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Interpretations of skeletal trauma are one of the most import-
ant aspects of the forensic anthropological analysis and are 
critical for rigorous, scientific medicolegal testimony, the 
majority of which is related to skeletal trauma (Blau 2016; 
Christensen & Passalacqua 2018; Crowder et  al. 2016; 
Dempsey & Blau 2020; Hulse et al. 2019; Kroman & Symes 
2013; Lesciotto 2015; Murray & Anderson 2007; Simon et al. 
2022; Symes et al. 2012; Ubelaker 2018). However, a major 
gap in the current knowledge surrounding skeletal trauma 
has been identified (OSAC 2016). Specifically, the methods 
are lacking to conduct comprehensive bone trauma analysis, 
and subsequently the data are often inadequate to statistically 
substantiate interpretations. As a response to fill the current 
gap in knowledge, forensic anthropologists are urged to 
incorporate biomechanical principles into their blunt force 
trauma injury analysis (Christensen et  al. 2014; Love & 

Christensen, 2018; Passalacqua & Fenton 2012; Symes et al. 
2012; Zephro & Galloway 2014); however, this is challeng-
ing, because understanding of complex bone biomechanics 
is generally lacking within the field of forensic anthropology 
(Symes et al. 2012). The standards outlined in the Trauma 
Analysis document of the Scientific Working Group for 
Forensic Anthropology (SWGANTH) highlight that “analy-
sis of skeletal trauma should involve careful observation and 
thorough documentation, and interpretations should be based 
on scientifically valid methods and principles” (SWGANTH 
2011). While the 2021 AAFS Standards Board (ASB) Stan-
dard for Analyzing Skeletal Trauma in Forensic Anthropol-
ogy (ASB Standard 147, First Edition 2021) modified by peers 
and the committee is still under review, the draft version 
available at the time of this article’s publication states that a 
distinction needs to be made between description and inter-
pretation of skeletal trauma, and interpretation should be lim-
ited to instances where the findings are clearly supported by 
the evidence. Many of the current methods and standards uti-
lized in skeletal blunt force trauma analysis may not explic-
itly meet Daubert guidelines that require: (1) validated 
studies, (2) peer review, (3) known or potential error rate, and 
(4) general acceptance (Daubert v. Merrell Dow Pharmaceu-
ticals 1993), nor do they always provide data or analyses 
that are comprehensible to the medicolegal community and 
the general public. While Daubert standards are not utilized 
across all states, the National Institute of Justice considers 
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these guidelines rules of evidence that must be considered 
when admitting scientific testimony. Regardless, the prem-
ise on which they are established (i.e., heavy reliance on rigor 
in conducting science) should be embraced by all scientists. 
Since the aim of skeletal trauma analysis is to offer profes-
sional, scientific interpretations that contribute to establish-
ing the circumstances of death and any other forensically 
relevant questions (SWGANTH 2011), a multidisciplinary 
approach may offer opportunities for improvements in nec-
essary objectivity and applicability. The analysis of skeletal 
trauma “requires the application of elements of physics, 
biomechanics, material engineering, ballistics, taphonomy, 
anatomy, and osteology” (SWGANTH 2011). Therefore, a 
multidisciplinary approach with a biomechanical emphasis 
is critical to improve the validity of skeletal trauma analysis 
and interpretation through precise, accurate, and repeatable 
analytical methods.

The intention of this manuscript is to provide a review 
of skeletal trauma research methods, specifically with a focus 
in forensic anthropology, to prompt discussion of how 
to  improve research within our community. This review 
is  designed to examine various skeletal trauma research 
methods across scientific fields, highlighting applications, 
strengths, and limitations, and to identify precise and accu-
rate protocols for experimental research. Furthermore, it 
aims to address gaps in discipline-specific methodologies to 
emphasize the importance of multidisciplinary scientific 
teams for improvement of skeletal trauma research.

Paradigms

Skeletal trauma, specifically blunt force trauma, is studied 
using various methods across scientific fields. The overarch-
ing goal of each discipline is to investigate and understand 
fractures, yet the questions addressed in the specific fields 
and their general knowledge base differ. Symes et al. (2012, 
p. 343) describe a component of this dilemma: “Medical and 
anthropology experts often rely on summarizing the work 
of engineers as a means to explain the biomechanics of bone 
injury. However, forensic anthropologists differ from bio-
mechanical engineers with respect to how bone trauma is 
described and explained. This is primarily due to the differ-
ent contexts in which they observe traumatic fractures.” 
Engineering, and specifically the field of injury biome-
chanics, utilizes systematic experimental methods. This 
approach to the design of the experiment, instrumentation, 
and data collection provides an excellent model of how 
to  conduct trauma research, but is rarely attempted—or 
applied—in forensic anthropology contexts, likely because 
of its level of complexity and significant cost. Similarly, 
engineers are rarely trained in anatomy or skeletal biology 
and often do not have a comprehensive understanding 

of  bone tissue, growth, senescence, and dynamic physio-
logical processes that influence skeletal form and function. 
Likewise, the use of medical/clinical methodology is often 
disregarded in forensic anthropology trauma research due 
to differences in objectives and applications: to aid in treat-
ment with little regard as to how the injury occurred. 
However, the medical field has produced valuable fracture 
classification and injury severity scoring systems that allow 
transdisciplinary use and comparisons through standard-
ization of terminology. A paradigm combining expertise 
across all three fields would improve outcomes for trauma 
analysis.

Multidisciplinary Paradigm

A multidisciplinary paradigm is not simply borrowing 
aspects from different fields but instead provides a model 
that incorporates experts, including, but not limited to, 
engineers, anthropologists, anatomists, pathologists, physi-
cians, computer modelers, and others, theories, methods, 
and analyses from across disciplines into one comprehen-
sive scientific foundation. A multidisciplinary approach to 
skeletal trauma research does not address a specific forensic 
anthropology or engineering question but brings together a 
team to develop a research design, methods, data collection, 
and analysis that contributes to novel questions with appli-
cations across fields. This skeletal trauma research model is 
intended to encourage junior scholars and practitioners to 
take a broad approach to problem solving by embracing the 
multidisciplinary paradigm through more inclusive collabo-
rations and integrated discussions to address questions 
across scientific fields.

Skeletal trauma interpretation has become an accepted 
forensic anthropological practice in the medicolegal commu-
nity because of an “increase in graduate programs focusing 
on forensic anthropology and increasing collaborations 
between forensic anthropologists, forensic pathologists, and 
biomechanical engineers” (Passalacqua & Fenton 2012, 
p.  405). A multidisciplinary approach to skeletal trauma 
research should be more than a simple collaboration; it is an 
alteration to traditional discipline-centric methods and a path 
to an increased understanding of how bones fracture and the 
variables contributing to fracture behavior and characteris-
tics. By disregarding the breadth of information and special-
ists researching different components of trauma analysis, or 
the multidisciplinary nature of a scientifically sound experi-
mental research design, there will be persistent shortcomings 
that ultimately prevent a substantiated interpretation or full 
understanding of the causation of skeletal injuries. To under-
stand the applications and limitations of current skeletal 
blunt force trauma research paradigms, methodologies in 
forensic anthropology, injury biomechanics, and medical dis-
ciplines are further examined here.
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Forensic Anthropology Methodologies

The infrastructure of forensic anthropological skeletal trauma 
analysis has been examined through an exploration of foun-
dational, interpretive, and methodological components (Ber-
ryman et al. 2018). The classic objective of skeletal trauma 
analysis is to use fracture characteristics or patterns observed 
on skeletal remains as interpretive tools to reconstruct 
traumatic events (Love & Symes 2004). Skeletal trauma 
analysis in forensic anthropology has largely been descrip-
tive, with little or no interpretation; this is due to a lack of 
scientific data linking observed fracture characteristics to 
validated experimental trauma research identifying fracture 
mechanics. It is no longer sufficient to describe fracture pat-
terns to infer how injuries occur (e.g., Ubelaker 2019). Foren-
sic anthropologists must go beyond descriptions of skeletal 
trauma in order to identify quantifiable contributors to dif-
ferential fracture characteristics (Blau 2016; Love & Chris-
tensen 2018). However, fracture mechanism, propagation, 
and the data required to interpret the loading mechanism 
have not been fully explored and are currently not well under-
stood (Pechnikova et al. 2015). This gap in knowledge has 
led anthropologists to rely on a combination of prior experi-
ences, casework, and experimental anthropological trauma 
research (e.g., Semeraro et al. 2012) to analyze and interpret 
skeletal trauma. While improvements have been made to 
incorporate principles of bone biomechanics and to consult 
with bioengineers to improve skeletal trauma research meth-
ods, efforts should continue to be made in this area.

The most common forensic anthropological approach to 
trauma interpretation is to reverse engineer, or to observe the 
injury and then re-create the traumatic event. This approach 
often comes in the form of case studies (Passalacqua & Rain-
water 2015). Case studies offer useful insight into realistic, 
as well as extreme, scenarios, but they can be difficult for 
substantiating trauma interpretation and are rarely applica-
ble to future forensic casework. On the other hand, forward 
engineering, where experiments are conducted with tightly 
controlled variables, provides an unequivocal link between 
observed skeletal trauma and resulting mechanical interpre-
tation that case studies alone cannot provide. The challenge 
with such experiments is in ensuring they result in realistic 
injuries from actual injury scenarios. Advancements in 
trauma interpretation must originate from expertly conducted 
experimental research on large sample sizes that reflect rep-
resentative variation in the human population. This approach 
is necessary in order to provide quantifiable methods to sup-
port expert testimonies and ultimately lead to a reconstruc-
tion of the traumatic event with the highest accuracy and 
precision. Reconstructing death events requires an under-
standing of the mechanisms behind fracture production and 
typical expressions of trauma patterns (Baraybar & Gasior 
2006; Marinho & Cardoso 2016).

Case Studies and Retrospective Methods.  Historically, 
case studies have been the primary source for document-
ing skeletal trauma, highlighting unique cases, identifying 
inadequacies in past methodologies, and assessing the appli-
cability of new methods, and are often the basis for skeletal 
trauma research (Crudele et al. 2020; Dempsey et al. 2018; 
Love & Symes 2004; Passalacqua & Rainwater 2015). Case 
studies can provide useful documentation of skeletal trauma 
that may not have comparable experimental research and 
can offer valuable training for students and professionals. 
Additionally, case studies are critical for identifying and 
influencing future skeletal trauma research (Passalacqua & 
Rainwater 2015; Semeraro et  al. 2012; Wedel et  al. 2014). 
The benefit of case studies in the development of skeletal 
trauma analyses is demonstrated by Love and Christensen 
(2018). The authors conducted a case study review to vali-
date the applicability of bone fractography analysis (exam-
ination of fracture surfaces to identify variables associated 
with specific fracture characteristics) for forensic case-
work and were successful in identifying the direction of 
fracture propagation in the four cases reviewed (Love & 
Christensen 2018). Another positive capability of case-
based skeletal trauma research is the investigation of 
trends among a group or population or evaluation of aspects 
of injuries with substantiated information (e.g., confirming 
the interpretation of the skeletal trauma through video data 
of the event) (Kroman et al. 2011). Hulse et al. (2018) identi-
fied trends in skeletal trauma through a retrospective 
case  study conducted in collaboration with the Washoe 
County Regional Medical Examiner’s Office. The authors 
observed trends in location of trauma between the sexes and 
populations (White, Black, and Hispanic) (Hulse et al. 2018), 
which contributed valuable data applicable to the field of 
forensic anthropology and relevant for both practitioners 
and academics.

Because of the inherent retrospective approach in case-
based research and lack of specific circumstances regarding 
the traumatic event, case-based analyses are often dependent 
upon knowledge gained through experience, intuition, and 
other contributors/specialists; instead of validated research 
in conjunction with experience (Berryman et al. 2018; Kro-
man & Symes 2013). Experience in skeletal trauma analysis 
is highly valued and critically important for an accurate inter-
pretation of skeletal trauma (Passalacqua & Rainwater 
2015). While experience and training are crucial, neither typ-
ically includes experimental trauma research data to vali-
date the conclusions of skeletal trauma analyses. This is not 
to say that experience is not valuable; however, observing 
hundreds of cases of the same type of injury does not support 
interpretation of the mechanism of the injury (Porta 2005), 
which may often remain unknown. Several studies have 
demonstrated that the same mechanism can result in differ-
ent injuries and vice versa (Harden et  al. 2022a, 2022b). 
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Descriptive methodologies have enabled forensic anthropol-
ogists to contribute to the determination of cause and man-
ner of death by providing important basic information and 
qualitative fracture pattern data in real casework. Controlled 
experimental skeletal trauma studies provide the “baseline 
data necessary to link biomechanical factors with fracture 
outcomes” (Kroman & Symes 2013; Semeraro et al. 2012; 
Ubelaker 2019, p. 236). More cohesive integration of these 
two approaches (case studies and experimental studies) has 
the potential to improve skeletal trauma analysis.

Experimental Methods.  Skeletal trauma research has 
traditionally been associated with physics, biomedical engi-
neering, and injury biomechanics (Berryman et  al. 2018). 
The adoption of biomechanical principles and an engineer-
ing approach for forensic anthropological applications have 
recently led to increased collaborations with engineers in 
experimental skeletal trauma research; however, the utiliza-
tion of a multidisciplinary team is not the current standard 
within forensic anthropology. Experimental methods are 
typically utilized to validate assumptions or support inter-
pretations based on experience and/or case studies. Gener-
ally, forensic anthropological experimental methods are 
designed to re-create a specific traumatic event. While the 
goals of these studies are attainable in experimental studies, 
the data collected generally do not meet the standards of 
courtroom testimony because of methodological limita-
tions, such as the use of nonhuman samples, small sample 
sizes, lack of instrumentation and data collection, and lack of 
biomechanical expertise.

In forensic anthropology, experimental skeletal trauma 
research has often been conducted using nonhuman speci-
mens because of the difficulty of obtaining human specimens 
(monetary, practical, and ethical) (Christensen et al. 2012; 
DeLand et  al. 2012; Dempsey et  al. 2018; Dempsey & 
Blau 2020; Kulin et al. 2011; Passalacqua & Fenton 2012; 
Reber & Simmons 2015; Zephro et al. 2014). At present, it is 
unknown how intrinsic variation in human bone properties 
contributes to fracture pattern variance, let alone how to 
address variation inherent to other species. Utilizing nonhu-
man proxies may confound explanations of inter-individual 
variation and the applicability of these data to human bone 
fracture patterns because of the fundamental differences in 
human and nonhuman bone morphology and microstructure 
(Christensen et  al. 2018; Hillier 2007; Kulin et  al. 2011; 
Dempsey & Blau 2020; Zephro et al. 2014). For example, 
Wang et al. (1998) found significant differences in the frac-
ture properties among species when studying the structural 
and material properties of humans, baboons, canines, 
bovines, and rabbits. Additionally, Franck and Franck (2016) 
detail significant differences in ultimate tensile strength 
in  wet compact bone between human and various animal 
bone models horse, cattle, wild boar, pigs, and deer. Thus, 

utilizing nonhuman bone, which does not easily correlate to 
human structure (Passalacqua & Fenton 2012), in experimen-
tal studies is not recommended. Nonhuman bone studies are 
ideal to provide proof of concept or to perfect repeatability 
in experimental boundary conditions. However, human tis-
sue should be utilized in experiments meant to strengthen 
interpretations of human skeletal trauma and to establish 
forensic significance (Dempsey & Blau 2020). Human tissue 
is the gold standard for experimental skeletal trauma research, 
and this standard should be upheld as the field continues to 
develop (Kroman & Symes 2013).

The four primary factors that affect the power of a sta-
tistical test are α level, difference between group means, 
variability among subjects, and sample size (e.g., Norton & 
Strube 2001). Small sample sizes reduce the power of a study 
and increase the margin of error, subsequently increasing the 
inability to detect an effect of the observed outcomes (i.e., 
fracture characteristics) and the likelihood of Type II errors. 
Daegling et al. (2008) conducted informative experimental 
research utilizing human ribs to investigate local deforma-
tions, failure location, and mode of fracture for forensic 
anthropology applications. However, the small sample size 
(n = 8), in addition to the lack of sample information (demo-
graphic and rib level data), prohibited comparisons and there-
fore was unable to yield statistical output to support the 
application of their conclusions to broader skeletal trauma 
interpretations. Another example of sample size limiting fur-
ther application in the field is Isa et al. (2018), who assessed 
the impact direction in human femora through experimental 
three-point bending. Notably, the impact direction was accu-
rately interpreted for the entire sample, yet the small sample 
size (n = 13) did not allow for statistically valid results or error 
rates associated with the research design. A third example of 
the effects of small sample sizes comes from a relatively new 
and promising method in skeletal trauma analysis: forensic 
fractography, which is the analysis of the fracture surfaces 
of bone (Christensen et al. 2018). This method was developed 
using a small sample of human femora (n = 12), which the 
authors note may have contributed to observed correlations 
between variables (Christensen et al. 2018). Experimental 
studies with small sample sizes contribute valuable knowl-
edge to the field and can provide pilot data to inform a larger 
experimental design, but they often lack the statistical power 
necessary to develop error rates and therefore strengthen 
interpretations of skeletal trauma.

Experimental research conducted with forensic anthro-
pological leads tends not to incorporate the extensive instru-
mentation utilized in experimental research conducted with 
engineering leads, since the research goals between the two 
likely differ. While this may not be relevant in observing sim-
ple fracture characteristics, the associated lack of data likely 
results in the inability to answer how or why fractures are ini-
tiating, propagating, or what is contributing to the variation 
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observed. Therefore, the actual fracture mechanism remains 
elusive (Porta 2005). Isa et al. (2019) conducted experimen-
tal skeletal trauma research to examine fracture initiation in 
blunt impacts to human crania. The experimental design 
included the utilization of a force transducer to record the 
impact force-time response, but no instrumentation was 
applied to capture the bony response. Additional instrumen-
tation such as strain gages on skeletal elements can provide 
data to quantitatively validate fracture initiation captured in 
the high-speed video data (Stark et al. 2019). Scheirs et al. 
(2018) utilized an experimental approach to examine blunt 
force fracture patterns in human ribs. The authors loaded 
anterolateral samples of fresh (n = 18) and dry (n = 12) four–
six level ribs in three-point bending scenarios to inflict “slow 
and fast loading trauma” (Scheirs et al. 2018). The loading 
mechanism was controlled via a servo-hydraulic testing 
machine, but the ribs were not instrumented and therefore 
the fracture timing and strain mode(s) experienced by each 
rib could not be evaluated. Previous research demonstrated 
that fracture timing is significantly different between data 
collection methods and determined that strain gages were 
more accurate in determining fracture timing versus high-
speed video data alone (Harden et al. 2020). Additionally, 
Harden et al. (2020) observed differences in failure mode in 
human ribs loaded to failure in the same loading conditions, 
demonstrating that strain mode should be directly measured 
and not assumed. While quantitative data collection was 
lacking, the qualitative data allowed Scheirs et al. (2018) to 
identify distinct characteristics that may contribute to the 
determination of perimortem trauma in human ribs. This 
methodological decision aligns with data historically col-
lected in forensic anthropological skeletal trauma research, 
which is generally qualitative (i.e., fracture descriptions), 
not quantitative (i.e., output force or displacement).

Forensic anthropologists are urged to continue exploring 
and expanding the scientific infrastructure of trauma inter-
pretation through experimental research and education, thus 
increasing our understanding of bony response, fracture 
characteristics, and linking these data back to traumatic 
events (Passalacqua & Fenton 2012; Wedel et al. 2014). As 
emphasized by Ubelaker (2019), forensic anthropologists are 
expected to go beyond the description and classification of 
fractures and explain failure strain modes (i.e., tension and/or 
compression) in order to interpret how fractures occurred. He 
states, “While description of the alterations is important, 
interpretation hinges on the understanding of bone strength, 
force, stress, tension, compression, load, strain, failure, defor-
mation, fatigue, and other related factors” (Ubelaker 2019, 
p. 236). It is also recognized—and a point of concern—that 
over-interpretation is a problem in skeletal trauma analysis 
(Symes et al. 2012; Ubelaker 2018). This has led to the con-
tinued borrowing of basic engineering principles and assump-
tions to analyze skeletal trauma (Berryman et al. 2018; Isa 

et al. 2018). The increased push to incorporate engineering 
principles into forensic anthropology has sometimes resulted 
in general acceptance of broad concepts and statements, such 
as “bone fails first in tension” (Berryman et al. 2018; Blau 
2016), that continue to prevail across scientific fields, but may 
be inaccurate in some skeletal elements and loading condi-
tions. Harden et al. (2020) established through experimental 
research of human ribs loaded in the same anterior-posterior 
direction at two m/s that variation existed in the mode (e.g., 
tension or compression) of initial failure. This research high-
lights the issues and potential errors of utilizing general 
assumptions and demonstrates the need for further explora-
tion of the validity of such assumptions (Harden et al. 2020). 
In order to properly utilize biomechanical principles, they 
must be fully understood, along with their inherent limita-
tions. In general, this is not common knowledge that the typ-
ical forensic anthropologist obtains in academic or even 
specialized training, or through general experience; rather, 
it must be specifically sought out or be gained through exten-
sive experience. The stagnant advancement of simultaneous 
developments in academia, research, and practice in foren-
sic anthropology may be associated with the lack of empha-
sis on multidisciplinary collaborations (L’Abbe et al. 2019). 
To analyze and interpret fracture characteristics, observation 
and description must be coupled with a strong understand-
ing of relevant biomechanical factors (Ubelaker 2019).

Engineering Methodologies

In engineering, materials are classified by their mechanical 
response to an applied load; this is also the standard approach 
for classifying biological materials, such as bone (King 2015). 
As a subfield of mechanical engineering, injury biomechan-
ics investigates the relationships between physical mechani-
cal properties and human injury to evaluate both the injury 
mechanisms and thresholds for the human body (Committee 
on Trauma Research 1985; King 2015). The overarching goal 
of injury biomechanics is usually to determine the responses 
to impact loading for civilian (e.g., motor vehicle crashes, 
vehicle vs. pedestrian crashes, or sport injuries) and military 
(e.g., blast events or ejection seat events) applications (Bolte 
et al. 2018; Danelson et al. 2015; Untaroiu et al. 2007; Yoga-
nandan et al. 2014). Therefore, injury biomechanics relates 
data from experimental research such as fracture mechanics, 
bony response and failure, and injury criteria to real-world 
injuries to contribute to developing anthropomorphic test 
devices (ATD) and computational human body models 
(HBM) (Agnew et al. 2015; Agnew et al. 2018; Gabler et al. 
2015; Kress & Porta 2001; Murach et al. 2017; Schafman 
et al. 2016; Untaroiu et al. 2008). Unlike in forensic anthro-
pology, where the analysis begins with the skeletal trauma, 
in injury biomechanics the analysis begins with an experi-
mental test setup and should result in injuries consistent with 
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those found in real-world occurrences. A substantial under-
lying limitation of classic biomechanical principles is that 
they were not developed for osteological material and there-
fore cannot provide direct applications to predict and under-
stand the bony response. However, a forensic anthropologist 
can strengthen injury biomechanics interpretations by con-
tributing their expertise in skeletal anatomy and biology.

Experimental Methods and Design.  The experimental 
method must replicate traumatic events or result in injuries 
comparable to real-world data and injuries in order to be 
applicable and significant. As Hardy (2002, p. 12) states: 
“After a problem has been identified and adequately charac-
terized, the researcher must create a representative and 
repeatable test event, measure the appropriate parameters, 
and analyze the measurements such that meaningful con-
clusions may be drawn.” Experimental methods provide 
the unique opportunity to determine injury mechanisms as 
the loading scenario is known, and both mechanical and 
biological data can be collected. The success of experi-
mental research is contingent upon sample selection and 
astute experimental design (Hardy 2002).

When designing a research study, engineers utilize data-
bases (e.g., Crash Injury Research and Engineering Network 
[CIREN], National Trauma Data Bank [NTDB]) and com-
piled injury or traumatic event data (e.g., Special Crash Inves-
tigations [SCI], The National Automotive Sampling System/
Crashworthiness Data System [NASS/CDS]) to develop an 
epidemiological study of the real-world injuries and scenar-
ios of the previously identified problem to create a relevant 
experimental design. While this may appear similar to the 
case-study approach in forensic anthropology, these epide-
miological studies reference data from thousands of similar 
cases with similar injuries to inform on the experimental 
design and to provide expected outcomes based on large-
scale, real-world data across populations. In most cases, 
forensic anthropologists are working with a small sample of 
case studies with unknown injury mechanisms. Prior to eval-
uating the necessary sample, it must first be determined 
whether the research design calls for component (single ele-
ment) or whole-body testing. The underlying limitation for 
all experimental research using postmortem human subjects 
(PMHS) is they are not living humans and do not have mus-
cle response or exhibit any other living physiological func-
tions. However, the utilization of PMHS provides more 
realistic results than nonhuman models do and are as com-
parable as possible to an injurious real-world scenario in liv-
ing humans. Whole body tests enable the researcher to 
account for variables such as body mass and inertia, while 
component tests are more controlled and therefore generally 
even more repeatable. Whether component or whole-body 
tests are performed depends on the specific research ques-
tions identified in the research design.

Once the sample type (component vs. whole body) has 
been determined, each potential PMHS is reviewed using 
inclusion and exclusion criteria, which are developed based 
on each project’s requirements. Inclusion criteria, utilized as 
a prescreening method to determine whether a PMHS is 
appropriate for a specific project, are often dictated by sex, 
age, height, and weight ranges. Once a PMHS has met the 
inclusion criteria, exclusion criteria are explored via imag-
ing methodologies (e.g., computed tomography, dual-energy 
X-ray absorptiometry [DXA], and X-ray) to ensure no previ-
ous skeletal trauma is present and there are no observed ana-
tomical anomalies or pathological conditions that would 
interfere with the experimental test results. While these cri-
teria allow for the development of a controlled sample, they 
also exist as limitations to the study, especially in a small 
sample. Specific inclusion/exclusion criteria and population-
focused research (e.g., average-sized male based on weight 
and height in a given population) often result in small sam-
ple sizes, specifically in whole-body research, which can 
result in a lack of statistical power. The data and results col-
lected are also limited to the specific population represented 
and cannot be universally applied to a broader population. 
For example, data collected from a mid-sized male in a fron-
tal crash scenario would likely not be appropriate for inform-
ing or predicting the response of a small elderly female in 
the same loading condition. This ultimately leads to 
population-specific applications of finite element (FE) mod-
els, developed from validated experimental research, and 
limits the applicability of models across populations. FE 
models can only predict injuries in the testing scenarios with 
the exact boundary conditions in which they have been con-
ducted and validated. Once the sample has been determined 
and the test design (ideally, based on real-world injuries) has 
been identified, it is necessary to determine which data 
should be collected. Biomechanical information, such as 
loading parameters (e.g., input energy and velocity), bony 
response (e.g., displacement, force, stress, and strain), and the 
relationships between these variables, are critical to blunt 
force skeletal trauma research design (Kress & Porta 2001).

Instrumentation, Testing Equipment, and Data Collection.  
A variety of instrumentation, either selected or custom 
designed, is utilized in injury biomechanical experimental 
studies (Hardy 2002). Table 1 summarizes commonly uti-
lized instrumentation.

The type of impacting or loading equipment utilized in 
experimental research depends upon the loading mechanism 
the researcher is re-creating. The loading rate is a critical ele-
ment of experimental research design. In order to conduct 
realistic experiments, the loading rate in the experiment must 
replicate the rates observed in real traumatic events. For 
example, conducting quasi-static loading to examine the 
effects of a dynamic event does not replicate the real-world 
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data and will not result in comparable injuries. Bone is vis-
coelastic, meaning it responds differently to quasi-static and 
dynamic loading, and it is well established that bone has rate-
dependent properties (Hansen et  al. 2008; Katzenberger 
et al. 2020; McElhaney 1966). There are numerous types of 
testing equipment available in various injury biomechanics 
laboratories throughout the world. Testing equipment utilized 
in bioengineering experimental research is dependent upon 
the loading scenario being replicated and varies between lab-
oratories due to customization of systems. Experimental 
research utilizing specialized instrumentation and testing 
equipment provides results comparable to real-world injuries; 
however, traumatic events are rarely simple or straightfor-
ward in terms of loading mechanism and bony response 
(Love & Christensen 2018). Yet, until fracture characteris-
tics in simplified loading conditions can be statistically linked 
to specific events, these more complex situations cannot 
begin to be analyzed and interpreted.

Standard data collected in an injury biomechanics experi-
mental research study on bone include output force (peak and 
yield), displacement (percent peak and percent yield), linear 
stiffness, energy (total, plastic, and percent plastic), and strain. 
Data are collected using the instrumentation described in 
Table 1 along with a data acquisition system that allows for 
high rate (over 10,000 Hz) simultaneous collection of data from 
various types of instrumentation. Additionally, most studies 
incorporate at least one high-speed video camera to capture the 
event and provide displacement data (Table  1). These data 
are then utilized in various statistical analyses, determined in 
the experimental design, to examine relationships between the 
intrinsic (e.g., age, sex), extrinsic (e.g., loading rate), and bio-
mechanical (e.g., energy) variables. These results can identify 
and explain injury mechanisms and provide data for ATD 
development and computational human body models (HBM) 
(Agnew et al. 2015; Agnew et al. 2018; Danelson et al. 2015; 
Murach et al. 2017; Schafman et al. 2016; Untaroiu et al. 2008).

Modeling Methods.  Finite element modeling is a technique 
utilized in injury biomechanics to conduct finite element 
analysis (FEA) of a specific loading event (Fig.  1). This 
method is dependent upon the data collected in experimental 
methods, which are then employed in FE software to 

evaluate biofidelity. In other words, an HBM can remain 
the same for each test (unlike PMHS tests, which require a 
different individual every time an injury is induced), but the 
researcher has the capability of altering external compo-
nents such as restraint systems and seat designs. These 
models have been utilized to aid in the development of vehi-
cle safety designs for both occupants and pedestrians (Beil-
las et  al. 2001; Schuster et  al. 2000; Takahasi et  al. 2000; 
Untaroiu et al. 2005; Untaroiu et al. 2007). The applicability 
of an HBM is contingent upon the validation of the model 
through experimental research. For example, if the HBM 
was only validated in a low-speed rear impact scenario, the 
model is appropriate only for low-speed rear impact simu-
lations. Current expectation of model developers is valida-
tion of their model against complementary experimental 
data, which has aided in improving the scientific rigor and 
legitimacy of FE models (King 2015).

Current understanding of injury mechanisms can be 
advanced through the application of HBMs that incorporate 
fundamental data, such as validated material properties and 
failure criteria (Khor et al. 2017). For models to be sophisticated 
enough to predict injuries, the investigation and validation of 
their ability to produce realistic responses in a large range of 
scenarios beyond standard crash configurations, still needs to 
be examined (Yang & Chou 2015). As more experimental data 
become available and technological advances in terms of com-
putational power and storage capabilities in computer software 

TABLE 1—Instrumentation and imaging modalities utilized in engineering experimental research.

Instrumentation or Imaging Type Measurement Purpose Experimental Research

Accelerometer Acceleration Kang et al. 2011; Bolte IV et al. 2018; Murach et al. 2018
Angular Rate Sensor Rotational velocity Danelson et al. 2015; Kang et al. 2015; Cristino et al. 2017
Chestband Thoracic deflection Kemper et al. 2016; Kang et al. 2017; Shurtz et al. 2018
High-speed Camera Displacement Bolte IV et al. 2003; Kang et al. 2013; Tillis et al. 2020
High-speed X-ray Fluoroscopy Fracture propagation Ono et al. 1997; Deng et al. 2000; Hardy et al. 2001
Strain Gage Strain Kerrigan et al. 2004; Ebacher et al. 2007; Agnew et al. 2018
Load Cell Forces and moments Rudd et al. 2004; Kang et al. 2012; Agnew et al. 2015
Potentiometer Linear displacement and rotation Kemper et al. 2011; Schafman et al. 2016; Kang et al. 2021
Motion Capture System (e.g., Vicon) 3D motion Shaw et al. 2009; Hauschild et al. 2016; Stark et al. 2019

FIG. 1—Finite element model of three-point bend test simulation. 
Adapted from Khor et al. (2016). Copyright 2016 by the International 
Research Council on Biomechanics of Injury.
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develop, models are becoming more complex and exhibit more 
detail (King 2015). Yang and Chou (2015) state that “future 
development of a well-validated HBM requires: (1) more mate-
rial property data on human tissues. These biomaterials exhibit 
anisotropic behaviors under tensile/compressive loadings, and 
have time-dependent properties under dynamic impacts, and 
(2) better experimental testing methods (i.e., reproducible 
experimental tests) to reduce and/or minimize biological 
variations at high-speed test conditions.” Previous and perhaps 
current consensus is that researchers in injury biomechanics 
have more confidence in experimental data than in FE model 
predictions; however, rapid improvements in computational and 
mathematical models are resulting in more reliable human 
responses and injury interpretations (King 2015).

Medical Methodologies

The medical field has provided numerous well-developed and 
comprehensive fracture classification systems for most skel-
etal elements (AO Foundation 2019; Bernstein et al. 1997; 
Kellam et al. 2018; Love et al. 2013); these can be applied to 
forensic anthropology or injury biomechanics research. The 
most common of these systems are the AO Foundation/
Orthopaedic Trauma Association (AO/OTA) Fracture and 
Dislocation Compendium and the AO Foundation Cranio-
maxillofacial (AOCMF) Classifications (AO Foundation 
2019; Audige et al. 2014; Cornelius et al. 2014; Di Ieva et al. 
2014; Kellam et  al. 2018). These systems were designed 
to  overcome the obstacles of non-uniform language and 
variation in data collection across fields to construct a mul-
tistructure fracture classification system using systemic 
methodology to describe a skeletal injury (Kellam et  al. 
2018). Standardized definitions and terminology allow for 
precise and consistent classifications that can be utilized 
across disciplines. These classification systems are designed 
to be evolving systems that update and improve based on 
research, feedback, criticism, and the needs of the medical 
community (Kellam et  al. 2018). Both the AO/OTA and 
AOCMF classification systems are based on a hierarchical 
design in which the user determines the level of detail to 
record for each injury. For example, each classification in the 
AO/OTA Fracture and Dislocation Compendium (Kellam 
et al. 2018) begins with identifying the injured element. This 
is followed by determining the location of the fracture and 
assigning the fracture to types, groups, and subgroups, then 
adding in any qualifications and universal modifiers. If at any 
point the practitioner does not have the additional informa-
tion, the fracture can be classified with only the data avail-
able (e.g., humerus, diaphyseal segment, middle third of 
humerus, simple fracture). Both the AO/OTA and the 
AOCMF classification systems provide a mechanism to con-
vert the description into an alphanumeric code, which can 
be used for data storage, trauma databases, and data coding 

(AO Foundation 2019; Audige et al. 2014; Cornelius et al. 2014; 
Di Ieva et al. 2014; Kellam et al. 2018). These fracture classifica-
tion systems were developed to provide information for assess-
ment and treatment of trauma and inherently lack the level of 
detail or fracture surface morphology that forensic anthropolo-
gists require in order to interpret the loading event from the 
fracture characteristics. For this reason, the utilization of medi-
cal fracture classification systems has been discouraged for 
forensic anthropological analyses (Galloway et al. 2014).

While the discipline-specific needs for fracture classifi-
cation and identification of fracture characteristics vary (e.g., 
broad descriptions in engineering and detailed descriptions 
in forensic anthropology), a hierarchical approach, similar to 
the structure of bone, is advantageous across scientific fields. 
The ability of fracture classification and injury severity sys-
tems to support and strengthen skeletal trauma analyses and 
interpretation is dependent upon the user. If simply used as 
a description of the observed trauma, these qualitative assess-
ments do not necessarily contribute to the determination of 
how the injury occurred or address questions about the trau-
matic event. However, if these systems are used as a research 
and comparative tool, they can contribute to analyses by pro-
viding the frequency and severity of an observed injury.

The Abbreviated Injury Scale (AIS) is an international 
anatomy based coding dictionary that associates injury 
descriptions to a severity scale (AAAM 2016). The AIS was 
originally developed as a standardized system for classify-
ing type and severity of vehicular crash injuries (AAAM 
2016) and is commonly used in injury biomechanics. Inju-
ries are coded based on anatomic region, type of anatomical 
structure, specific nature of injury, and severity level. The 
AIS is intended for professional and research use, is compat-
ible with large and small scale datasets, and is applicable for 
detailed and/or limited injury data (AAAM 2016). Kang et al. 
(2017) employed the abbreviated injury scale to classify skel-
etal and soft tissue trauma in PMHS from a frontal impact 
experimental study. The injury assessment and AIS scores 
allowed the authors to quantify and compare the injury sever-
ity between subjects, additionally allowing for the data to be 
compared to real-world injuries. Unger et al. (2020) utilized 
the AIS Revision 2015 to predict the number of road users 
with moderate to serious injuries in Germany and found that 
the application of AIS allowed for a better understanding of 
motor vehicle crash occupants and pedestrians injury sever-
ity. However, AIS was developed and is intended for use on 
a living population, which limits the applications for bone 
trauma and/or PMHS research. When utilized in PMHS 
injury analyses, AIS scores should be reported as minimum 
scores (e.g., ≥AIS2) due to the inherent limitations of identify-
ing increased injury severity based on blood loss, neurologic 
symptoms, presence of air outside of lungs, etc. in a non-living 
population. Harden et al. (2019) developed an interdisciplinary 
rib fracture classification system utilizing the hierarchical 
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classification methods of the AO/OTA system, an adaptation 
of the standard language for rib fractures, and a method of 
determining severity of trauma based on the AIS (AAAM 
2016). The goal of the research was to provide an interdisci-
plinary, validated, and standardized rib fracture classification 
system that incorporated both qualitative and quantitative data 
to allow for both comparable data across disciplines and the 
detail required for forensic anthropological analyses.

In addition to AIS, there are other injury severity score 
calculations that assess the maximum severity to an individ-
ual or the severity of multiple regions of the body combined. 
These methods include the Maximum Abbreviated Injury 
Scale (MAIS), the Injury Severity Score (ISS), and the New 
Injury Severity Score (NISS). The AIS is utilized in trauma 
centers across the United States and throughout the world. 
A limitation to using AIS is that it is recommended to be used 
by trained and board-certified users to promote proficient, 
reliable, and consistent injury classifications and injury data-
bases. In order to ensure correct skeletal trauma classifica-
tions and injury severity scores, researchers would require 
additional training and certification or should collaborate 
with a Certified Abbreviated Injury Scale Specialist (CAISS). 
Nonetheless, utilizing the same system to capture skeletal 
trauma provides the opportunity for large-scale trauma com-
parisons and demonstrates the severity of the injury to both 
the medicolegal community and the general public when pre-
sented in the courtroom.

Discussion

A literature review of abstracts from the American Academy 
of Forensic Sciences proceedings from 2018 to 2022 was con-
ducted to examine the frequency of experimental blunt-
force trauma research utilizing human specimens with 
contributions from authors across disciplines. During the 
period reviewed, 121 abstracts featured blunt-force trauma/
injuries and of these, nine were experimental studies that 
included authors from multiple disciplines. Five were from 
Michigan State University and four were from The Ohio 
State University. The examples in the discussion section 
below will focus on research from the Injury Biomechanics 
Research Center, The Ohio State University.

A multidisciplinary approach to skeletal trauma research 
supports several of the principles outlined in the AAFS Posi-
tion Statement (AAFS 2009) in response to the National 
Academy of Sciences Report Strengthening Forensic Science 
in the United States: A Path Forward (National Research 
Council 2009), specifically: (1) all forensic science disciplines 
must have a strong scientific foundation, and (2) forensic sci-
ence terminology should be standardized. A multidisci-
plinary approach to experimental skeletal trauma research 
facilitates the evaluation of relationships between biological 

and mechanical variables to attempt to explain which fac-
tors are contributing to variations in fracture characteristics 
(Harden et  al. 2017; Harden et  al. 2019). If researchers con-
tinue to utilize an exclusively discipline-focused research 
design, relationships between force (input and output), strain, 
and other biomechanical variables will not be explored to their 
full potential. Without a multidisciplinary method, the charac-
terization of strain modes in blunt force rib trauma would not 
have been investigated to explore and understand where frac-
tures are initiating and capture the data that demonstrate that 
it differs from traditional assumptions (Harden et al. 2020).

Single datasets have been utilized to answer research 
questions across scientific disciplines, albeit rarely. Utilizing 
methodologies from multiple fields offers the opportunity to 
explore different gaps of knowledge and discipline-specific 
questions (Kroman & Symes 2013); however, combining 
approaches from across scientific fields allows for different 
research questions to be addressed within one comprehen-
sive study. This is best accomplished if the various applica-
tions are included in the experimental design from the start. 
For example, in Agnew et al. (2018), the aim of the study was 
to identify biological sources contributing to differential rib 
mechanical properties. This study explored the effects of 
demographics (age, sex, body size, and aBMD [areal bone 
mineral density]) and rib geometry (global and cross-
sectional) on human rib structural properties (force, dis-
placement, stiffness, and energy at failure and yield). 
Utilizing the same dataset as Agnew et al (2018), the aim of 
Harden et al (2019) was to then validate an interdisciplinary 
rib fracture classification system. Kang et al. (2021) also used 
this dataset to generate biomechanical human rib response 
corridors with respect to age, sex, and body size. A subset 
of the same dataset was also utilized by Dominguez et al. 
(2016) to evaluate the influence of intracortical porosity on 
rib structural properties. The aforementioned research was 
published in various journals across disciplines including 
engineering, forensic anthropology, and skeletal biology 
research. In addition, multiple other publications have 
resulted from subsets of the same dataset (Agnew et al. 2015; 
Albert et al. 2018; Dominguez et al. 2016; Harden & Agnew 
2018; Harden et al. 2019; Holcombe et al. 2019; Iraeus et al. 
2019; Murach et al. 2017; Schafman et al. 2016; Sreedhar et al. 
2020), each addressing a different objective and utilizing dif-
ferent data, but collected from one larger experimental research 
project. The caveat to the success of utilizing one dataset to 
address knowledge gaps across disciplines is that the team and 
the approach should be multidisciplinary from the outset.

Conclusions

This review has highlighted the critical need for large-scale 
controlled experimental bone trauma studies utilizing human 
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specimens and the various approaches available for skeletal 
trauma research. This is vital to the continued development 
of the field of forensic anthropology, whose multidisciplinary 
nature necessitates “constant reevaluation of methods” (Pas-
salacqua & Rainwater 2015, p. 3). In order to provide statis-
tical substantiation (i.e., error rates and validated comparable 
studies) to forensic anthropological interpretations in the 
courtroom, in turn, meeting the needs of better forensic sci-
ence (National Research Council 2009), a multidisciplinary 
approach to skeletal trauma research is imperative. The 
National Institute of Justice has recently reiterated the impor-
tance of replicability in scientific research, specifically in 
forensic sciences (Muhlhausen 2020). Replicability is a fun-
damental principle of the reliability of scientific research 
through the validation of previous studies and experimental 
methodologies (Muhlhausen 2020). The critical need in skel-
etal trauma research is not necessarily in more research, but 
in better research (Dempsey & Blau 2020), a need that can 
partially be addressed by utilizing a multidisciplinary meth-
odology. As such, there has been increased pressure on foren-
sic anthropologists to understand and apply biomechanics to 
their research (Kroman & Symes 2013). However, forensic 
anthropologists are not engineers, and vice versa, and experts 
in both fields inherently lack the education, training, and spe-
cialized knowledge to incorporate principles, applications, 
and analyses beyond their disciplines that are necessary to 
conduct thorough and scientifically relevant experimental 
research. A paradigm shift to building a collaborative multi-
disciplinary team to assess skeletal trauma allows for the 
incorporation of scientific data, both qualitative and quanti-
tative, to not only re-create traumatic events but to address 
larger gaps in knowledge such as fracture mechanics and 
what variables are contributing to variation in fracture char-
acteristics. A multidisciplinary approach should be the foun-
dation of any scientific study conducting skeletal trauma 
research.

The authors acknowledge the challenges in conducting 
large-scale human specimen skeletal trauma research. How-
ever, many of these obstacles can be overcome through 
increased collaborations with established injury biome-
chanics research laboratories, institutions with anatomical 
donation programs, forensic practitioners, and researchers 
specializing in human injury tolerances and skeletal trauma. 
The authors also recognize the difficulty in identifying and 
connecting with experts and laboratories to develop a multi-
disciplinary research team. Therefore, the authors encourage 
researchers interested in conducting multidisciplinary skel-
etal trauma research but would like some assistance in iden-
tifying laboratories or individuals with specific areas of 
expertise to contact us; we encourage questions and further 
discussion. It is our hope this review fosters newfound col-
laborations and innovative ideas to advance the science of 
skeletal trauma analysis across all disciplines.
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