the front of the vehicle, which was not braking at the
time. The strike caused a right femoral fracture and he was thrown 35 ft. When he
landed, his head struck the concrete and he died almost instantly from massive brain
injuries. At autopsy investigators found no bruises or lacerations, aside from a small
one on the top of the head. The superior portion of the cranium was massively
depressed. Full body X-rays indicated an oblique fracture of the proximal left femur.
The fragments were dissected out and are shown in Fig. 19. The driver did not stop at
the scene. She later turned herself in to authorities after hearing the boy was killed. She
claimed that as she was driving down the street, she saw the boy walking in the same
direction on the side of the road. Just as her car was about to pass him, he turned as if
to cross the street, stepped directly in front her, and was struck by the front grill on the
passenger side of her car.
Who was at fault: the boy who ran into traffic? Or did the narcoleptic doze off and
strike the boy? With no witnesses, the situation seems unlikely to be resolved. There are
few if any surface markers on the boy, because he was dressed for a cold winter day.
The head injury occurred on the vertex of the skull, and the angle of impact cannot be
determined from that.
The femoral bone fragments are helpful. Although it is an oblique fracture (as one
would expect in this transverse or bending-type impact), there were also tension lines
visible on the bone after the periosteum was stripped away. The lines come to a point on
the posterior edge (linea aspera) of the femur, indicating that the boy’s femur was impacted
on its anterior surface. This does not match the statement given by the young lady. The
more likely scenario was that he was facing traffic when walking in the street and she fell
asleep at the wheel just as she came upon the young man and struck him head on.

5.3. Transport Van Seatbelt Issue
A severely disabled boy in a wheelchair was rolled onto a van and his wheelchair
was strapped into a side slot in the vehicle. A seatbelt was secured over the boy’s lap,
and he was ready for transport home after a visit to his endocrinologist. Just to the left
of the boy was a steel post that ran from the floor to the ceiling of the van. While traveling,
the van was involved in a minor frontal impact. Immediately afterwards, the driver
exited to check on the damage to his front end and the small car he had bumped into.
When he re-entered the van, he saw the boy lying on the floor moaning in pain. One
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Fig. 20. Memorial to research donors.

other passenger said he was fumbling with his seatbelt and fell while straining to look
out the front window. The other passenger said the boy’s wheelchair spun around during
the accident and then he fell to the ground. A third passenger indicated the boy was acting
funny just before the accident and kept saying his belt was too tight, then “he got
weirder” afterwards. The boy was taken to the hospital and found to have an impacted
fracture of his left femur (Fig. 12), as well as low blood sugar. The boy’s mother was very
upset and decided to sue the van company, because she claimed her son’s wheelchair was
not properly restrained and that during the accident his chair spun violently and his left
thigh slammed into the post, causing the fracture.
In this case, there were three witnesses (besides the driver and the boy), but their
stores do not agree. If the chair was not restrained, it is possible that it could have spun
and his leg could have hit the post. However, this would be a bending-type fracture, and
the radiographs clearly show an impacted fracture. There is no doubt that he was somehow
subjected to axial loading of his femur. The absence of injuries to his leg or any other body
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part means it is highly likely he struck his knee in a somewhat stiff body position. It would
seem the first and third witnesses were most accurate. Perhaps in a somewhat delirious
state, he disconnected the belt in order to sit up to see what was going on in front of the
van. In doing so, he leaned forward but his left foot was caught on the wheelchair footrest,
and he landed on the hard metal van floor with all his weight on his left knee.
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