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INTRODUCTION TO BLUNT-FORCE TRAUMA

The goal of this chapter is to briefly discuss the history of blunt-force trauma (BFT)
research in forensic anthropology, and then present some of the current developments
in the field. The draft guidelines on trauma analysis generated by the Scientific
Working Group for Forensic Anthropology (SWGANTH) in 2011 states that “blunt
force trauma is produced by low velocity impact from a blunt object (e.g., a beating,
motor vehicle accident, concussive wave) or the low velocity impact of a body with a
blunt surface (e.g., fall)” (SWGANTH 2011) As it concerns the forensic anthropolo-
gist, BFT can be understood as skeletal fractures that occur from a means of (relatively)
slow-load application to bone. Slow loading results in more or less typical bony frac-
ture characteristics in terms of the types and directions of forces applied that usually
produce gross bony deformation. In contrast, projectile (sometimes referred to as
“ballistic”) trauma is generated by (relatively) rapid-load application (see Chapter 18
in this volume, and Berryman and Symes 1998 for further discussion). The difference
between how bone reacts to BFT compared with projectile trauma has to do with
the viscoelastic properties of fresh (wet) human bone (Harkness et al. 1984).
Biomechanically speaking, when a force acts on a bone, the bone will react in
predictable and consecutive stages: stress, the force applied to the bone; strain
(elastic deformation), forces passing through the bending bone; strain (plastic defor-
mation), torces bending the bone with permanent deformation; and failure, fracture
of'the bone (Gozna 1982). These stages occur at both the microscopic and macroscopic
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levels (see Berryman and Symes 1998; Smith et al. 2003 for further discussion).
As noted by Smith et al. (2003), bony responses to blunt-force injuries will depend
on a great number of both intrinsic factors (bone morphology, density, buttressing,
microstructure, etc.) and extrinsic factors (object shape, weight, loading rate, loading
duration, etc.), all of which must be taken into account when conducting a trauma
analysis.

The difference in slow- versus rapid-load applications can be understood as how
much time the bone has to bend and react (deform) before it fails. In slow-loading
trauma, there is more time for the bone to bend, which is why significant deformation
is so typical of BFT. Rapid loading, on the other hand, tends to have minimal defor-
mation of skeletal tissue, which is why it is so typical of gunshot and blast injuries (and
why reconstructions of these bony injuries fit together so much better).

Concerning the propagation of fractures in bone under blunt-force conditions,
Kulin et al. (2008) tested equine bone at quasistatic and dynamic strain rates. In
this case, the quasistatic (slower) rates produced much more tortuous fracturing
throughout the bony microstructure as the fracture propagated. This basically occurs
as a result of how the microstructural features of the bone deflect the propagating
fracture away from the most direct crack-path, in essence limiting the overall fracture
length and creating a very rough fracture surface as energy is dissipated. Under
dynamic (faster) loading conditions, the fractures were much straighter with less
peripheral damage and a smoother fracture surface. These results suggest a rate-
dependent change in the properties of collagen from ductile to brittle as rates
increase, the significance for forensic anthropology being the demonstration of the
rate-dependent nature of fracture propagation.

Generally speaking, blunt-force injuries can be examined in terms of tension/
compression for directionality of fracture (Figure 19.1). As bone is stronger in compres-
sion than tension (Curry 1970), bone usually fails under tension except under some
unique circumstances (Love and Symes 2004 ). These simple principles often allow for
fracture directionality to be determined; however, there are many other factors that can
affect the direction and shape of bone fractures, and caution should be used whenever
interpreting bone trauma (Galloway 1999; Gozna 1982; Smith et al. 2003).

Differences in fracture characteristics are also important for the determination
of timing of injury, especially when determining whether the fractures occurred peri-
mortem or postmortem. Sauer’s (1998) article on the timing of injuries distinguishes
among antemortem, perimortem, and postmortem trauma. Sauer (1998) states that
“any injury directly associated with the manner of death is considered a perimortem
injury.” This view aligns closely with the use of the term by forensic pathologists,
where perimortem is defined as “at or around the time of death.” Nawrocki (cited as
a personal communication in Symes et al. 2008) argues that the perimortem interval
lasts until the skeletal remains exhibit dry-bone characteristics. Nawrocki’s viewpoint
is based on the fact that as skeletal remains lose their organic content and viscoelastic
properties, they change from a wet (perimortem) to dry (postmortem) state (also see
Wieberg and Wescott 2008). This is complicated, however, as different elements in a
single body may be able to shift from wet to dry phases at different times depending
on differential decomposition or heat alteration (Symes et al. 2008).

The disagreement on the definition of perimortem is an issue that the SWGANTH
has grappled with in the trauma analysis draft document (SWGANTH 2011). The
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Figure 19.1 Butterfly fracture on a right ulna (often referred to as a “parry fracture”
suggesting it is a defensive wound; Ortner 2003: 137). The large arrow indicates direction of
impact. Compression forces occur at the impact site, whereas tension forces (small arrows)
occur on the opposite side. The bone fails first in tension (at the body of the butterfly), then
sheers towards the site of impact (the butterfly wings). See also Berryman and Symes (1998).

first draft document posted on the SWGANTH website in February of 2010 stated
“Perimortem trauma refers to an injury occurring around the time of death (i.e.,
slightly before or slightly after). Within the anthropological realm, perimortem is
determined on the basis of evidence of the biomechanical characteristics of fresh bone
and does not take into consideration the death event” (SWGANTH 2011). Using the
term “perimortem” in this way, however, potentially creates a problematic situation
where the forensic anthropologist’s definition of “perimortem” differs from that of
the forensic pathologist’s.

This is a serious concern because there may be occasions when a fracture identified
as perimortem by the forensic anthropologist is misinterpreted by the forensic
pathologist as being related to cause of death when it is not. Forensic anthropologists
are not experts in death, but in how bones break. We can determine whether a
fracture occurred in fresh bone and exhibits healing, if it occurred in fresh bone with
no healing, or if the fracture occurred when the bone was in a dry state. Certainly,
most fresh bone fractures with no healing occur perimortem; however, there are
unique instances where bones remain fresh long past the death event. Thus, the use
of the term “perimortem,” which specifically refers to the death event, may misrep-
resent the type of analysis a forensic anthropologist is capable of performing on skel-
ctal remains. This has prompted some forensic anthropologists to suggest that we
abandon the term perimortem as it relates to bone fracture, and instead refer to it as
“fresh bone fracture.”

The issue of postmortem interval then becomes additionally cloudy as most
taphonomic modification to human remains occurs in terms of slow loading. While
some taphonomic modification is easy to identify, such as carnivore chewing or rodent
gnawing (see Haglund 1997, 1997), other factors may be more difficult, especially
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with fragile remains. For instance, Ubelaker and Adams (1995) noted that butterfly
fractures also occur in dry bone. Further, Wheatley (2008) examined deer (Odocoileus
virginianus) long bones and found that fresh bone required more energy to produce
fractures and that fresh bone absorbed more energy at impact than dry bone.
Important to note is that while bone may fail in slightly different ways due to
differences in organic content present, the acting forces are still the same. Tension and
compression will always be present and bone fractures will always propagate in the
same directions. Thus, failure and fracture of the bone occurs in predictable ways
because there are only so many ways a bone can fail.

What may be important to note is the fact that any antemortem or perimortem
damage to skeletal tissues must first have damaged the overlying soft tissues. Skeletal
tissues are by definition much more robust in the nature of traumatic data that they
record. Due to this fact, soft tissue may often be more accurate in recording data such
as minimum number of blows, but skeletal tissue may better preserve tool marks (or
general object shape) (Bonte 1975), or the sequence of blows. Unfortunately, while
the sequence of blows may often be determined from skeletal remains, in BFT it is a
challenging endeavor. Further, the estimation of first, second, and third impact in
BFT is not frequently important and thus acts as a piece of information that, while
possible to estimate, is associated with too much uncertainty with regard to its
evidentiary value. In addition, while bone can record tool marks, without direct asso-
ciation of the blunt instrument involved or unique class characteristics present, tool
marks are often too general to be indicative of blunt-instrument shape or type.

HistoricaL TRENDS IN TRAUMA ANALYSIS

Trauma analysis did not become a common component in forensic anthropology case-
work until surprisingly late in the development of the field. This is most easily inferred
by looking at the most prominent textbooks of the past — Krogman (1962) and Stewart
(1979) — where the job of the forensic anthropologist was described as identifying
human bone and developing a biological profile of an individual for purposes of zdesn-
tification. When bone trauma or “damage” was found, it was superficially described
and measured. For instance, Stewart states: “a forensic anthropologist should simply
describe any evidence of bone damage, point out its location in relation to vital centers,
explain the possibility of its having been sustained at the time of death or otherwise,
and discuss the likely objects that produced the damage” (Stewart 1979: 76). Only
with the introductory text by Byers (2002) did the analysis of trauma take an equal
footing with age, sex, ancestry, and stature in a textbook on forensic anthropology.

What may be helpful is to consider the evolution of trauma analysis in our discipline
using the “Eras of Forensic Anthropology” as roughly defined by Stewart (1979) and
Sledzik et al. (2007).

1. Pioneering era: pre-World War II. Characterized by anatomists and physical
anthropologists consulting on forensic cases without formal instruction, research,
or positions.

2. Formative era: 1940s—early 1970s. Forensic anthropology as a subfield of
anthropology begins to emerge with recognition by government agencies and the
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medicolegal community (may also be considered as Stewart’s “Modern Period”;
Stewart 1979: 11).

3. Professionalization era: late 1970s-1990. This era begins with the founding of the
Physical Anthropology section of the American Academy of Forensic Scientists
(AAES) and the creation of the American Board of Forensic Anthropology
(ABFA), but is better characterized by an increase in professional forensic
anthropology training, research, and practice.

4. Standardization era: 1990-present (2010). This era is characterized by the
establishment of forensic anthropology as its own discipline and the broadening
of the scope of forensic anthropological work (also referred to as Sledzik et al.’s
“Fourth Era”; Sledzik et al. 2007).

It was not until the professionalization era that trauma analysis in forensic
anthropology casework began to become mainstream. This delay in taking a system-
atic and scientific examination of bone trauma may be explained by the evolving
role of the forensic anthropologist in the medicolegal death investigation. As it is
the responsibility of the forensic pathologist to determine cause and/or manner
of death, the idea that forensic anthropologists had important knowledge to con-
tribute to understanding cause and manner was slow in coming. The first PhD
programs training students in forensic anthropology, established in the late 1970s
and early 1980s, played an important role in expanding the scope of forensic
anthropology in medicolegal death investigation. Namely, programs at the University
of Tennessee, the University of Arizona, the University of Florida, and the University
of New Mexico (under the directorships of Dr Bill Bass, Dr Walt Birkby, Dr Bill
Maples, and Dr Stan Rhine, respectively) established strong bonds with the local
medical examiner offices and worked closely with the forensic pathologists in those
offices on a large range of cases, including cases involving skeletal trauma. Over time
in those offices it became protocol for the forensic anthropologist to consult on
most cases involving skeletal trauma, whether the case was a skeleton or a fresh
body. This was certainly the case for Dr Birkby at the University of Arizona, where
he averaged 100 cases a year during the 1980s and 1990s, with many of those cases
involving the analysis of skeletal trauma.

During this period, the earliest publications on trauma by forensic anthropologists
are case-study-based (e.g., Kerley 1976, 1978; Maples 1986; Maples et al. 1989). But
beginning in the late 1980s systematic skeletal trauma research began to take shape in
forensic anthropology, pioneered by the work of Hugh Berryman, Steve Symes, and
O.C. Smith and colleagues (based on a collaboration of forensic pathologists and
forensic anthropologists in the medical examiner’s office in Memphis, TN). Spurred
on by their casework at Memphis, Berryman and Symes published the landmark 1998
book chapter titled “Recognizing gunshot and blunt cranial trauma through fracture
interpretation” (Berryman and Symes 1998). Based on their overall contributions
that helped to establish the analysis of trauma in forensic anthropology, we see the late
1980s and 1990s as the Berryman—Symes era.

On the heels of the first wave of research on skeletal trauma came the first major
volume dealing with blunt-force skeletal trauma, the book Broken Bones: Anthropological
Analysis of Blunt Force Tranma (1999) edited by Alison Galloway. This publication,
often referred to as the “bible” of BFT, is an essential reference on the fundamentals
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of BFT description and interpretation, including fracture biomechanics, fracture
patterns, and the various circumstances of BFT.

Today, with the increase in graduate programs focusing on forensic anthropology
and increasing collaborations between forensic anthropologists, forensic pathologists,
and biomechanical engineers, the analysis of skeletal trauma by the forensic anthro-
pologist has become an accepted practice in many jurisdictions. An outcome of the
carly research by Berryman, Symes, and Smith is the current framework that most
forensic anthropologists use when identifying the mechanism of perimortem skeletal
trauma, classifying trauma into these categories: blunt force, projectile, sharp force,
and thermal. This medicolegal classification scheme of skeletal trauma uses biome-
chanical, pathological, and anthropological principles to classify causes of bony
fracture. This is also the framework used in the SWGANTH draft guidelines on
trauma analysis (SWGANTH 2011).

The trend of increasing research and education in skeletal trauma is clearly
displayed in a review of past issues of Journal of Forensic Sciences (1972-2009). There
is a large increase in articles involving BFT and projectile trauma research beginning
in the early 1990s, with trauma research diversifying as time goes on. Over the years,
research on BFT was almost always the leading type of trauma. Additionally, there is
an obvious increase in trauma research by students in relation to PhDs. There is also
an increase in experimental versus actualistic (case) studies, accompanied by a large
increase in nonhuman models for bone trauma research. These same trends are found
in surveys of abstracts from proceedings of annual meetings of the American Academy
of Forensic Scientists.

ResearcH IN BFT

The history of BFT research in forensic anthropology is a confusing issue, mainly
because the first experimental researchers were not forensic anthropologists, but
multidisciplinary teams of engineers led by the neurosurgeon and anatomist
E.S. Gurdjian, beginning in the 1940s (Gurdjian 1975; see also Kroman 2003).
Gurdjian and colleagues published numerous manuscripts on the subject of blunt-
force cranial trauma generated from human cadaver experiments (summarized in
Gurdjian 1975). Gurdjian and colleague’s theories were largely based on experimen-
tal research using the “stress-coat technique,” which involved preparation of cranial
bones and the application of a brittle lacquer, which would fracture under their load-
ing conditions. Among this productive team’s conclusions were that there were no
biomechanical differences between dry, fresh, and living bone, and that fractures initi-
ate away from the point of impact in areas of outbending and then propagate back
towards the impact site (Gurdjian 1975). These studies were quite groundbreaking in
scale, as well as documentation and scientific rigor, and they still set the standard for
experimental trauma research today.

Another avenue of bone trauma research involves the application of biomechanics
to either known trauma cases (e.g., Fenton et al. 2003), or fracture initiation or
propagation experimentation (e.g., Gurdjian 1975; Kroman 2007; Baumer et al.
2010). These studies often have a more theoretical focus and attempt to explain larger
questions (i.e., bone fractures like this because. ..; not, bone will tend to fracture like this
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in this scenario...). However, this experimental research is also problematic for various
reasons, one of the greatest obstacles being the fact that human skeletal tissue is
difficult to obtain without a high price tag and animal models do not easily correlate
to human morphology. Further, these highly controlled laboratory experiments
generate large amounts of data which often do not recreate observed circumstances
of human fracture patterns, the greatest example being the Gurdjian versus Kroman
debate (see Kroman 2003 for a full discussion).

As forensic anthropologists began to be employed in medical examiner’s offices,
forensic blunt trauma cases with known circumstances did not appear to agree with
the Gurdjian finding of fracture initiation in areas away from the point of impact
(Berryman and Symes 1998). Kroman and colleagues retested the Gurdjian theories
using adult human cadaver heads and found fractures initiating at the site of impact
(in this case, the center of the parietal), and propagating away from this area (Kroman
2004, 2007).

While Gurdjian found no differences in fracture production between fresh and dry
bone, the utility of rehydrating bone and testing it assuming “fresh” conditions is
questionable (Rappazzo 2006) attempted to rehydrate nonhuman ribs in a saline
solution in order to examine differences in fresh-fractured versus rehydrated-
fractured bones. Here the rehydrated bones all fractured in atypical patterns; how-
ever, another study by Daegling et al. (2008) applied a similar method with more
encouraging results.

While most methods developed to generate the components of the biological
profile of an unknown individual involve statistical evaluations of their reliability as
required by the Daubert criteria (Daunbert v. Merrell Dow Pharmaceuticals 1993),
research on skeletal trauma is still in its infancy. Although some work has been done
attempting to generate statistics in order to back up autopsy observations of trauma
(e.g., Hart 2005; Love and Symes 2004; Quatrehomme and iscan 1999; Tomczack
and Buikstra 1999), large sample sizes of known trauma cases are only starting to be
compiled (Fenton et al. 2011; Kimmerle et al. 2009). Further, these observational
studies are more difficult to analyze, as there are many independent variables that
must be indirectly approached by the practitioner unless circumstances of injury are
known. This observational research, while exceedingly important, tends to generate
qualitative results, which are helpful only to match patterns of trauma, not to explain
the how and why of the resulting fracture patterns.

BFT ResearcH UsiNG NONHUMAN ANIMAL MODELS

Recent experimental blunt-force research using infant porcine skulls (Sus scrofn) was
carried out by a team of scientists from Michigan State University consisting of
forensic anthropologists and biomechanical engineers. This research used infant por-
cine crania (specifically the parietal) as a nonhuman model for testing both material
properties and fracture patterns. The results suggest that infant pig cranial material
properties are similar to those of infant humans (Baumer et al. 2009; Coats and
Margulies 2006; Margulies and Thibault 2000). These results are limited, however,
because, as seen in bony measurements acquired from human infant computed
tomography (CT) scans and comparable gross bony measurements of the porcine



BLUNT-FORCE TRAUMA 407

crania, cranial shape differs significantly as age increases; thus the infant porcine
skull may only be comparable up to human infants aged to about 22 days (Baumer
etal. 2010).

A primary goal of the Michigan State team was to establish baseline data on fracture
initiation and propagation from experimental impacts with a flat surface to the
center of the parietal. There were several significant findings using the immature
porcine animal model. First, fracture initiation consistently occurred away from the
site of impact at the surrounding suture margins and propagated back toward the site
of impact (Baumer et al. 2010). Second, a single impact commonly produced two or
more separate fractures away from the site of impact. Third, with increased energy,
more fractures (in terms of overall fracture length) are produced. Fourth, for a given
impact site, fractures occur at common locations across individuals of the same age
and interface. Fifth, blunt-force impacts from rigid and compliant interfaces display
different amounts of fracturing that change with age. And sixth, analysis of material
properties of the developing porcine cranial vault suggests an age correlation of
days in the pig to months in the human infant.

It is currently unclear how these data correlate to human infants, as both age and
geometry (gross head shape) are key variables in the mechanism and pattern of
bony fracture. This is, however, an important baseline in the experimental study of
fracture patterns, which will only grow with the acquisition of infant human tissue
for experimental research. Other research utilizing an animal model includes
Marceau (2007), who examined the cortical density and cross-sectional geometry
of human (Homo sapiens), pig (S. scrofir), and deer (O. virginianus and Odocoilens
hemionus) long bones. Marceau concluded that “both deer and pig skeletons can
serve as suitable models in forensic experiments based on their geometric and
densitometric similarities to human bone” (Marceau 2007: 63). Interestingly,
Marceau then compared taphonomic weathering characteristics of each species and
found differences in the patterns of deer and pigs, with deer long bones acting in a
way more similar to human bone. This example of using a nonhuman model is
quite pertinent as nonhuman models are the norm in experimental trauma and
taphonomic research due to the many problems of acquiring human tissue for
destructive purposes.

Calce and Rogers (2007) attempted to examine the affects of taphonomy when
interpreting blunt-force impacts to juvenile pig heads (juveniles because they were
livestock animals and were thus slaughtered before they reached maturity). Ten pig
heads were used, five of which were defleshed prior to impacting and exposure. All
the specimens were then “impacted” using a hammer on the right and left parietals
until the ectocranial surface was “perforated,” or assumed perforated in the case of
the fleshed specimens. The heads were then exposed for 52weeks in different
microenvironments, but within the same enclosure in southern Ontario, Canada.
Unfortunately the taphonomic variables in this study are hardly quantified, and it is
unclear how certain variables such as freeze—thaw cycles were differentiated from oth-
ers like presence or weight of rain or snow (variables that are very interdependent).
More problematic is the fact that the authors claim that freeze—thaw cycles and soil
erosion have the ability to “completely obliterate” evidence of BFT after an exposure
period of 52weeks (Calce and Rogers 2007: 522, 524). Other research into freeze—
thaw cycles and cryoturbation using deer long bones (O. virginianus) found that
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bone will exhibit taphonomic weathering patterns only after it has passed from the
wet to dry state, thus making it possible to differentiate between perimortem trauma
and postmortem damage even after 52 weeks of exposure (Passalacqua and Rainwater
2000). In addition, Herrmann and Bennett (1999) were able to discern BFT after
severe burning of porcine remains in a majority of their cases with only partial
recoveries, and Symes et al. (2008) were able to distinguish perimortem blunt-force
fractures from postmortem thermal damage in forensic cases, demonstrating that
bone will retain characteristics of BET even after the thermal alterations of calcification
and fragmentation.

Other research has focused on artificial models of infant and adult human crania
with limited success. A full-body infant model of a 1.5-year-old was developed by
Coats and Margulies (2008) and demonstrated similar data to previous impact
experiments; however, the correlation of impact load to fracture initiation and
propagation has yet to be made. Similarly Desantis et al. (2002) and Roth et al.
(2007, 2008) have also failed to successfully build a computational model that can be
used as a substitute for human crania.

LOOKING TO THE FUTURE

Skeletal trauma analysis is one of the most challenging tasks confronting the forensic
anthropologist. Looking back, it becomes apparent that the field of forensic
anthropology emerged with the need for bone specialists in the medicolegal field. As
forensic anthropology casework progressed, deficiencies in knowledge regarding
bone trauma began to be filled first by actualistic case studies, then by experimental
research, verifying and refining earlier work. These same themes continue today. As
we encounter more trauma cases and increase our knowledge of bone biomechanics,
we are constantly looking to refine our ability to make confident statements about
the mechanisms of injury and contribute to the cause of death via the skeletal
remains. Current research demonstrates that while we know more about BFT to the
human skeleton than ever before, we are still confronted by many challenges that
require extensive additional research. Finally, it is our charge to further the field
of forensic anthropology by developing collections, references, standards, and
practices for analyzing skeletal trauma, and that we do so through scientific rigor
and validation built upon actualistic data and not via post hoc assumptions or
untested models. We have to move beyond our reliance on experience as the only
way to inform us in the analysis of trauma, and develop a strategy for the future of
trauma analysis in order to advance our abilities in this area. We need new directions
in trauma interpretation to include further experimental work in which fracture
patterns are better understood and thus utilized for future trauma interpretation.
What we are suggesting is a paradigm shift in how we approach skeletal trauma
analysis: moving toward a science of trauma that involves the testing of hypotheses
and the establishment of baseline parameters on how bones break in numerous
scenarios. We are convinced this paradigm shift needs to include scientists from
outside of forensic anthropology, such as biomechanical engineers, and computer
learning experts. We also need validation where we set up systematic tests to validate
our techniques in trauma analysis.



REFERENCES

Baumer, T., Powell, B., Fenton, T., and
Haut, R. (2009). Age dependent mechan-
ical properties of the infant porcine skull
and a correlation to the human. Journal of
Biomechanical  Engineering 131(11):
111006-1/6.

Baumer, T., Passalacqua, N.V., Powell, B.,
Newberry, W., Smith, W., Fenton, T., and
Haut R. (2010). Age-dependent fracture
characteristics of rigid and compliant
surface impacts on the infant skull — a
porcine model. Journal of Forensic Sciences
55(4): 993-997.

Berryman, H.E. and Symes, S.A. (1998).
Recognizing gunshot and blunt cranial
trauma through fracture interpretation.
In KJ. Reichs (ed.), Forensic Osteology:
Advances in the Identification of Human
Remains, 2nd edn (pp. 333-352). Charles
C. Thomas, Springfield, IL.

Bonte, W. (1975). Toolmarks in bone and
cartilage. Jowrnal of Forensic Sciences
20(2): 315-325.

Byers, S.N. (2002). Introduction to Forensic
Anthropology. Allyn & Bacon, Boston, MA.

Calce, S.E. and Rogers, T.L. (2007).
Taphonomic changes to blunt force
trauma: A preliminary study. Journal of
Forensic Sciences 52(3): 519-527.

Coats, B. and Margulies, S.S. (20006).
Material properties of human infant skull
and suture at high rates. Jowrnal of
Newurotranma 23(8): 1222-1232.

Coats, B. and Margulies, S.S. (2008).
Potential for head injuries from low-
height falls.  Journal of Newrosurgery:
Pedintrics 2: 321-330.

Curry, J.D. (1970). The mechanical proper-
ties of bone. Clinical Orthopedics and
Research73: 210-231.

Daegling, D.J., Warren, M.W., Hotzman,
J.L., and Self, C.J. (2008). Structural
analysis of human rib fracture and impli-
cations for forensic interpretation. Journal
of Forensic Sciences 53(6): 1301-1307.

Daunbert v. Mervell Dow Pharmaceunticals, 509
US 579, 113S.Ct. 2786, 125L.Ed. 2d
469 (US June 28, 1993) (No. 92-102).

DeSantis, K.K., Hulbert, G.M., and
Schneider, L.W. (2002) Estimating infant
head injury criteria and impact response

BLUNT-FORCE TRAUMA 409

using crash reconstruction and finite
element modeling. Stapp Car Crash
Journal 46: 165-194.

Fenton, T.W., deJong, J.L., and Haut, R.C.
(2003). Punched with a fist: the etiology
of a fatal depressed cranial fracture.
Journal of Forensic Sciences 48(2): 1-5.

Fenton, T.W., Haut, R.C.; Jain, A., and
deJong, J.L. (2011). Pediatric fracture
printing: creating a science of statistical
fracture signature analysis. Number
2011-DN-BX-K540. National Institute
of Justice, Washington DC.

Galloway, A. (ed.) (1999). Broken Bones:
Anthropological Analysis of Blunt Force
Trauma. . Charles C. Thomas, Springfield,
IL.

Gozna, E.E. (1982). Biomechanics of
Musculoskeletal  Injury.  Williams &
Wilkins, Baltimore, MD.

Gurdjian, E.S. (1975). Impact Head Injury:
Mechanistic, Clinical and  Preventive
Correlations.  Charles C. Thomas,
Springfield, IL.

Haglund, W.D. (1997a). Dog and coyotes:
postmortem involvement with human
remains. In W.D. Haglund and M.H. Sorg
(eds), Forensic ~ Taphonomy: — The
Postmortem Fate of Human Remains
(pp- 367-382). CRC DPress, Boca
Raton, FL.

Haglund, W.D. (1997b). Rodents and
human remains. In W.D. Haglund and
M.H. Sorg (eds), Forensic Taphonomy: The
Postmortem Fate of Human Remains (pp.
383-394). CRC Press, Boca Raton, FL.

Harkness, J.W., Ramsey, W.C., and Ahmadi,
B. (1984). Principles of fractures and
dislocations. In C.A. Rockwood and
D.P. Green, Fractuves in Adults, vol. 1
(pp. 1-18). Philadelphia: JB Lippincott
Company.

Hart, G. (2005). Fracture pattern interpreta-
tion in the skull: differentiating blunt
force from ballistics trauma using concen-
tric fractures. Journal of Forensic Sciences
50(6): 1276-1281.

Herrmann, N.P. and Bennett, J.L. (1999).
The differentiation of traumatic and heat
related fractures in bone. Journal of
Forensic Sciences 44(3): 461-469.



410

Kerley, E.R. (1976). Forensic anthropology
and crimes involving children. Journal of
Forensic Sciences 21(2): 333-339.

Kerley, E.R. (1978). Identification of
battered-infant ~ skeletons.  Journal of
Forensic Sciences 23(1): 163-168.

Kimmerle, E.H., Okoye, M.I., Obefunwa,
J.O., Bennet, T.L., and Mellen, P.F.
(2009). Skeletal fracture patterns in
documented cases of torture, assault,
abuse and accidents. Proceedings of the
American Academy of Forvensic Sciences
February, Denver, CO, H109 363.

Krogman, W.M. (1962). The Human
Skeleton in Forensic Medicine. Charles C.
Thomas, Springfield, IL.

Kroman, A.M. (2003). Backward and
Forward: the Gurdjian Theory and Blunt
Force Impact of the Human Skull. Thesis,
University of Tennessee, Knoxville, TN.

Kroman, A.M. (2004). Experimental study
of fracture propagation in the human
skull: a re-testing of popular theories.
Proceedings of the 56th Annual Meeting of
the Amervican Academy of Forensic Sciences,
February 16-21, Dallas, TX.

Kroman, A.M. (2007). Fracture Biomechanics
of the Human Skeleton. Dissertation,
University of Tennessee, Knoxville, TN.

Kulin, R.M., Jiang, F., and Vecchio, K.S.
(2008). Aging and loading rate effects on
the mechanical behavior of equine bone.
Journal of Minerals, Metals and Materinls
6: 3944.

Love, J.C. and Symes, S.A. (2004).
Understanding  rib  fracture patterns:
incomplete and buckle fractures. Journal
of Forensic Sciences 49: 1153-1158.

Maples, W.R. (1986). Trauma analysis by
the forensic anthropologist. In K.J.
Reichs (ed.), Forensic Osteology: Advances
in the Identification of Human Remains
(pp. 218-228). Charles C. Thomas,
Springtield, IL.

Maples, W.R., Gatliff, B.P., Ludena, H.,
Benfer, R., and Goza, W. (1989). The
death and mortal remains of Francisco
Pizarro. Journal of Forensic Sciences 34:
1021-1036.

Marceau, C.M. (2007). Bone Weathering in
a Cold Climate: Forensic Applications of o
Field Experiment wusing Animal Models.
MA thesis, University of Alberta.

NICHOLAS V. PASSALACQUA AND TODD W. FENTON

Margulies, S.S. and Thibault, K.L. (2000).
Infant skull and suture properties:
measurements and  implications  for
mechanisms of pediatric brain injury.
Journal of Biomechanical Engineering
122(4): 364-371.

Ortner, D.J. (2003). Identification of
Pathological Conditions of the Human
Skeleton. Academic Press, San Diego, CA.

Passalacqua, N.V. and Rainwater, C.W.
(20006). The affect of freeze and thaw cycles
on bone. Presented at Annual Meeting,
Mountain, Swamp, & Beach (MSB),
Radford, VA.

Quatrehomme, G. and fscan, M.Y. (1999).
Characteristics of gunshot wounds in the
skull. Journal of Forensic Sciences 44(3):
568-576.

Rappazzo, K. (2006). Fracture pattern
characteristics of deer ribs: fresh tissue
versus rehydrated tissue. Paper presented
at Modification of the Human Skeleton,
Mercyhurst College, Erie, PA.

Roth, S.; Raul, J.S.; Ludes, B., and
Willinger, R. (2007). Finite element anal-
ysis of impact and shaking inflicted to a
child. International Jouwrnal of Legal
Medicine 121(3): 223-228.

Roth, S., Raul, J.S., Ludes, B., Willinger, R.
(2008). Influence of the benign enlarge-
ment of the subarachnoid space on the
bridging veins strain during a shaking event:
afinite element study. International Journal
of Legal Medicine 122(4): 337-340.

Sauer, N. (1998). The timing of injuries and
manner of death: Distinguishing among
antemortem, perimortem, and postmor-
tem trauma. In K.J. Reichs (ed.), Forensic
Osteology: Advances in the Identification of
Human Remains, 2nd edn (pp. 321-332).
Charles C. Thomas, Springfield, IL.

Scientific Working Group for Forensic
Anthropology (SWGANTH) (2011).
Trauwma Analysis. Draft, February 16,
2010.  http://swganth.startlogic.com/
Trauma.pdf.

Sledzik, P.S.; Fenton, T.W., Warren, M.W.,
Byrd, J.E., Crowder, C., Drawdy, S.M.,
Dirkmaat, D.C., Galloway, A., Finnegan,
M., Hartnett, K. et al. (2007). The fourth
era of forensic anthropology: examining
the future of the discipline. Presented at
the 59th annual meeting of the American



Academy of Forensic Sciences, San Antonio,
TX, p. 350.

Smith, O.E., Pope, E.E., and Symes, S.A.
(2003). Look until you see: identification
of trauma in skeletal material. In D.W.
Steadman (ed.), Hard Evidence: Case
Studies in Forensic Anthropology (pp. 138—
154). Pearson Education, Old Tappan, NJ.

Stewart, T.D. (1979). Essentials of Forensic
Anthropology-Especially as Developed in the
United States. Charles C. Thomas,
Springfield, IL.

Symes, S.A., Rainwater, C.W., Chapman,
E.N., Gipson, D.R., and Piper, A.L.
(2008). Patterned thermal destruction of
human remains in a forensic setting. In C.
Schmidt and S.A. Symes (eds), The
Analysis of Burned Human Remains
(pp. 15-54). Elsevier, London.

Tomeczack, P.D. and Buikstra, J.D. (1999).
Analysis of blunt trauma injuries: vertical

BLUNT-FORCE TRAUMA 411

deceleration versus horizontal decelera-
tion injuries. Journal of Forensic Sciences
44(2): 253-262.

Ubelaker, D.H. and Adams, B.J. (1995).
Differentiation  of  perimortem  and
postmortem trauma using taphonomic
indicators. Journal of Forensic Sciences
40(3): 509-512.

Wheatley, B.P. (2008). Perimortem and
postmortem bone fractures? An experi-
mental study of fracture patterns in deer
femora. Journal of Forensic Sciences 53(1):
69-72.

Wieberg, D.A.M. and Wescott, D.J. (2008).
Estimating the timing of long bone
fractures: Correlation between the post-
mortem interval, bone moisture content,
and blunt force trauma fracture characteris-
tics. Journal of Forensic Sciences 53(5):
1028-1034.





