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ABSTRACT

The National Highway Traffic Safety Administration (NHTSA) reported that in 2008 there were
a total of 37,261 automotive related fatalities, 26,689 of which were vehicle occupants. It has
been reported that in automotive collisions chest injuries rank second only to head injuries in
overall number of fatalities and serious injuries. In frontal collisions, chest injuries constitute
37.6% of all AIS 3+ injuries, 46.3% of all AIS 4+ injuries, and 43.3% of all AIS 5+ injuries. In
side impact collisions, it has been reported that thoracic injuries are the most common type of
serious injury (AIS>3) to vehicle occupants in both near side and far side crashes which do not
involve a rollover. In addition, rib fractures are the most frequent type of thoracic injury

observed in both frontal and side impact automotive collisions.

Anthropomorphic test devices (ATDs), i.e. crash test dummies, and finite element models
(FEMs) have proved to be integral tools in the assessment and mitigation of thoracic injury risk.
However, the validation of both of these tools is contingent on the availability of relevant
biomechanical data. In order to develop and validate FEMs and ATDs with improved thoracic
injury risk assessment capabilities, it is necessary to generate biomechanical data currently not
presented in the literature. Therefore, the purpose of this dissertation is to present novel material,
structural, and global thoracic skeletal response data as well as quantify thoracic injury timing in

both frontal belt loading and side impact tests using cadaveric specimens.
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CHAPTER 1

Introduction and Research Objectives

Introduction

The National Highway Traffic Safety Administration (NHTSA) reported that in 2008 there were
a total of 37,261 automotive related fatalities, 26,689 of which were vehicle occupants (Traffic
Safety Facts, 2008). It has been reported that in automotive collisions chest injuries rank second
only to head injuries in overall number of fatalities and serious injuries (Cavanaugh, 1993).
Elhagediab and Rouhana (1998) examined the incidence of injuries due to frontal impacts in the
National Automotive Sampling System - Crashworthiness Data System (NASS-CDS) from 1988
to 1994 with respect to the Abbreviated Injury Scale (AIS), where AIS is a system used by
researchers and trauma centers to rank and compare the severity of injuries on a scale of 0 (no
injury) to 6 (certain death) based on threat to life. They found that chest injuries constituted
37.6% of all AIS 3+ injuries, 46.3% of all AIS 4+ injuries, and 43.3% of all AIS 5+ injuries. For
side impact collisions, it has been reported that thoracic injuries are the most common type of
serious injury (AIS>3) to vehicle occupants in both near side and far side crashes which do not

involve a rollover (Gabler et al., 2005; Samaha et al., 2003).

A number of studies have reported that skeletal injuries are the most frequent type of thoracic
injury observed in both frontal and side impact automotive collisions. Data from the Crash
Injury Research and Engineering Network (CIREN) showed that rib fractures were the most
serious injury sustained by 40% of the patients over 60 who died of chest injuries from

automobile collisions (Kent et al., 2005b). Furthermore, previous cadaveric laboratory studies



have shown that rib fractures are the most common skeletal injury in frontal belted sled tests and
the most frequent thoracic maximum AIS in side impacts (Cromack and Ziper, 1975; Patrick,
1976; Ramet and Cesari, 1979; Morgan et al., 1986; Crandall et al., 1997; Pintar et al., 1997;
Kallieris et al., 1998; Viano, 1989; Kuppa et al., 2003). In addition to rib fractures, clavicle
fractures are frequently observed in automotive collisions. An analysis of the NASS-CDS found
that over 9,700 three-point belt restrained occupants incur a clavicle fracture every year.
Although clavicle fractures due not pose as high of a threat to life (AIS=2) as numerous rib
fractures, they can result in either temporary or long term loss of functional capacity. Mid-
clavicle fractures are of special concern since they may lead to significant morbidity due to a

high rate of nonunion, 22% to 33%, when treated non-operatively (Nordqvist, 2000).

Finite Element Models (FEMs) of the human thorax are becoming an integral tool in the
reduction of automotive related thoracic injuries because they provide a relatively inexpensive,
both temporally and monetarily, means to assess the effectiveness of both existing and advanced
safety restraint systems. A major advantage to FEMs is that they allow for the prediction of
injury based on the calculation of physical variables, such as stress and strain, that are
mechanically related to injury. However, the response of thoracic skeletal tissue, i.e. the clavicle
and rib cage, must be locally and globally validated based on component level tests as well as
whole cadaver tests in order to accurately predict injury. The level of validation is contingent on
the availability of biomechanical data presented in the literature. There have been some studies
that have investigated the biomechanical response of the clavicle in three-point bending (Bolte et
al., 2000; Proubasta et al., 2002). However, these studies have been limited to a single loading

direction and low impact speeds. In regard to the rib cage, it has been shown that the structural



response and the distribution of rib fractures vary with respect to the region and distribution of an
externally applied load (Kent et al., 2001; Shaw et al., 2005). Regional variation in the structural
response of bone within an individual can be a result of changes in the bone geometry, bone
material properties, or both. Accounting for differences in these parameters increases the
complexity of thoracic models, but can have a considerable affect on both the global response
and predicted injuries (Stitzel et al., 2003; Kent et al., 2005b). Although the literature suggests
that regional differences in the structural response of human ribs are most likely due to regional
changes in geometry, there has been no research evaluating the influence of material, structural,
and geometric properties on the response of human ribs in a controlled data set. In order to more
accurately model the human rib cage, changes in the structural response with respect to material

and geometric properties need to be investigated in a controlled study.

Regardless of how advanced FEMs of the human body become, they will never replace the need
to perform regulatory full-scale vehicle crash tests designed to ensure occupant safety. In these
tests, injury risk is assessed with the use of Anthropomorphic Test Devices (ATDs), i.e. crash
test dummies. The response of ATDs must meet the thoracic impact response requirements set
forth by the Anthropomorphic Test Devices Working Group of the International Standards
Organization (ISO/TC22/SC12/WG5) to ensure that it is representative to that of a human, i.e.
biofidelic. These response requirements are based on the results of numerous cadaveric studies
which use a variety of dynamic impact conditions. The current ATDs approved by NHTSA to
assess injury risk in frontal impacts are the Hybrid III- 50" Percentile dummy, which represents
a 50" percentile male, and the Hybrid III- 5™ Percentile dummy, which represents a 5™ percentile

female. Traditionally, the only dummy certified by NHSTA to assess injury risk in side impacts



was the Department of Transportation Side Impact Dummy (DOT SID), which represents a 50"
percentile male. Recently, however, NHSTA approved the use of two additional side impact
ATDs. These include the Euro Side Impact Dummy-2 with rib extensions (ES-2re), which
represents a 50" percentile male, and the SID-IIs, which represents a 5" percentile female. It is
important to note that the arm of the DOT SID is positioned parallel to the torso, while the arms
of the ES-2re and SID-IIs are positioned such that the angle between the arm and torso is 40

degrees.

Although there have been numerous studies which have investigated the tolerance of the thorax
in side impact loading, research regarding the effect of the arm on the response and tolerance of
the thorax is quite limited. In fact, there are only two studies to the authors’ knowledge which
have investigated the influence of the arm on thoracic response in a controlled study (Stalnaker
et al., 1979; and Cesari et al., 1981). These studies both concluded that the arm provides some
protection against thoracic injury compared to impacts directly to the rib cage. However, it is
difficult to determine how the position of the arm relative to the thorax, 20 degrees versus
parallel with the thorax, affects the thoracic response due to the differences in test conditions
between the two studies. In addition, no studies have quantified the response of human cadavers
during side impact loading with the arm placed at 40-45 degrees, which is the arm position
specified for both the ES-2re and SID-IIs. In order to determine the true effect of arm position
on thoracic response, each of these arm positions needs to be evaluated in single controlled

study.



In order for automotive manufactures to sell a vehicle in the United States, the vehicle must first
pass standard safety compliance tests regulated by NHTSA. The risk of thoracic injury is
assessed with the use of either a frontal or side impact ATD, depending on the specific test and
impact direction. These tests are purely pass/fail based on whether or not the dummy response
exceeds the injury criteria specified by NHTSA. The Federal Motor Vehicle Safety Standard for
frontal impacts (FMVSS 208- Fixed Barrier) specifies that the chest compression cannot exceed
63 mm for the belted male dummy and 52 mm for the belted female dummy during a 48 kph
impact into a rigid wall with frontal engagement. The traditional FMVSS for side impact
(FMVSS 214- Moving Deformable Barrier) specifies that the Thoracic Trauma Index (TTI),
which is based on the rib and spine acceleration, for the DOT SID cannot exceed 85 g’s when a
stationary vehicle is struck on the driver side with a deformable barrier traveling at 52.9 kph.
The new FMVSS for side impact (FMVSS 214- Pole) specifies that the lateral rib deflection of
the ES-2re cannot exceed 44 mm when the driver side of a vehicle, traveling up to 32 kph, strikes
a 25.4 cm diameter pole, which is centered on the front passenger. Currently, the injury criterion

for the SID-IIs is still under development.

Although the current thoracic injury criteria for both frontal and side impact dummies provides a
biomechanically-based metric for injury risk, they are limited by the fact that they were
developed based on the results of cadaveric studies which rely primarily on censored rib fracture
data (Eppinger, 1976; Morgan et al., 1986; Viano, 1989; Morgan et al., 1994; Pintar et al., 1997;
Kuppa and Eppinger, 1998; Kuppa et al., 2003). In other words, it is not possible to determine
the exact loads, accelerations, or displacements at the time of fracture. Rather, it is only known

that an injury occurred at some point during the impact test. Consequently, these studies rely on



statistical regression models to develop injury risk functions with respect to global criteria, such
as peak chest deflection or peak acceleration. Kent (2002) noted that one of the problems with
global methods used to develop thoracic injury criteria is that the criteria correlate with injury
without necessarily being functionally related to injury, in contrast to stress and strain. Although
previous studies have shown the ability to detect when selected rib fractures occur, no method
has been successful at mapping the exact fracture timing of the entire thorax during dynamic
thoracic belt loading or lateral impacts to the thorax (Cormier et al, 2005; Charpail et al., 2005;
Trosseille et al., 2008). In addition, there has been no attempt to evaluate the effects of thoracic
strain gages, which requires the removal the periosteum and adhesive, on the structural response
of whole ribs. Logically, the ability to map the exact timing of rib fractures over the entire
thorax could improve and clarify the foundation of thoracic injury criteria in both frontal and
side impact loading, which could potentially lead to the mitigation of thoracic injuries and

fatalities.

In summary, although anthropomorphic test devices and finite element models are integral tools
in the assessment and mitigation of thoracic injury risk, the level of validation of both of these
tools is contingent on the availability of biomechanical data presented in the literature. In order
to develop and validate FEMs and ATDs with improved thoracic injury risk assessment
capabilities, it is necessary to generate biomechanical data currently not provided within the
literature. Therefore, the purpose of this dissertation is to present novel material, structural, and
global thoracic skeletal response data as well as to quantify thoracic injury timing in both frontal

belt loading and side impact tests using cadaveric specimens.



Research Objectives

The studies in this dissertation are expected to yield several new and significant contributions to
the field of injury biomechanics. The research objectives from these studies are designed to
generate material, structural, and global thoracic skeletal response data not currently addressed in
the literature. These studies will provide data that can be used to develop and validate FEMs and
ATDs with improved thoracic injury risk assessment capabilities, which could potentially lead to
the mitigation of thoracic injuries and fatalities resulting from automotive collisions. In order to

achieve this ultimate goal, there are multiple research objectives that are addressed:

1. Determine if the removal of the periosteum, application of a strain gage, or hydration
level have any significant effects on the structural response of human ribs in dynamic
three-point bending.

2. Determine the effect of loading direction on the biomechanical response of the human
clavicle when subjected to dynamic three-point bending.

3. Determine which variables, material properties or geometry, contribute to regional
variation in the strength of human ribs.

4. Determine the effect of costovertebral articulation during dynamic frontal belt loading
performed on human cadaver thoraces.

5. Determine non-censored rib fracture data during dynamic frontal belt loading performed
on human cadaver thoraces and correlate injury timing to sternum deflection.

6. Determine the influence of arm position on thoracic response during both non-destructive
and destructive dynamic side impact loading.

7. Determine non-censored rib fracture data during destructive dynamic side impact loading

and correlate injury timing to rib deflection.



CHAPTER 2

Effect of the Periosteum, Strain Gages, and Hydration on the
Structural Response of Human Ribs

Introduction

In automotive accidents, chest injuries rank second only to head injury in overall number of
fatalities and serious injuries (Cavanaugh 1993). Mulligan (1996) reported that thoracic injury is
the principle causative factor in 30% of automotive deaths. In addition, previous studies using
restrained cadavers in impact sled tests have frequently found rib fractures to be the most
common skeletal injury (Cromack and Ziper, 1975; Patrick, 1976; Kallieris et al., 1998,). Finite
element models of the human thorax are becoming an integral tool in the reduction of these
injuries. However, these models must be validated based on biomechanical data in order to
accurately predict injury. Previous researchers have performed three-point bending tests on
whole rib sections to evaluate the properties of the ribs (Granik and Stein, 1973; Cormier et al.,
2005; Yoganandan and Pintar, 2005). A number of studies have quantified the strain and
fracture timing of in situ ribs and whole rib sections by removing the periosteum and gluing
strain gages directly to the external portion of the cortical shell (Cormier et al, 2005; Charpail et
al., 2005; Trosseille et al., 2008). However, this may have a significant effect on the structural
response of the ribs due to the fact that the rib cortical shell is relatively thin, approximately 1
mm on average (Mohr et al., 2007). To explain, a whole rib or rib section with a strain gage
attached could be thought of as a composite material because the ratio of cortical shell thickness
to the combined thickness of the adhesive and strain gage is relatively small. However, there has

been no attempt to evaluate the effects of removing the periosteum and application of an



adhesive and strain gage on the structural response of whole rib sections. Therefore, the primary
purpose of this study was to determine if either the removal of the periosteum or the application
of a strain gage has any significant effect on the structural response of human ribs. In addition,
the effect of hydration level was evaluated in order to determine the most appropriate method for

storing bone samples prior to testing.

Methods

A total of 48 dynamic three-point bending tests were performed on 24 matched fresh frozen
human cadaver rib specimens obtained from five male unembalmed frozen and thawed post
mortem human thoraces (Table 1). Freezing was used as a means to preserve the specimens
because numerous previous studies have indicated that freezing does not significantly affect the
material properties of cortical bone when frozen to a temperature of -20° C (Frankel, 1960;

Sedlin, 1965; Weaver, 1966; Linde and Sorensen, 1993; Griffon et al., 1995; Hamer et al., 1996).

For comparison with the standard population, the bone mineral density (BMD) of each cadaver
was determined by the Osteogram technique (Hardy et al. 2001a; Stitzel et al., 2003; Kemper et
al., 2005).  For this technique, the left hand of each cadaver was x-rayed next to an aluminum
calibration wedge. The x-ray was then processed by CompuMed Incorporated (CompuMed,
Inc., Los Angeles, CA) to obtain the BMD, T-Score, and Z-score for each subject. This type of
BMD measurement, however, only provides an indication of overall bone quality and does not
account for local changes in bone density or composition. Therefore, the BMD obtained through
this method is referred to as the “global BMD.” The T-score is the number of standard deviations
from the average value of healthy living individuals between 25 and 50 years of age. The Z-score

is the number of standard deviations from the average value of healthy living individuals of



similar age. The World Health Organization classifies normal bone as T-scores of -1.0 or greater,
osteopenia as T-scores between -1.0 and -2.5, and osteoporosis as T-scores below -2.5 (Wolf and

Pfleger, 2003).

Table 1: Subject information for periosteum, strain gage, and hydration rib testing.

Subject ID | Gender (ytffs) 1\(/{;;5)5 (];311(\)/})];‘1 T-score Z-score
sm52 M 42 85.91 92.1 -1.7 -1.3
sm48 M 45 53.18 120.1 0.9 0.9
sm37 M 56 81.36 105.3 -0.5 0.3
sm40 M 66 66.36 79.4 -2.9 -1.4
sm50 M 72 75.91 105.1 -0.5 1.2

Matched left and right rib specimens were dissected from anterior and lateral regions of ribs 8-10
of the five human thoraces (Figure 1). The specimens were approximately 11.43 cm long. It
should be noted that anterior specimens were taken at least 10 mm from the costochondral joint.
Specimens of each matched set were then potted side by side in a polyvinyl chloride (PVC)
square pot filled with polymethyl methacrylate (PMMA) fast cast compound while using a
custom jig to ensure the matching orientation. A fiberglass pin was placed through each PVC
square pot to act as a pivot on the three-point bending test setup. In order to provide a rigid
fixation in the potting compound, the soft tissue and periosteum were removed from the anterior
end of each specimen and a one inch plastic pin was inserted through the prepped region. The

specimens were kept hydrated during preparation by spraying saline directly on the specimens.
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Figure 1: Three-point bending matched pair specimen procurement, preparation, and potting.

The matched rib pairs were randomly divided into three test groups. In the first test group,
matched specimens were tested to determine the effects of leaving the periosteum and soft tissue
intact, which is representative of the in vivo condition, versus removing the periosteum and all
soft tissue, which is normally done to attach a strain gage (Table 2). In the second test group,
matched specimens were tested to determine the effects of placing a strain gage on the tension
side of the specimen (Table 3). For the second test group, the soft tissue and periosteum were
removed only in the active region at the location of the strain gage. In the third test group,
matched specimens were tested to determine the effects of immersing the specimens in saline
versus wrapping the specimens in saline-soaked gauze (Table 4). All specimens in the hydration
test group were sealed in a plastic bag and refrigerated for five days. The soft tissue and
periosteum were not removed in the third test group. For the first and second test group,

specimens were kept hydrated by wrapping the specimens in saline-soaked gauze.
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Table 2: Matched pair three-point bending specimens - periosteum test group.

Subject Number | Side of Thorax | Rib Number | Location Periosteum
sm37 Right 9 Lateral Yes
sm37 Left 10 Anterior Yes
sm48 Left 8 Lateral Yes
sm48 Left 9 Anterior Yes
sm52 Right 8 Anterior Yes
sm52 Left 9 Lateral Yes
sm52 Left 10 Anterior Yes
sm37 Left 9 Lateral No
sm37 Right 10 Anterior No
sm48 Right 8 Lateral No
sm48 Right 9 Anterior No
sm52 Left 8 Anterior No
sm52 Right 9 Lateral No
sm52 Right 10 Anterior No

Table 3: Matched pair three-point bending specimens - strain gage test group.

Subject Number | Side of Thorax | Rib Number | Location | Strain Gage
sm40 Right 8 Anterior Yes
sm40 Left 8 Lateral Yes
sm40 Right 9 Anterior Yes
sm40 Left 9 Lateral Yes
sm40 Right 10 Anterior Yes
sm50 Left 8 Lateral Yes
sm50 Right 8 Anterior Yes
sm50 Left 9 Lateral Yes
sm50 Right 9 Anterior Yes
sm40 Left 8 Anterior No
sm40 Right 8 Lateral No
sm40 Left 9 Anterior No
sm40 Right 9 Lateral No
sm40 Left 10 Anterior No
sm50 Right 8 Lateral No
sm50 Left 8 Anterior No
sm50 Right 9 Lateral No
sm50 Left 9 Anterior No
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Table 4: Matched pair three-point bending specimens - hydration test group.

Subject Number | Side of Thorax | Rib Number | Location Soaked
sm37 Right 8 Lateral Yes
sm37 Left 10 Lateral Yes
sm48 Left Anterior Yes
sm48 Left Lateral Yes
sm48 Right 10 Anterior Yes
sm52 Right Lateral Yes
sm52 Left Anterior Yes
sm52 Left 10 Lateral Yes
sm37 Left 8 Lateral No
sm37 Right 10 Lateral No
sm48 Right Anterior No
sm48 Right Lateral No
sm48 Left 10 Anterior No
sm52 Left Lateral No
sm52 Right Anterior No
sm52 Right 10 Lateral No

Once the specimens were potted, a microCT (Scanco Medical, VivaCT- 40, Switzerland) was
used to obtain a detailed cross-sectional image, 38 micron isentropic resolution, of each
specimen at the point of the impactor blade contact. This was done by first obtaining a scout
image of the potted specimen. A cross-sectional image at the exact location of the impactor
contact could then be obtained by performing the CT scan 50.8 mm from the center of a
fiberglass pin placed through the PVC square pot (Figure 2). Potting the specimens using non-

metallic materials prior to scanning ensured that the CT slice was taken at the exact location and

specimen orientation as that seen in the initial testing conditions.
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Figure 2: MicroCT image obtained at point of loading.

The cross-sectional microCT image was then thresholded (Hounsfield unit of 300) to obtain the
shape of the cortical shell (Figure 3). Finally, the image was converted to black and white, and
Matlab © (Matworks, Inc., Matlab-R12, Natick, MA) was used to calculate the area moment of
inertia (I) and the distance from the tension side to the neutral axis (c). The neutral axis of the
image was found by first calculating the area of bone in each row. This was done by taking the
sum of ones, where each “one” was a 0.038 mm x 0.038 mm pixel which represented bone,
multiplied by 0.00144 to obtain the area. The area of bone in each row was multiplied by the
distance that row was from an assumed neutral axis, and then summed above and below an
assumed neutral axis. The neutral axis was determined to be the row where the sum above the
assumed neutral axis is equal to the sum below the assumed neutral axis. The distance to the
neutral axis (c) was calculated by summing the number of rows between the neutral axis and the
bottom of the image, and then multiplying that sum by 0.038 to obtain the distance in
millimeters. The moment of inertia (Ixx) about the neutral axis was found by calculating the area
of bone in a row times the distance that row was from the neutral axis squared, and then
summing that value for the entire image. It should be noted that the cortical bone was assumed
to be homogeneous and the neutral axis was assumed to be perpendicular to the direction of

loading.
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Binary Image Thresholded Image

Figure 3: Rib cross-section before and after thresholding.

The primary component of the three-point bending test setup was a servo-hydraulic Material
Testing System (MTS Systems Corporation, MTS-810, Eden Prairie, MN). The three-point
bending setup was designed so that the potted specimen end was pinned and the un-potted end
was simply supported (Figure 4). The testing span was fixed at 10.16 cm. Specimens were
oriented so that the specimen was bent in the internal to external direction by the impactor blade.
This placed the external surface of the rib in tension, which would be expected when the thorax
is compressed in the anterior-posterior direction. The impactor displacement rate of 17.78 cm/s
yielded a strain rate of approximately 0.5 s. The impactor and reaction support assembly were
instrumented with single-axis load cells (Interface, Inc., 1210- 2,224 N, Scottsdale, Arizona). An
accelerometer (Endevco Corporation, 7264B-2000 G, San Juan Capistrano, CA) was attached to
the impactor head to allow for inertial compensation. Impactor displacement (d) was measured
using the MTS internal linear variable displacement transducer (LVDT). Data from the load
cells and accelerometers were recorded at a sampling rate of 30 kHz (Iotech, Wavebook-16,
Cleveland, OH), and filtered to SAE channel filter class (CFC) 180 (SAE J211, 1995). The peak
values were defined as the point at which continued impactor displacement no longer resulted in
an incremental increase in measured force. Bending moment was calculated as the product of

one half the measured reaction force (Pr) and one half the testing span (L) (Equation 1). Bending
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stress was estimated as the product of the moment and distance from the tension side to the
neutral axis (c) divided by the area moment of inertia (Iyx) (Equation 2). Bending strain was
estimated based on the product of impactor displacement and distance from the tension side to

the neutral axis divided by the testing span squared (Equation 3).

MTSLVDT Ax

Load Cell —»

Accelerometer —»

PVC Potting Cup / Radius= 4.8 mm

Fiber Glass

— .
Pin Rlb

Figure 4: Rib three-point bending test setup.
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Results

The average peak values and corresponding standard deviations for each test group were

tabulated (Table 5 to Table 7). In addition, moment versus deflection and estimated stress versus

estimated strain were plotted for each test group (Figure 5 to Figure 10).

Table 5: Averages and standard deviations for periosteum test group.

Peak Peak Estimated | Estimated Peak
Lo ¢ Moment | Displacement Peak Peak Strain
P Stress Strain (Gage)
(mm*4) (mm) (Nm) (mm) (MPa) (pstrain) | (pstrain)
. AVG 100.29 341 5.77 5.73 222.20 22087 N/A
Periosteum
STDEV 90.32 1.13 1.34 3.77 42.25 6271 N/A
. AVG 103.97 3.25 5.07 6.06 213.94 18329 N/A
No Periosteum
STDEV 96.29 0.81 1.49 3.98 35.22 4242 N/A
Table 6: Averages and standard deviations for strain gage test group.
Estimated | Estimated Peak
Lo ¢ Ml())ilill::(nt Dis f::el:nent Peak Peak Strain
P Stress Strain (Gage)
(mm”*4) | (mm) (Nm) (mm) (MPa) (pstrain) | (pstrain)
. AVG 96.27 3.34 4.38 3.89 147.78 15200 12386
Strain Gage
STDEV 38.38 0.43 2.35 1.08 53.98 5036 8239
. AVG 100.49 3.12 4.50 3.85 142.38 13853 N/A
No Strain Gage
STDEV 63.31 0.61 3.02 1.38 47.19 5489 N/A
Table 7: Averages and standard deviations for hydration test group.
Estimated | Estimated Peak
Lo ¢ Ml())ilill::(nt Dis f::el:nent Peak Peak Strain
P Stress Strain (Gage)
(mm”*4) | (mm) (Nm) (mm) (MPa) (pstrain) | (pstrain)
AVG 114.29 3.57 6.01 6.43 223.45 26642 N/A
Immersed
STDEV 87.66 0.96 3.11 2.32 50.35 8090 N/A
AVG 127.89 3.69 6.57 6.59 223.74 27658 N/A
Soaked Gauze
STDEV 110.28 0.90 3.84 2.40 38.41 10025 N/A
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Figure 5: Moment versus displacement for periosteum vs. no periosteum matched rib tests.
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Figure 6: Estimated stress versus strain for periosteum vs. no periosteum matched rib tests.

18



—_
(o)}

Specimens with a Strain Gage

—_
N
I

— Specimens without a Strain Gage

—_
[\S]

—
S

Moment (Nm)
)

[w)
[\

4 6 8 10

Impactor Displacement (mm)

Figure 7: Moment versus displacement for strain gage vs. no strain gage matched rib tests.
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Figure 8: Estimated Stress versus strain for strain gage vs. no strain gage matched rib tests.
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Figure 9: Moment versus displacement for soaked vs. not soaked matched rib tests.
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Figure 10: Estimated Stress versus strain for soaked vs. not soaked matched rib tests.
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A paired Student’s t-test for the means showed that there were no significant differences in the
area moment of inertia, distance to the neutral axis, peak moment, peak displacement, estimated
peak stress, or estimated peak strain between matched specimens in any of the three test groups

(Table 8). Significance was defined as a two-tailed p-value of < 0.05.

Table 8: Statistical comparison for each rib test group.

Peak Peak Estimated | Estimated
Comparison L ¢ Moment | Displacement Peak Pea!(
Group Stress Strain
(mm~*4) | (mm) (Nm) (mm) (MPa) (pstrain)
Periosteum
Vvs. p-value 0.60 0.29 0.14 0.13 0.42 0.15
No Periosteum
Strain Gage
Vvs. p-value 0.76 0.20 0.81 0.91 0.59 0.29
No Strain Gage
Immersed
Vvs. p-value 0.35 0.42 0.45 0.75 0.98 0.62
Saline Gauze

Discussion

Although three-point bending provides the overall structural response of human rib sections,
there are inherent limitations that introduce uncertainty in the calculated material properties, i.e.
stress and strain. First, the linear-elastic beam equations used to calculate stress and strain do not
take plasticity into account, which results in an overestimation of ultimate stress. Burstein et al.
(1972) estimated that linear-elastic beam equations over predict the ultimate tensile stress by a
factor of 1.56 for square cross-sections, and by a factor of 2.1 for circular cross-sections
(Burstein et al., 1972). Funk et al. (2004) reported that calculating material properties based on

deflection data from whole bone three-point bending under predicted the elastic modulus and
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ultimate strain by approximately 40%, when compared to strain gage data, due to the presence of
shear or a varying bending rigidity (EI) along the length of the bone. Second, the linear-elastic
beam equations were derived for straight beam specimens. However, numerous authors have
shown that the assumption of a straight beam results in negligible error in the calculated stress
and strain of whole rib specimens compared to curved beam equations due to the fact that the
ratio of radius of curvature to specimen height is fairly large for rib specimens (Granik and Stein,
1973; Cormier et al., 2005). Due to the limitations associated with the calculation of stress and
strain from three-point bending performed on whole rib specimens, the stress and strain values

reported in the current study are denoted as “estimated.”

Three-point bending tests will always be limited by the need to indirectly determine stress and
strain rather than measuring them directly. Some authors have attempted to determine true stress
and strain values of bone samples tested in three-point bending using correction factors and post-
yield shape factors (Stitzel et al., 2003; Funk et al., 2004). However, these methods must be
validated with respect to the true material properties determined through tension or compression
testing performed on isolated cortical bone coupons. Ultimately, the limitations of the three-
point bending tests used in the current study can be ignored in regards to the comparison between
test conditions because the calculated stress and strain are used primarily as a means to compare
between matched specimens while controlling for cross-section geometry. However, the peak
stress and strain values reported in the current study are not the true values and should be

regarded with caution.
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Conclusions

A total of 48 three-point bending tests were performed on 24 matched whole rib sections
obtained from male human thoraces in order to determine the effects of the periosteum as well as
the attachment of a strain gage. The detailed preparation and testing methods presented in this
study proved to be an accurate means of preparing and testing matched rib specimens in order to
directly compare the effects of the periosteum and attachment of a strain gage. The results of the
study showed that there were no statistical differences in the area moment of inertia, distance to
the neutral axis, peak moment, peak displacement, estimated peak stress, or estimated peak strain
between matched specimens in any of the three test groups. Therefore, neither the removal of
the periosteum nor the application of a strain gage has any significant effect on the structural
response of human ribs in dynamic three-point bending. In addition, wrapping whole rib
specimens in saline soaked gauze while placed in a plastic bag and refrigerated is a suitable
method for maintaining specimen hydration during specimen storage. Finally, the peak stress and
strain values reported in the current study are not the true values, given the limitations associated
with the calculation of stress and strain from three-point bending, and should be regarded with

caution.
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CHAPTER 3

Material and Structural Properties of Human Ribs from Dynamic
Tension and Bending Tests

Introduction

In automotive accidents, chest injuries rank second only to head injuries in overall number of
fatalities and serious injuries (Cavanaugh, 1993). Elhagediab and Rouhana (1998) examined
incidence of injuries due to frontal impacts in the National Automotive Sampling System
(NASS) from 1988 to 1994, and found that chest injuries constituted 37.6% of all AIS 3+
injuries, 46.3% of all AIS 4+ injuries, and 43.3% of all AIS 5+ injuries. Kent et al. (2005a)
showed that 47% of drivers over 64 years of age, 33% of drivers age 34 through 64, and 24% of
drivers age 16 through 33 who died in a frontal crash sustained a fatal chest injury. Furthermore,
data from the Crash Injury Research and Engineering Network (CIREN) showed that rib
fractures were the most serious injury sustained by 40% of the patients over 60 who died of chest
injuries from automobile collisions (Kent et al., 2005b). Similarly, previous studies using
restrained cadavers in impact sled tests have frequently found rib fractures to be the most
common skeletal injury (Cromack and Ziper, 1975; Patrick, 1976; Ramet and Cesari, 1979;

Crandall et al., 1997; Kallieris et al., 1998).

In an effort to determine the properties of human ribs, numerous authors have performed three-
point bending tests on either whole rib sections or cortical bone coupons. The majority of the
literature has focused on the structural response of whole rib sections in three-point bending

(Granik and Stein, 1973; Stein and Granik, 1976; Sacreste et al., 1982; Yoganandan and Pintar,
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1998; Cormier et al., 2005). Sacreste et al. (1982) performed three-point bending tests on whole
rib sections and used the data for the development of the bone condition factor (BCF). Stein and
Granik (1976) reported that there were no significant differences in the bending strength or
cross-sectional geometry between the 6™ and 7™ ribs. Yoganandan and Pintar (1998) reported
that the mechanical behavior of the ribs was not significantly different between the 7™ and 8"
ribs. Cormier et al. (2005) conducted three-point bending tests on whole rib sections taken from
anterior, lateral, and posterior regions, and reported significant differences in the structural
response with respect to both by rib level and rib region. In addition, Yoganandan and Pintar
(1998) and Cormier et al. (2005) both reported significant differences in cross-sectional
geometry with respect to rib level. In order to determine the material properties of human rib
cortical bone, Stitzel et al. (2003) performed dynamic three-point bending tests on small
rectangular cortical bone coupons from the anterior, lateral, and posterior locations of the rib
cages of four cadavers. Stitzel et al. (2003) reported that material response varied significantly

with respect to both region and rib level.

Although three-point bending provides the overall structural response of human rib sections,
there are inherent limitations that introduce uncertainty in the calculated material properties.
First, three-point bending of whole rib sections is confounded by the irregular cross-sectional
geometry and curvature of human ribs. Second, linear-elastic beam equations used by previous
authors ignore the plastic behavior of bone, which results in an overestimation of ultimate stress.
Burstein et al. (1972) estimated that linear-elastic beam equations over predict the ultimate
tensile stress by a factor of 1.56 for square cross-sections, and by a factor of 2.1 for circular

cross-sections.  Funk et al. (2004) reported that calculating material properties based on
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deflection data from whole bone three-point bending under predicted the elastic modulus and
ultimate strain by approximately 40%, when compared to strain gage data, due to the presence of

shear or a varying bending rigidity (EI) along the length of the bone.

Three-point bending tests will always be limited by the need to indirectly stress and strain, which
requires assumptions and correction factors, rather than measuring them directly. Therefore, the
ideal method for determining the material properties of cortical bone is tension or compression
testing performed on isolated cortical bone coupons. Kemper et al. (2005) investigated the
tensile material properties of 117 rib cortical bone coupons obtained from ribs 1 through 12. In
contrast to the findings of Stitzel et al. (2003), Kemper et al. (2005) reported that the material
properties of human rib cortical bone, specifically the modulus and ultimate stress, do not vary

significantly by thoracic region or rib level.

Finite element models (FEM) of the human thorax, which allow for the calculation of physical
variables mechanically related to injury, are becoming an integral tool in the reduction of
thoracic injuries and improving crashworthiness (Rouhana et al., 2003; Kemper et al., 2005).
Most models can provide an assessment of injury by comparing the predicted stress, typically
Von Mises stress, to the injuries observed in matched post mortem human subject (PMHS) tests.
As finite element models of humans become more and more refined, accounting for changes in
the material properties of bone with respect to static versus dynamic loading, different bones,
age, plasticity, and the effects of geometry become more critical factors. Accounting for these
different parameters makes determining standard values for the material properties of human

cortical bone extremely difficult, but it can have a large effect on the response of FEMs. Stitzel
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et al. (2003) modified the rib cage of the THUMS FEM and found that changes in the material
properties with respect to region resulted in changes in the fracture patterns. In order to
investigate the effects of aging on the response of the human thorax, Kent et al. (2005) modified
the angle of the ribs, the material properties of the cortical and trabecular bone, and cortical bone
thickness of a commercially available finite element model of the 50th percentile male thorax
(Thorax, H-Model, ESI Software S.A., Cedex, France). Kent et al. (2005b) found that that the
structural and material changes played approximately equal roles in the decrease of the force
deflection response of the thorax. Therefore, variations in the structural response of whole bone

sections can be a result of changes in the bone geometry, bone material properties, or both.

In order to more fully understand the injury tolerance of human ribs, changes in both the
structural response and the material response must be investigated. Although the literature
suggests that regional differences in the structural response of ribs are most likely due to regional
changes in geometry, there has been no research that directly compares the tension coupon
testing to whole rib three-point bending in a controlled data set. Therefore, the purpose of this
study was to conduct matched tension coupon testing and whole rib three-point bending on a
controlled data set in order to determine which variables contribute to regional variation in the

strength of human ribs.

Methods

This study presents 94 matched tests on human rib specimens; 46 tension coupon tests, 48 three-
point bending tests. Contralateral matched specimens were dissected from anterior and lateral

regions of ribs 4 through 7 of six male unembalmed frozen and thawed post mortem human
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subjects ranging from 42 to 81 years of age (Table 9). Freezing was used as a means to preserve
the specimens because numerous previous studies have indicated that freezing does not
significantly affect the material properties of cortical bone when frozen to a temperature of -20°
C (Frankel, 1960; Sedlin, 1965; Weaver, 1966; Linde and Sorensen, 1993; Griffon et al., 1995;

Hamer et al., 1996).

For comparison with the standard population, the bone mineral density (BMD) of each cadaver
was determined by the Osteogram technique (Hardy et al. 2001a; Stitzel et al., 2003; Kemper et
al., 2005).  For this technique, the left hand of each cadaver was x-rayed next to an aluminum
calibration wedge. The x-ray was then processed by CompuMed Incorporated (CompuMed,
Inc., Los Angeles, CA) to obtain the BMD, T-Score, and Z-score for each subject. This type of
BMD measurement, however, only provides an indication of overall bone quality and does not
account for local changes in bone density or composition. Therefore, the BMD obtained through
this method is referred to as the “global BMD.” The T-score is the number of standard deviations
from the average value of healthy living individuals between 25 and 50 years of age. The Z-score
is the number of standard deviations from the average value of healthy living individuals of
similar age. The World Health Organization classifies normal bone as T-scores of -1.0 or greater,
osteopenia as T-scores between -1.0 and -2.5, and osteoporosis as T-scores below -2.5 (Wolf and
Pfleger, 2003). Global BMD for subject 6 was not obtained due to the fact that the upper limb
was not available for x-ray. However, the lack of a global BMD measurement for subject 6 was

not critical because a local mineral density was determined for all three-point specimens.
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The three-point bending specimens, whole rib sections approximately 10 cm long, were dissected

from one side of the rib cage (Figure 11). Tension coupons, isolated cortical bone milled into a

dog bone shape, were taken from the opposite side of the thorax as the three-point bending

specimens at corresponding anatomical locations. The methodology is presented in three parts:

specimen preparation, preparation of cortical bone tension coupons and whole rib three-point

bending specimens; testing configuration, detailing the MTS setup and measurement devices;

and statistical analysis, the analysis of variance (ANOVA) of the material property data.

Table 9: Subject and Osteogram data for cadavers used in rib testing.

Su;)]j)ect Gender (ytffs) 1\(/{;8)8 H(ill’lgl;lt ?;;,})31 T-score Z-score Cause of Death
Sml M 56 81.4 170.2 105.3 -0.5 0.3 lung cancer
Sm2 M 66 66.4 177.8 79.4 -2.9 -1.4 suicide
Sm3 M 45 53.2 165.1 120.1 0.9 0.9 suicide
Sm4 M 72 75.9 167.6 105.1 -0.5 1.2 septicemia
Sm5 M 42 85.9 170.2 92.1 -1.7 -1.3 cirrhosis of the liver
Sm6 M 81 86.4 182.9 N/A N/A N/A fibrosis

Note: N/A = Not available

Right View Front View Left View

(@) Cortical Bone Tension Coupons

1 Whole Rib Three-Point Specimens

Figure 11: Locations of the matched tension and three-point bending rib specimens.
Note: anterior shown twice
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Specimen Preparation

Tension Coupons

In order to create the bone coupon for tension testing, numerous steps of detailed preparation
were required (Kemper et al., 2005) (Figure 12). First, an oscillating bone saw (Mopec, Inc.,
Standard Autopsy Saw- BD040, Detroit, MI) was used to remove the rib cage from the body as a
whole. Then, sections from the anterior and lateral regions of the rib cage, approximately 10.16
cm long, were cut from ribs 4 through 7. It should be noted that anterior specimens were taken at
least 10 mm from the costochondral joint. Next, a rectangular coupon was obtained from the
center of the anterior and lateral rib sections. However, not all of the locations designated in
Figure 11 could be obtained from each body due to curvature, insufficient size, and/or thickness.
The rectangular bone coupon was prepared by first removing the tissue and periosteum from the
bone surface. Then the rib section was placed in a bone chuck and mounted to a pivoting arm on
the low speed diamond saw (South Bay Technology, Diamond Saw- 650, San Clemente, CA).
The rib section was cut to the final length with the use of a micrometer, which controlled the
position of the pivoting arm. Once the specimen was cut to the correct final length, two parallel
cuts were made along the axis of the rib specimen on the external surface. The diamond saw
blade was kept in a normal saline bath and was operated at a low cutting speed to minimize the
heat created from friction and to provide specimen hydration. Numerous authors have reported
significant differences in the material properties of dry bone compared to wet bone (Yamada,
1970; Evans, 1951; Dempster, 1952). Therefore, normal saline was sprayed directly on the bone
samples to maintain proper specimen hydration at all times during preparation and testing (Reilly

etal., 1974).
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Figure 12: Method for obtaining rectangular samples of isolated rib cortical bone.

The resulting rectangular coupon of rib cortical bone was then milled using a small Computer
Numerical Control (CNC) machine (MAXNC Inc., MAXNC-10, Chandler, AZ). Since the rib
coupon was cut to the final specimen length and width with the low speed diamond saw, it was
necessary to mill a rectangular alignment pocket in the plastic mill base in order to precisely
position the rib coupon before clamping. Once the rib coupon was placed in the alignment
pocket, a specially designed grip was used to clamp down the specimen for milling. The mill
base was contained inside a watertight steel container mounted to the mill base. This container
was filled with normal saline before the specimen was milled in order to keep the specimen cool
and wet during the milling process. The mill ran a single code to cut the dog bone contour and
drill the alignment pin holes in the grips with micrometer precision (Figure 13). The specimen
design and dimensions were based on those used by previous researchers (Wood, 1971;
Crowninshield and Pope, 1974; Yuehuei and Draughn, 2000; Kemper, 2005). Finally, each side
of the dog bone specimens were manually wet sanded with 240, 320, 400, and 600 grit sandpaper
and measured with calipers until a constant thickness, less than 0.0254 mm difference, was

obtained throughout the entire specimen.
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Figure 13: Rib cortical bone ‘dog bone’ tension specimen dimensions.

Three-Point Bending Specimens

A number of detailed steps were required to prepare the rib specimens for testing (Figure 14).
First, matched anterior and lateral rib specimens from ribs 4 through 7 were dissected from one
side of the thorax. The specimens were approximately 10.16 cm long. It should be noted that
anterior specimens were taken at least 10 mm from the costochondral joint. The soft tissue and
periosteum were removed from the anterior end of each specimen and a one inch long plastic pin
was inserted through the prepped region. This was done in order to provide a rigid fixation in
the potting compound. Specimens were then potted in a polyvinyl chloride (PVC) square pot
filled with a two-part potting compound (US Composites, Easy-Flo 60, West Palm Beach, FL)
while using a custom jig to control the specimen orientation. Potting the specimens using non-
metallic materials prior to scanning ensured the Computed Tomography (CT) could be
performed with no adverse affects on the imaging process. Finally, a small area was prepared for
the strain gage application by removing the periosteum and soft tissue from the tension side,
41.275 mm from the center of a fiberglass pin placed through the PVC square pot to act as a
pivot on the test setup. Normal saline was sprayed directly on the samples to maintain proper

specimen hydration at all times during preparation and testing (Reilly et al., 1974).
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Fiber Glass
pin

pin

Figure 14: Three-point bending specimen procurement, preparation, and potting.

Once the specimens were potted, a microCT (Scanco Medical, VivaCT- 40, Switzerland) was
used to obtain a detailed cross-sectional image, 38 micron isentropic resolution, of each
specimen at the point of the impactor blade contact (Figure 15). This was done by first obtaining
a scout image of the potted specimen. A cross-sectional image at the exact location of the
impactor blade contact could then be obtained by performing the microCT scan 41.275 mm from
the center of the fiberglass pin. Potting the specimens using non-metallic materials prior to
scanning ensured that the CT slice was taken at the exact location and specimen orientation as
that seen in the initial testing conditions, while having no adverse affects on the imaging process.
The local mineral density was determined using the calibrated microCT software, in units of
milligrams of hydroxyapatite per cubic centimeter (mg HA/ ccm), for each specimen by taking
an average of all the pixels in the image (Ito, 2005; DaPont et al., 2006). The cross-sectional
microCT image was then thresholded (Hounsfield unit of 300) to obtain the shape of the cortical
shell. The image was converted to binary black (0) and white (1), where pixels designated as 1
represented bone. Custom Matlab © (Matworks, Inc., Matlab- R12, Natick, MA) code was then
used to calculate the area moment of inertia (L), the distance from the tension side to the neutral

axis (c), radius of gyration (k), the cortical bone cross-sectional area, the superior cortical bone
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thickness, the inferior cortical bone thickness, the external cortical bone thickness, and internal
cortical bone thickness. The trabecular bone area was determined by subtracting the area of the

thresholded cortical shell from the area of the non-thresholded image.

Isometric Reconstruction
-38 micron Isentropic Resolution

41.275mm

Figure 15: Cross-sectional image at the exact location of the impactor blade contact point using microCT.

The neutral axis of the image was found by first calculating the area of bone in each row. This
was done by taking the sum of ones, where each “one” was a 0.038 mm x 0.038 mm pixel which
represented bone, multiplied by 0.00144 to obtain the area. The area of bone in each row was
multiplied by the distance that row was from an assumed neutral axis, and then summed above
and below an assumed neutral axis. The neutral axis was determined to be the row where the
sum above the assumed neutral axis is equal to the sum below the assumed neutral axis. The
distance to the neutral axis (c¢) was calculated by summing the number of rows between the
neutral axis and the bottom of the image, and then multiplying that sum by 0.038 to obtain the
distance in millimeters. The moment of inertia (Ix) about the neutral axis was found by
calculating the area of bone in a row times the distance that row was from the neutral axis

squared, and then adding that value up for the entire image. The radius of gyration (k) was
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calculated as the square root of the ratio of the area moment of inertia to the cortical bone area.
The superior and inferior cortical bone thicknesses were calculated by taking the average of the
number of rows which contained a one from the edge of the image to the y neutral axis + 15
columns (+ 0.57 mm) about the x neutral axis, and then multiplying that average by 0.038 to
obtain the thickness in millimeters. The external and internal cortical bone thicknesses were
calculated by taking the average of the number of columns which contained a one from the edge
of the image to the x neutral axis = 15 rows (£ 0.57 mm) about the y neutral axis, and then

multiplying that average by 0.038 to obtain the thickness in millimeters.

Testing Configurations

Tension Coupon Testing

A high-rate servo-hydraulic Material Testing System (MTS Systems Corporation, MTS- 810,
Eden Prairie, MN) machine was used with a custom designed slack adaptor and coupon grips
(Figure 16). The three main sources of misalignment in a material testing setup were addressed
in order to minimize variable bending stresses, which result in a reduction in both strength and
ductility (Kemper et al., 2005). Since the MTS requires approximately 1 cm to accelerate to the
desired velocity, a slack adaptor was designed and fabricated to allow time for the machine to
reach the desired velocity before pulling the specimen into tension. In addition, this ensured that
a constant strain rate was applied to the specimen rather than a range of rates as the MTS reached
the target velocity. Using the MTS and the custom designed slack adapter and grips, the coupons
were pulled in tension beyond the point of failure at a target rate of 0.5 strains/s. This rate
corresponds to the average strain rate resulting from dynamic seat belt loading of the rib cage

(Duma et al., 2005). The reaction support was instrumented with single-axis load cell (Interface,
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Inc., 1210- 2,224 N, Scottsdale, Arizona). Displacement was measured with an extensometer
(MTS Systems Corporation, 632.13F-20-1.5mm, Eden Prairie, MN) placed directly on the gage
length of each coupon. The data was collected at 30 kHz and filtered at SAE channel filter class
(CFC) 180 (SAE J211, 1995). Stress was calculated by dividing the force measurement by the
cross-sectional area at the specimen gage length. Strain was determined using the Lagrangian
formulation of dividing the change in length between the extensometer arms by the initial length
between the extensometer gage arms. The modulus of elasticity, E, was defined as the slope

between 30% and 70% of the yield point.

MTS
Piston

MTS
Piston

Slack—s!
Adapter i

Slack—»i

Slack—s}
Adapter :

Adapter ;

Grip—>

Coupon=—>
(1]
Load Cell

Figure 16: Illustration of the slack adaptor operation used for rib tension coupon testing.

Load Cell Load Cell

Whole Rib Three-Point Bending

The primary component of the three-point bending test setup was a servo-hydraulic Material
Testing System (MTS Systems Corporation, MTS- 810, Eden Prairie, MN) (Figure 17). The
three-point bending setup was designed so that the potted specimen end was pinned and the
unpotted end was simply supported. The testing span was fixed at 8.255 cm. Specimens were

oriented so that the specimen was bent in the internal to external direction by the impactor blade.
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This placed the external surface of the rib in tension, which would be expected when the thorax
is compressed in the anterior-posterior direction. The impactor displacement rate of 17.78 cm/s
yields a strain rate of approximately 0.7 s, which is similar to that seen in a belted 35 mph
automotive crash (Duma et al.,, 2005). The impactor and reaction support assembly were
instrumented with single-axis load cells (Interface, Inc., 1210- 2,224 N, Scottsdale, Arizona). An
accelerometer (Endevco Corporation- 7264B-2000G, San Juan Capistrano, CA) was attached to
the impactor head to allow for inertial compensation. Strain was measured using a single-axis
strain gage (Vishay Micro-Measurement, CEA-06-062UW-350, Shelton, CT), oriented with the

axis of the rib, directly under the point of loading on the tensile side of the specimen.

MTS LVDT Ax | l

Impactor Load Cell ——MM

Accelerometer — ——»

Rib Specimen
+— Radius=4.8mm

Pin

Reaction Load Cell

Figure 17: Rib three-point bending test setup.

All data were recorded at a sampling rate of 30 kHz (Iotech Inc., Wavebook-16, Cleveland, OH).
Load cell and accelerometer data were filtered at SAE channel filter class (CFC) 180, while
strain gage and impactor displacement data were not filtered (SAE J211, 1995). The moment
was calculated as one half the reaction load cell, Pr, multiplied by one half of the testing span, L,
(Equation 1). Bending stress, 0, was calculated assuming a linear-elastic beam equation

(Equation 2), where M is the moment, ¢ is the distance from the neutral axis, and Iy is the cross
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sectional area moment of inertia. The stiffness, K, was defined as the slope between two points
in the elastic region of the force versus displacement curve, 30% and 70% of the yield point.
The modulus of elasticity, E, was defined as the slope between two points in the elastic region of

the stress versus strain curve, 30% and 70% of the yield point.

Statistical Analysis

Statistical analyses were performed on the dependent variables ultimate stress, ultimate strain,
and elastic modulus by using an analysis of variance (ANOVA) and a correlation analysis. The
factors age, mass, and global BMD were treated as between-subject factors and rib level and
anatomical region as within-subject factors. The goal of the statistical analysis was to determine
if there were any statistical differences in material and structural properties with respect to
anatomical region, rib level, age, global BMD, or local mineral density. Evaluation of the data
using a full model was not feasible due to the small number of cadavers. Therefore, only models
with single between-subject factors and single within-subject factors were considered. Two
types of statistical models were used. First, a mixed effect ANOVA was used to determine any
interaction effects between the between-subject variables and the within-subject variables (Littell
et al., 1996). For the tension coupons, a Satterwaithe approximation to the degrees of freedom
was used to assess significance of a factor in order to account for unbalanced data (Milliken and
Johnson, 1984). Age, global BMD, and gender were treated as between-subject variables, while
rib level and region were treated as within-subject variables. Global BMD and age were treated
as continuous rather than as factors. Second, a randomized block ANOVA, where each cadaver
was treated as a block, was used to determine the significance of rib level, anatomical region,

and their interaction. Finally, a Pearson Correlation Analysis for the data averaged by cadaver,
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to account for repeated measured data, was used to evaluate the strength of the relationship
between continuous factors (age, mass, global BMD, and local mineral density) and the

dependent variables. Significance was determined by a p-value < 0.05 and abs(r) >0.5.

Results

Tension Coupon Testing

The stress versus strain plots of both anterior and lateral tension coupons from each cadaver are
presented in this section (Figure 18 to Figure 29). The average strain rate for all specimens was
0.6 s'. The material property values for each anterior and lateral specimen are reported (Table
10 and Table 11). There was only one location in which a specimen could not be obtained,
Cadaver 1, rib 6-anterior. It should be noted that due to imperfections in the cortical bone, 5
specimens did not break within the 10 mm gage length, which is the area in which the
extensometer measured the local strain. This resulted in uncertainty in the ultimate stress,
ultimate strain, and strain energy density past the point of yielding for the specimens that had
fractures outside of the gage length. The uncertainty in the ultimate strain was due to the fact
that the local strain was not directly measured outside of the gage length. However, the modulus
of elasticity is still valid for these tests under the assumption that the coupon strains evenly up to
the yield point. The test specimens that had fractures outside of the grip area are designated by
an asterisk (*) in the tables and plots presented in this paper. For the final analysis and averages,
all data was used for the modulus of elasticity, and only the tests that failed inside the active area

were used for the ultimate stress and ultimate strain values.
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Figure 18: Sm1 anterior rib material response.
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Figure 19: Sm2 anterior rib material response.
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Figure 20: Sm3 anterior rib material response.
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Figure 21: Sm1 lateral rib material response.
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Figure 22: Sm?2 lateral rib material response.
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Figure 23: Sm3 lateral rib material response.
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Figure 24: Sm4 anterior rib material response.
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Figure 25: Sm5 anterior rib material response.
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Figure 26: Sm6 anterior rib material response.
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Figure 27: Sm4 lateral rib material response.
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Figure 28: SmS5 lateral rib material response.
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Figure 29: Sm6 lateral rib material response.



Table 10: Anterior tension coupon material property values.

Subject Rib . Ultimate Stress | Ultimate Strain E
ID Number Region MPa pstrain GPa
Sml 4 Anterior 152.4 31491 16.9
Sml 5 Anterior 129.0 21550 9.3
Sml 7 Anterior 169.8 17255 15.6
Sm2 4 Anterior 128.1 15971 15.2
Sm2 5 Anterior 82.9 20178 9.3
Sm2 6 Anterior 161.2 34518 17.4
Sm2 7 Anterior 140.0 27750 12.5
Sm3 4 Anterior 164.0 25333 14.6
Sm3 5 Anterior 161.1 42459 18.7
Sm3 6 Anterior 132.9 27313 17.2
Sm3 7 Anterior 149.3 44285 12.6
Sm4 4 Anterior 131.0 21516 15.6
Sm4 5 Anterior 132.4 19103 16.2
Sm4 6 Anterior 96.8 11559 12.0
Sm4 7 Anterior 100.5 7790 20.5
Sm5 4 Anterior * * 12.3
Sm5 5 Anterior 98.7 12822 17.9
Sm5 6 Anterior * * 13.1
Sm5 7 Anterior 117.5 37848 11.5
Sm6 4 Anterior 124.9 16915 15.1
Sm6 5 Anterior 110.0 15984 12.3
Sm6 6 Anterior 140.6 24264 15.2
Sm6 7 Anterior 141.3 28635 13.4

Average 131.6 24026 14.5
Standard Deviation 24.1 9942 2.9
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Table 11: Lateral tension coupon material property values.

Subject Rib . Ultimate Stress | Ultimate Strain E

ID Number Region MPa pstrain GPa
Sml 4 Lateral 133.5 11229 16.2
Sml 5 Lateral 151.9 15913 21.7
Sml 6 Lateral 109.2 11540 13.5
Sm2 7 Lateral 119.6 9613 16.2
Sm2 4 Lateral 155.6 20255 21.0
Sm2 5 Lateral 145.8 28683 11.6
Sm2 6 Lateral 109.3 29921 13.4
Sm3 7 Lateral 140.0 30939 15.8
Sm3 4 Lateral 153.7 46889 13.6
Sm3 5 Lateral 134.5 30816 15.0
Sm3 6 Lateral 130.7 47865 10.5
Sm4 7 Lateral 128.7 30468 13.1
Sm4 4 Lateral 124.6 13442 12.6
Sm4 5 Lateral * * 10.4
Sm4 6 Lateral 104.7 12723 14.2
Sm5 7 Lateral 87.2 26768 8.3
Sm5 4 Lateral 111.0 30284 9.7
Sm5 5 Lateral 165.8 52480 15.3
Sm5 7 Lateral 130.3 23382 16.0
Sm6 4 Lateral * * 18.4
Sm6 5 Lateral * * 15.0
Sm6 6 Lateral 125.9 16532 15.9
Sm6 7 Lateral 141.4 35330 11.2
Average 130.2 26253 14.3
Standard Deviation 19.6 12714 3.3
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Statistical Analysis

A mixed effect ANOVA showed that there were no statistically significant interaction effects
between the between-subject variables and the within-subject variables (Table 12). A
randomized block ANOVA showed that there was a significant interaction effect found for the
ultimate stress between the within-subject variables. Therefore, any significance found with

respect to region or rib level when evaluated independently should be regarded with caution.

Table 12: Table of interaction statistical significances for tension coupons.

Model Interaction Effect p-value
Ultimate Stress | Ultimate Strain Modulus
1 Age * Region 0.53 0.91 0.70
1 Age * Rib Level 0.41 0.76 0.13
1 Mass * Region 0.14 0.96 0.26
1 Mass * Rib Level 0.45 0.82 0.78
1 BMD * Region 0.21 0.90 0.30
1 BMD * Rib Level 0.86 0.98 0.48
2 Region * Rib Level 0.05 0.71 0.75

Note: 1= mixed effects ANOVA; 2 = randomized block ANOVA.

Material Response by Region

The material properties were evaluated to determine if there were any significant differences
with respect to anatomical region (Figure 30). A randomized block ANOVA, where each
cadaver was treated as a block, was used to determine the significance of the material response
with respect to anatomical region. Statistical significance was defined as a p-value less than or
equal to 0.05. There were no significant differences in any material properties with respect to

thoracic region.
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Figure 30: Average ultimate strain, ultimate stress, and modulus of anterior and lateral tension coupons.

Material Response by Rib Level
The material properties were evaluated to determine if there were any significant differences
with respect to rib level (Figure 31). A randomized block ANOVA showed that there were no

significance differences in the material response with respect to rib level.
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Figure 31: Average ultimate strain, ultimate stress, and modulus by rib level.
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Variation between Cadavers

A Pearson Correlation analysis for the averaged data, by cadaver, was used to statistically
analyze all continuous variables. However, there were no significant trends (p<0.05, abs(r) >0.5)
found in the ultimate stress, ultimate strain, modulus or global BMD with respect to age. In
addition, there were no significant trends found in the ultimate stress, ultimate strain, or modulus

with respect to global BMD.

Whole Rib Three-Point Bending

The moment versus strain plots for each cadaver are presented in this section (Figure 32 to
Figure 43). The average strain rate for all specimens was 0.7 . The structural response values
for each anterior and lateral specimen are reported (Table 13 to Table 14). The peak values were
defined as the point at which structural compromising occurred, i.e., the point at which further
motion of the impactor produced no incremental increase of applied force (Stein and Granik
1979). The point at which the specimen became structurally compromised did not always

coincide with a fracture on the tensile side.
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Figure 32: Sml anterior rib structural response.
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Figure 33: Sm2 anterior rib structural response.
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Figure 34: Sm3 anterior rib structural response.
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Figure 35: Sml lateral rib structural response.
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Figure 36: Sm2 lateral rib structural response.
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Figure 37: Sm3 lateral rib structural response.
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Figure 38: Sm4 anterior rib structural response.
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Figure 39: SmS5 anterior rib structural response.
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Figure 40: Sm6 anterior rib structural response.
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Figure 41: Sm4 lateral rib structural response.
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Figure 42: SmS5 lateral rib structural response.
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Figure 43: Smo6 lateral rib structural response.



Table 13: Anterior three-point bending specimen structural response values.

. . Peak Peak Peak Peak

S“E')e“ Nlﬁlllll))er Region | Force | Moment Strain Stress | © K
N Nm pstrain MPa | GPa | N/mm
Sm1 4 Anterior | 155.0 32 10363 126.3 | 14.7 70.5
Sm1 5 Anterior | 112.4 2.3 2649 75.1 | 20.2 89.5
Sm1 6 Anterior | 214.8 4.4 3617 104.0 | 22.4 | 146.1
Sm1 7 Anterior | 176.2 3.6 1885 74.0 | 29.9 | 130.5
Sm2 4 Anterior | 102.7 2.1 3725 78.5 | 18.6 66.6
Sm2 5 Anterior | 99.1 2.0 5048 852 | 18.6 69.8
Sm2 6 Anterior | 187.8 3.9 5729 109.0 | 18.1 | 130.4
Sm2 7 Anterior | 107.9 2.2 4030 67.8 | 16.6 99.1
Sm3 4 Anterior | 151.3 3.1 15611 171.7 | 15.7 46.1
Sm3 5 Anterior | 241.9 5.0 8904 143.6 | 17.5 | 113.6
Sm3 6 Anterior | 260.3 54 14254 157.6 | 149 | 105.7
Sm3 7 Anterior | 209.3 43 20756 199.0 | 16.5 72.5
Sm4 4 Anterior | 141.6 2.9 19286 2009 | 15.1 40.3
Sm4 5 Anterior | 147.5 3.0 11067 169.4 | 19.7 55.5
Sm4 6 Anterior | 131.8 2.7 9778 156.0 | 21.1 54.0
Sm4 7 Anterior | 198.5 4.1 12358 171.0 | 17.2 79.8
Sm5 4 Anterior | 214.3 4.4 22018 200.1 | 18.1 66.4
Sm5 5 Anterior | 154.4 3.2 5998 1225 | 21.3 67.6
Sm5 6 Anterior | 150.4 3.1 6557 1309 | 20.7 | 141.7
Sm5 7 Anterior | 170.3 3.5 5527 109.9 | 18.7 85.9
Sm6 4 Anterior | 114.5 2.4 3996 81.0 | 27.1 58.0
Sm6 5 Anterior | 155.3 32 5722 95.1 | 17.2 | 101.0
Sm6 6 Anterior | 194.8 4.0 7215 1143 | 16.0 94.6
Sm6 7 Anterior | 218.0 4.5 9497 147.8 | 18.1 | 144.1
Average 167.1 34 8984 128.8 | 18.9 88.7
Standard Deviation 45.1 0.9 5777 426 | 3.6 321
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Table 14: Lateral three-point bending specimen structural response values.

Peak Peak Peak Peak

S“Ej) ect N lﬁll;ll))er Region | Force | Moment Strain Stress | © K
N Nm pstrain MPa | GPa | N/'mm
Sml 4 Lateral | 309.1 6.4 10407 161.9 | 23.1 | 137.6
Sml 5 Lateral | 370.3 7.6 7011 155.7 | 23.0 | 161.9
Sml 6 Lateral | 646.5 13.3 15642 198.3 | 22.5 | 3283
Sml 7 Lateral | 787.6 16.5 17054 1959 | 19.4 | 393.6
Sm2 4 Lateral | 186.6 3.9 12476 162.6 | 18.4 53.5
Sm2 5 Lateral | 133.7 2.8 4743 120.8 | 24.6 90.8
Sm2 6 Lateral | 331.6 6.8 7752 1493 | 19.6 | 191.9
Sm2 7 Lateral | 337.6 7.0 5448 118.2 | 20.6 | 219.7
Sm3 4 Lateral | 274.4 5.7 21544 1955 | 16.9 97.7
Sm3 5 Lateral | 450.3 9.3 19429 2139 | 20.0 | 1814
Sm3 6 Lateral | 526.4 10.9 19181 200.4 | 19.6 | 236.5
Sm3 7 Lateral | 320.3 6.6 12575 190.6 | 21.1 | 147.2
Sm4 4 Lateral | 229.8 4.7 13283 184.6 | 23.3 91.4
Sm4 5 Lateral | 353.0 7.3 21961 211.0 | 20.0 | 136.5
Sm4 6 Lateral | 435.3 9.0 22848 2235 | 18.0 | 175.6
Sm4 7 Lateral | 313.7 6.5 9501 167.6 | 20.0 | 119.5
Sm5 4 Lateral | 224.1 4.6 12532 181.2 | 23.4 | 107.5
Sm5 5 Lateral | 277.4 5.7 15741 202.6 | 22.0 | 126.9
Sm5 6 Lateral | 473.6 9.8 14357 219.5 | 25.0 | 2154
Sm5 7 Lateral | 490.2 10.1 11227 186.8 | 22.5 | 249.0
Sm6 4 Lateral | 291.5 6.0 9435 166.3 | 21.0 | 149.0
Smé6 5 Lateral | 410.6 8.5 7044 156.7 | 21.0 | 209.8
Sm6 6 Lateral | 379.7 7.8 7491 149.0 | 21.9 | 206.6
Sm6 7 Lateral | 318.6 6.6 5436 117.1 | 20.4 | 193.6
Average 369.7 7.6 12671 176.2 | 21.1 | 175.9
Standard Deviation 144.8 3.0 5545 312 20 77.0
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Statistical Analysis

A mixed effect ANOVA showed that there were no statistically significant interaction effects
found between the between-subject variables and the within-subject variables or between the
within-subject variables (Table 15). A randomized block ANOVA showed that there were no
interaction effects between the within-subject factors.

significant interaction effects, each variable can be evaluated independently.

Since there were no statistically

Table 15: Table of interaction statistical significances for three-point bending specimens.

Model Interaction Effect p-value
Peak Moment | Peak Strain Modulus Stiffness
1 Age * Region 0.44 0.85 0.95 0.39
1 Age * Rib Level 0.98 0.85 0.81 0.99
1 Mass * Region 0.21 0.70 0.92 0.28
1 Mass * Rib Level 0.36 0.76 0.86 0.17
1 BMD * Region 0.39 0.68 0.61 0.30
1 BMD * Rib Level 0.46 0.91 0.87 0.36
2 Region * Rib Level 0.09 0.07 0.92 0.21

Note: 1= mixed effects ANOVA; 2 = randomized block ANOVA.

Structural Response by Region

The structural response values were evaluated to determine if there were any significant
differences with respect to anatomical region (Figure 44). A randomized block ANOVA showed

that the lateral specimens had a significantly larger peak moment (p<0.01), peak strain (p=0.03),

modulus (p=0.05), and stiffness (p<0.01) than the anterior specimens.
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Figure 44: Average structural properties of three-point bending specimens by anatomical region.
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Geometry by Region

The geometric values were evaluated to determine if there were any significant differences with
respect to rib level (Figure 45 to Figure 47). A randomized block ANOVA showed that there
were significant differences (p<0.05) in the cross-sectional geometry of the anterior specimens
versus the lateral specimens. Specifically, anterior specimens were found to have significantly:
smaller distance to the neutral axis (p<0.01), smaller area moment of inertia (p<0.01), larger
ratio of distance to the neutral axis to area moment of inertia (p<0.01), smaller cortical bone
cross-sectional area (p<0.01), and smaller radius of gyration (p<0.01) (Figure 46). The cortical
bone thickness of anterior specimens was found to be significantly less than lateral specimens at
the internal (p<0.01), superior (p=0.03), and inferior (p<0.01) (Figure 47). Although there were
significant differences in the local mineral density (p=0.01) between the anterior and the lateral
specimens, the difference was very small (Figure 48). The geometric property values for each

anterior and lateral specimen are reported (Table 16 to Table 19).
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Figure 45: [sometric reconstruction for matched anterior (left) versus lateral (right) specimens.
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Figure 47: Cortical bone thickness by region. Figure 48: Local mineral density by region.
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Table 16: Anterior three-point bending specimen geometric property values.

Local Mineral

Cortical

Trabecular

S“Ej)e“ N lﬁll;ll))er Region Density Ixx ¢ Area Area k
(mg HA/ ccm) (mm*4) | (mm) | (mm*2) (mm*2) (mm)
Sml 4 Anterior 895.38 88.5 3.50 16.3 2.6 2.33
Sml 5 Anterior 913.71 119.6 3.88 17.3 0.5 2.63
Sml 6 Anterior 951.88 221.9 5.21 19.8 23 3.35
Sml 7 Anterior 928.38 240.9 4.90 21.6 1.3 3.34
Sm2 4 Anterior 873.53 94.4 3.50 17.4 1.1 2.33
Sm2 5 Anterior 851.46 82.1 342 16.4 1.3 2.24
Sm2 6 Anterior 875.40 144.7 4.07 21.3 1.8 2.60
Sm2 7 Anterior 874.32 126.0 3.84 17.6 1.6 2.68
Sm3 4 Anterior 890.21 41.5 2.28 17.3 1.5 1.55
Sm3 5 Anterior 902.64 112.3 3.23 23.4 1.5 2.19
Sm3 6 Anterior 895.53 111.4 3.27 21.1 2.9 2.30
Sm3 7 Anterior 923.42 68.5 3.15 17.4 1.7 1.98
Sm4 4 Anterior 875.61 34.8 2.39 13.7 32 1.60
Sm4 5 Anterior 929.96 49.9 2.77 15.0 2.2 1.82
Sm4 6 Anterior 890.64 59.0 3.38 13.1 34 2.12
Sm4 7 Anterior 887.33 81.9 342 16.1 33 2.26
Sm5 4 Anterior 797.25 65.5 2.96 12.2 5.6 2.31
Sm5 5 Anterior 863.03 79.1 3.04 17.3 1.6 2.14
Sm5 6 Anterior 882.29 92.8 3.91 15.0 0.0 2.48
Sm5 7 Anterior 893.87 108.1 3.38 20.2 1.6 2.31
Smb6 4 Anterior 899.19 94.2 3.23 19.9 0.3 2.17
Sm6 5 Anterior 916.88 152.4 4.52 20.3 2.5 2.74
Sm6 6 Anterior 911.63 123.0 3.50 23.2 1.5 2.30
Sm6 7 Anterior 894.38 119.1 3.91 23.1 1.4 2.27
Average 892.41 104.6 3.53 18.2 2.0 2.34
Standard Deviation 30.78 49.6 0.69 3.2 1.2 0.43
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Table 17: Lateral three-point bending specimen geometric property values.

. . Local Mineral Cortical | Trabecular
S“;?)e“ Nulflllll))er Region Density Ix ¢ Area Area k

(mg HA/ ccm) (mm*"4) (mm) (mm*2) (mm*2) (mm)

Sml 4 Lateral 955.77 143.7 3.65 20.0 2.2 2.68
Sml 5 Lateral 952.89 207.1 4.22 21.5 2.4 3.10
Sml 6 Lateral 937.87 298.7 4.48 28.9 1.5 3.22
Sml 7 Lateral 944.34 406.6 4.90 359 2.0 3.36
Sm2 4 Lateral 868.64 81.9 3.46 21.7 0.8 1.94
Sm2 5 Lateral 902.86 86.8 3.80 16.4 1.9 2.30
Sm2 6 Lateral 909.40 191.5 4.18 23.0 1.9 2.88
Sm2 7 Lateral 909.83 257.5 4.37 223 1.6 3.40
Sm3 4 Lateral 917.60 84.9 2.93 19.7 2.8 2.08
Sm3 5 Lateral 912.85 171.6 3.95 25.8 2.5 2.58
Sm3 6 Lateral 915.00 224.4 4.14 26.7 33 2.90
Sm3 7 Lateral 889.06 123.9 3.57 24.4 2.1 2.25
Sm4 4 Lateral 914.43 78.1 3.04 16.8 4.2 2.16
Sm4 5 Lateral 908.47 111.5 3.23 20.8 53 2.32
Sm4 6 Lateral 918.82 128.2 3.19 27.1 4.8 2.18
Sm4 7 Lateral 875.47 143.9 3.72 20.0 5.7 2.68
Sm5 4 Lateral 928.96 89.3 3.50 15.5 2.3 2.40
Sm5 5 Lateral 939.02 99.9 3.53 16.5 1.8 2.46
Sm5 6 Lateral 921.69 196.3 4.41 271 1.8 2.69
Sm5 7 Lateral 912.35 238.7 4.41 26.9 2.2 2.98
Sm6 4 Lateral 936.93 138.8 3.84 23.2 2.2 2.45
Sm6 5 Lateral 928.81 221.9 4.10 24.5 2.4 3.01
Smé6 6 Lateral 934.06 237.8 4.52 26.4 2.5 3.00
Sm6 7 Lateral 914.79 204.9 3.65 29.2 2.0 2.65
Average 918.75 173.7 3.87 23.3 2.6 2.65
Standard Deviation 21.53 80.8 0.52 49 1.2 0.41
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Table 18: Anterior three-point bending specimen cortical bone thickness values.

. . Internal External Superior Inferior
Subject Rib Region Thickness Thickness Thickness Thickness
ID Number
(mm) (mm) (mm) (mm)

Sml 4 Anterior 0.66 0.45 0.44 0.53
Sml 5 Anterior 0.94 0.44 0.43 0.37
Sml 6 Anterior 1.04 0.79 0.43 0.53
Sml 7 Anterior 1.09 0.77 0.37 0.54
Sm2 4 Anterior 0.65 0.63 0.36 0.50
Sm2 5 Anterior 0.70 0.47 0.40 0.33
Sm2 6 Anterior 1.35 0.63 0.16 0.19
Sm2 7 Anterior 0.87 0.75 0.17 0.27
Sm3 4 Anterior 0.72 1.00 0.53 0.49
Sm3 5 Anterior 1.23 0.86 0.59 0.58
Sm3 6 Anterior 1.15 1.13 0.18 0.48
Sm3 7 Anterior 0.92 1.05 0.59 0.44
Sm4 4 Anterior 0.49 0.45 0.90 0.55
Sm4 5 Anterior 0.76 0.58 0.61 0.54
Sm4 6 Anterior 0.74 0.47 0.53 0.48
Sm4 7 Anterior 0.78 0.86 0.43 0.71
Sm5 4 Anterior 0.34 0.40 0.07 0.20
Sm5 5 Anterior 0.97 0.62 0.38 0.42
Sm5 6 Anterior 0.96 0.60 0.22 0.55
Sm5 7 Anterior 1.09 1.13 0.25 0.30
Sm6 4 Anterior 0.43 0.64 0.43 0.47
Sm6 5 Anterior 0.84 0.74 0.68 0.58
Sm6 6 Anterior 1.15 0.54 0.57 0.50
Sm6 7 Anterior 1.09 1.07 0.43 0.48
Average 0.87 0.71 0.42 0.46
Standard Deviation 0.26 0.23 0.19 0.13
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Table 19: Lateral three-point bending specimen cortical bone thickness values.

. ] Internal External Superior Inferior
Subject Rib Region Thickness Thickness Thickness Thickness
ID Number
(mm) (mm) (mm) (mm)
Sml 4 Lateral 1.12 0.56 0.58 0.80
Sml 5 Lateral 1.26 0.74 0.38 0.77
Sml 6 Lateral 1.44 1.43 0.62 0.73
Sml 7 Lateral 1.83 1.20 0.63 0.68
Sm2 4 Lateral 0.82 1.22 1.92 0.88
Sm2 5 Lateral 0.90 0.42 0.57 0.51
Sm2 6 Lateral 1.28 0.59 0.49 0.33
Sm2 7 Lateral 1.26 1.04 0.39 0.22
Sm3 4 Lateral 1.13 0.72 0.48 0.73
Sm3 5 Lateral 1.50 0.80 0.87 0.68
Sm3 6 Lateral 1.44 0.97 0.54 0.70
Sm3 7 Lateral 1.00 0.91 1.04 0.42
Sm4 4 Lateral 0.99 0.52 0.93 0.48
Sm4 5 Lateral 0.89 0.68 0.93 0.46
Sm4 6 Lateral 1.21 0.66 0.94 1.46
Sm4 7 Lateral 1.18 0.71 0.35 0.32
Sm5 4 Lateral 0.79 0.53 0.58 0.47
Sm5 5 Lateral 0.82 0.91 0.43 0.56
Sm5 6 Lateral 1.11 1.75 0.30 0.80
Sm5 7 Lateral 1.70 1.38 0.53 0.63
Sm6 4 Lateral 1.44 0.73 0.96 0.44
Smé6 5 Lateral 1.53 0.67 0.61 0.43
Smé6 6 Lateral 1.34 0.57 0.57 0.30
Smé6 7 Lateral 1.37 1.13 0.51 0.51
Average 1.22 0.87 0.67 0.60
Standard Deviation 0.28 0.34 0.34 0.26
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Structural Response by Rib Level

The structural responses of anterior and lateral specimens were evaluated independently to
determine if there were any significant differences with respect to rib level (Figure 49). A
randomized block ANOVA showed that both peak moment and peak strain were found to be
significant with respect to rib level. The peak moment was found to be significant with respect
to rib level for lateral specimens (p=0.02) but not anterior specimens (p=0.20). The peak strain
was only found to be significant with respect to rib level for anterior specimens (p=0.05). The
stiffness was found to be significant with respect to rib level for anterior specimens (p<0.01) and
lateral specimens (p<0.01). The modulus (Ant p=0.93, Lat p=0.81) was not found to be

significant with respect to rib level.
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Figure 49: Average peak moment, peak strain, and stiffness of three-point bending specimens by rib level.
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Geometry by Rib Level

The geometric values of anterior and lateral specimens were evaluated independently to
determine if there were any significant differences with respect to rib level (Figure 50 to Figure
51). A randomized block ANOVA showed that there were significant differences in the cross-
sectional geometry for both anterior and lateral specimens with respect to rib level. The internal
and external cortical bone thickness were found to vary significantly with respect to rib level for
anterior specimens (p<0.01), but not for lateral specimens (Figure 50). For anterior specimens,
the distance to the neutral axis (p<0.01), the ratio of distance to the neutral axis to area moment
of inertia (p=0.02), and the radius of gyration (p=0.04) were found to be significant with respect
to rib level (Figure 51). For lateral specimens, the distance to the neutral axis (p<0.01), the area
moment of inertia (p<<0.01), the ratio of distance to the neutral axis to area moment of inertia
(p<0.01), the cross sectional cortical bone area (p<0.01), and the radius of gyration (p=0.03)

were found to be significant with respect to rib level (Figure 51).
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Figure 50: Cortical bone thickness by rib level.
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A Pearson Correlation analysis for the averaged data, by cadaver, was used to statistically

analyze all continuous variables. However, there were no significant trends (p<0.05, abs(r) >0.5)

found in the peak moment, peak strain, modulus, global BMD, or local mineral density with

respect to age.

modulus with respect to global BMD.

There were no significant trends found in the peak moment, peak strain, or

In addition, there was not a significant correlation

between the local mineral density averaged by cadaver and the global BMD (p=0.30, r=0.58).
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Discussion

This study describes the regional variation in material, structural, and geometrical properties of
two regions in the thorax of six human subjects. This was done by performing 94 matched tests
on human rib specimens; 46 tension coupon tests, 48 three-point bending tests. The highly
controlled data set and specimen preparation techniques allowed for direct comparison between

the two types of test results and the factors that contributed to each.

Variation by Region

The results of the tension coupon testing showed that the material response, i.e. ultimate stress,
ultimate strain, and modulus, do not vary significantly with respect to anatomical region or rib
level. This finding is consistent with the findings of Kemper et al. (2005). In addition, the
overall averages of the current tension coupon testing are consistent with the results reported by
Kemper et al. (2005) (Table 20). In contrast to these findings, Stitzel et al. (2003), who
performed three-point bending tests on small rectangular cortical bone coupons, found an
increase in the average stiffness and average ultimate stress for the cortical bone specimens
located in the lateral portion of the ribs versus the anterior and posterior rib locations. Kemper et
al. (2005) attributed the differences in regional variation findings to the fact that the specimens
used by Stitzel et al. were very thin for three-point bending. In addition, trends in specimen
thickness correlated with the trends seen with the regional variation of the material properties.
For example, the average thickness of the anterior specimens, 0.49 + 0.10 mm, was
significantly lower than the average thickness of the lateral specimens, 0.57 + 0.12 mm (p<0.01),

and posterior specimens, 0.57 = 0.12 mm (p<0.01). This was the same trend seen with the
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significantly lower elastic modulus for the anterior specimens compared to the lateral and
posterior specimens. It is suggested that the continuum assumption for three-point bending
equations may no longer be valid for such small specimen thicknesses, and that this error is
augmented with the smaller thickness specimens from the anterior regions. Given that an osteon
is approximately 0.2 mm in diameter, the three-point bending tests on the anterior specimens put

one-half of the coupon in tension, or the equivalent of approximately one osteon.

Table 20: Comparison of published material properties of human rib cortical bone tension coupons.

. Failure Failure
Author N Rate Rib Stress Strain Modulus
Level
subjects (s*-1) (MPa) (pstrain) (GPa)
Kemper et al. (2005) 6 0.5 1-12 124.2 27053 13.9
Current Study 6 0.6 4-7 130.9 25112 14.4

The results of the three-point bending test results are consistent with comparable rib sections of
previous studies (Table 21). For both the anterior and lateral regions, the peak moment and
corresponding strain were found to be consistent with the findings of Cormier et al. (2005).
Yoganandan and Pintar (1998) reported a much lower peak moment and modulus, 3.8 Nm and
2.3 GPa respectively, for the lateral portion of the 7*rib. Granik and Stein (1973) reported a
lower average modulus of 11.5 GPa for the lateral portion of ribs 6 and 7 combined. However,
Granik and Stein (1973) performed tests under static loading conditions and Yoganandan and
Pintar (1998) performed tests under quasi-static loading conditions. It is well known that bone is
a viscoelastic material, and therefore is affected by the rate of loading (McElhaney and Byars,
1965; Wood, 1971; Crowninshield and Pope, 1974; Wright and Hayes, 1976; Carter et al., 1976;

and Stein and Granik, 1979). In general, with increased loading rate the ultimate stress and

63



modulus increase, while the ultimate strain decreases. Another possible explanation for the
differences in reported modulus values could be the method used to calculate the modulus.
Granik and Stein (1973) and Yoganandan and Pintar (1998) calculated the modulus based on the
impactor displacement, while the current study used a strain gage and calculated bending stress.
Funk et al. (2004) reported that calculating material properties based on deflection data from
whole bone three-point bending under predicted the elastic modulus by approximately 40%,

when compared to strain gage data, due to the presence of shear and/ or a varying bending

rigidity (EI) along the length of the bone.

Table 21: Comparison of published structural properties of whole human rib three-point bending specimens.

Author N Rate Region LRib Ml;iz:fn ¢ SI::E::; Modulus

(subjects) (mm/s) evel (Nm) (pstrain) (GPa)
Cormier et al. (2005) 4 500-1000 Ant 3-7 4.0 5432 N/R
Current Study 6 172 Ant 4-7 3.5 8984 18.9
Granik & Stein (1973) 10 static Lat 6/7 N/R N/R 11.5

Yoganandan & Pintar (1998) 30 0.042 Lat 7/8 3.8/32 N/R 2.3/1.9
Cormier et al. (2005) 500-1000 Lat 2,8-10 6.0 10741 N/R
Current Study 172 Lat 4-7 7.6 12671 21.1

With respect to anatomical region, it was found that the lateral specimens had a significantly
larger peak moment, peak strain, modulus, and stiffness than the anterior specimens. The trends
with respect to peak moment and strain are consistent with those reported by Cormier et al.
(2005). However, Cormier et al. (2005) did not report the modulus. In addition, the moment of
inertia and distance to the neutral axis increased when moving from the anterior region to the

posterior region, which is consistent with the findings of Cormier et al. (2005). Logically, the
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significantly lower geometric properties found in the anterior region versus lateral is a large
contributing factor to the significantly lower structural response exhibited by specimens obtained

from the anterior region of the thorax versus ones obtained from the lateral region.

An additional factor that may be contributing the regional differences found in the structural
response is the mode of failure. As noted previously, the peak values were defined as the point
at which structural compromising occurred, i.e. the point at which further motion of the impactor
produces no increment of applied force (Stein and Granik 1979). In the current study, it was
found that a number of specimens exhibited structural failure on the compression side of the rib
at the point of impactor contact with no tensile fracture. Out of the 48 specimens, the majority of
the specimens that demonstrated this failure mode were taken from the anterior region: 20
anterior and 12 lateral. This resulted in a decrease in the strength of the rib while maintaining
structural integrity on the tension side, and therefore, a continued increase in measured strain.

The authors are unaware of the clinical relevance with regard to this phenomenon.

The same phenomenon was reported by Cormier et al. (2005). Cormier et al. (2005) suggested
that this could be a result of regional changes in the material properties. However, the results of
the current study and those reported by Kemper et al. (2005) show that there are no significant
differences in the tensile material properties of human rib cortical bone with respect to region.
Therefore, the local structural failure at the point of loading and subsequent reduction in peak
structural response values, seen by primarily anterior specimens, may be attributed to differences
in geometry or bone modeling differences. A two-sample student t-test assuming unequal

variance showed that none of the cortical shell thicknesses were found to be significant with
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respect to failure mode: internal thickness (p=0.19), external thickness (p=0.42), superior
thickness (p=0.29), and inferior thickness (p=0.08). A two-sample student t-test assuming
unequal variance showed that there is significantly less (p<0.01) trabecular bone present in the
specimens that exhibited local failure at the point of impactor contact versus specimens that
exhibited tensile fractures. The specimens which failed at the point of impactor contact had an
average trabecular area of 1.71 + 0.7 mm?, while specimens that failed on the tensile side had an
average trabecular area of 3.40 = 1.34 mm®. This is an extremely interesting finding, because it
implies that the cortical shell alone may not be thick enough to support a point load. Therefore,
the significant differences found with respect to anatomical region could be an artifact of three-

point bending methodology.

Variation by Rib Level

With respect to rib level, peak moment for lateral specimens (p=0.02), peak strain for anterior
specimens (p=0.05), and stiffness for anterior and lateral specimens (Ant p<0.01; Lat p<0.01)
were found to be significant. The peak moment for lateral specimens and stiffness for anterior
and lateral specimens were found to increase from rib 4 to 6 and then decrease slightly from rib 6
to 7. The trend in peak strain for anterior specimens was less prominent, but seemed to decrease
slightly from rib 4 to 7. The average modulus and average stiffness were not found to be
significant (p>0.05) with respect to rib level for anterior or lateral specimens. Yoganandan and
Pintar (1998) reported that the modulus of the 7™ and 8™ ribs was independent of location both
vertically and horizontally on the thorax over this narrow range. Granik and Stein (1973) and

Stein and Granik (1976) did not report on the differences between the structural response of the
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6" and 7" ribs. Cormier et al. (2005) did not report whether or not the structural response of ribs

2 through 12 varied with respect to rib level.

In addition to the changes in structural response with respect to rib level, there were significant
differences in the cross-sectional geometry with respect to rib level for both anterior and lateral
specimens. Furthermore, the trends in geometry with respect to rib level coincide with the
changes in peak moment with respect to rib level. For anterior specimens, the distance to the
neutral axis (p<0.01), the ratio of the distance to the neutral axis to the area moment of inertia
(p=0.02), and radius of gyration (p=0.04) were found to be significant with respect to rib level.
For lateral specimens, the cortical bone cross-sectional area (p=0.01), area moment of inertia
(p<0.01), the distance to the neutral axis (p<<0.01), the ratio of the distance to the neutral axis to
the area moment of inertia (p<0.01), and radius of gyration (p=0.03) were found to be significant
with respect to rib level. These findings are similar to those of Cormier et al. (2005), who
reported that the distance to the neutral axis increased from rib 2 to rib 6, and then decreased
from rib 6 to rib 12. Cormier et al. (2005) also reported that the radius of gyration increased
from rib 2 to 4 and decreased from rib 5 to rib 12. In the current study, the radius of gyration
increased from rib 4 to rib 6 for anterior specimens and from rib 4 to rib 7 for lateral specimens.
However, the differences between the trends in the current study and those reported by Cormier
et al. (2005) are most likely due to subject variation as a result of differences in age, gender, or
BMD. Yoganandan and Pintar (1998) reported that the cortical area and area moment of inertia

of rib 7 were found to be statistically larger than rib 8, which is consistent with that of Cormier et

al (2005).
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Tension Coupons versus Three-Point Bending

Although three-point bending provides the overall structural response of human rib sections,
there are inherent limitations that introduce uncertainty in the calculated material properties
(Figure 52). First, three-point bending of whole rib sections is confounded by the irregular
cross-sectional geometry and curvature of human ribs. Second, a paired student t-test for the
means assuming unequal variance showed there was a significant (p<0.01) over estimation of the
ultimate stress due to the fact that linear-elastic beam equations do not take plasticity into
account (Figure 52-left). Although not significant (p=0.22) in the current data set, the use of a
strain gage can underestimate the actual ultimate strain due to that fact that the strain gage was
not always located exactly at the location of the fracture (Figure 52-center). It should be noted
that only three-point bending specimens which exhibited tensile fractures were used for the
ultimate stress and ultimate strain comparisons, while all specimens were used for the modulus
comparison. The degree to which the reported peak strain varies from the actual is related to the
distance from the point of fracture to the center of the strain gage, due to the strain distribution
on the tensile side of the specimen. Finally, three-point bending of a whole rib section

significantly overestimated the elastic modulus (p<0.01) (Figure 52-right).
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Figure 52: Matched material properties from tension coupons versus three-point bending specimens.
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Variation between Cadavers

Unlike previous researchers, age was not found to have a significant influence on the mechanical
properties of human bone in the current study. However, this is most likely the result of the fact
that there were only six cadavers included in the current study. Kemper et al. (2005) reported
that the elastic modulus of human rib cortical bone increased with age, while the ultimate strain
decreased. However, these trends were also based upon only six cadavers rather than the general
population. Sacreste et al. (1982) reported the peak bending stress and modulus of rib sections
decrease with age. Lindahl and Lindren (1967) reported that the tensile material properties,
ultimate stress and ultimate strain, of both femur and humerus cortical bone decreased with age,
while the modulus of elasticity showed no significant changes with age. Burstein et al. (1976)
reported that the tensile material properties, ultimate strain and energy, of tibia cortical bone
decrease significantly with age. Although not significant, Burstein et al. (1976) reported that the
modulus of elasticity of tibia cortical bone increased with age. However, Burstein et al. (1976)
performed tension tests on the femoral cortical bone, and reported that ultimate stress, ultimate
strain, elastic modulus, and energy significantly decrease with age. McCalden et al. (1993)
reported that tensile material properties, ultimate strain and energy, of the femur significantly
decrease with age, while the modulus of elasticity showed no significant changes with age. In
addition, McCalden et al. (1993) reported that the energy in the elastic region did not change
with age, while the energy in the plastic region significantly decreased with increasing age
(p<0.01). When all of these studies are taken into consideration, the overall conclusion is that
the ultimate strain and energy of cortical bone significantly decrease with age regardless of the
skeletal location, while the relationship of ultimate stress and modulus with respect to age varies

between individual skeletal locations due to tissue and/or structure differences.
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The changes in material properties with respect to age have been attributed to a number of
morphologic and compositional changes that occur as a result of aging (Kent et al. 2005).
Burstein et al. (1976) attributed the differences between the matched tibia and femur specimens
to differences at the tissue and structure or organ level, which vary based on the loading
conditions the different bones are subjected to. McCalden et al. (1993) found that the amount of
haversian bone and osteon size increase with age, and showed a clear inverse relationship
between strength and haversian bone. It has been reported that remodeling causes a general
increase in the porosity of cortical bone with advancing age, with an accompanying decrease in
cortical bone density (Lindahl and Lindgren, 1967; Evans; 1974; McCalden et al.; 1993). In
addition, wet and dry apparent densities of cortical bone, which are functions of both the rate of
mineralization and porosity, have been shown to increase with increasing mechanical properties
(Muellar et al., 1966; Carter and Hayes, 1976; Schaffler and Burr, 1986; Martin and Ishida,
1989; McCalden et al., 1993; Keller, 1994). Kemper et al. (2005) compared his data to data
from studies involving bone biomechanics published by Hardy et al. (1997) and Kennedy et al.
(2004) and reported that there was a large variation of cross-sectional area values versus the
small variation of in the rate of mineralization and local mineral density. This is further
supported by the finding of the current study, which showed that average local mineral density
did not vary significantly with respect to age (p=0.78). This indicates that the amount of bone
present changes with age or gender whereas the rate of mineralization remains fairly constant.
This conclusion is consistent with the findings of Trotter and Peterson (1955), Muellar et al.

(1966), McCalden et al. (1993), and Schaffler and Burr (1986).
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Statistical Analysis

For the tension coupon testing, a randomized block ANOVA showed that there was a significant
interaction effect found for the ultimate stress between the within-subject variables. However, it
is extremely difficult to interpret this interaction effect, because the effect is different for every
subject. Furthermore, this effect cannot truly be quantified because there is not enough
information to look at the differences found for each subject. However, ultimate stress was not
found to be significant with respect to region or rib level when evaluated independently.
Therefore, the significant interaction effect for ultimate stress with respect to region and rib level

can be ignored.

The conclusions drawn in the current study are based upon six cadavers rather than the general
population. Due to the limited number of cadavers, two types of statistical models were used
rather than a single more complicated one. Performing a more complicated analysis with only
six cadavers would result in saturation of the model, which can lead to erronecous statistical
significance. No statistically significant interaction effects were found between the between-
subject variables and the within-subject variables, or between the within-subject variables. An
analysis to determine interaction effects of between-subject variables, like gender and age, was
not performed due to limited number of cadavers, which would result in a limited number of
degrees of freedom and low power. Therefore, any results found in such an analysis would be

weak.
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Conclusions

The variables which contribute to the regional variation in the strength of human ribs were
investigated through 94 matched tests on human rib specimens; 46 tension coupon tests, 48
three-point bending tests. The results of the tension coupon testing showed that there were no
significant differences in material properties with respect to region or rib level: ultimate stress,
ultimate strain, or elastic modulus. In contrast, lateral three-point bending specimens were found
to have a significantly higher peak bending moment, peak strain, modulus, and stiffness than
anterior specimens. The lateral three-point bending specimens also had a significantly larger
area moment of inertia, larger distance to the neutral axis, smaller ratio of the distance to the
neutral axis to area moment of inertia, larger cortical bone area, and larger radius of gyration
than the anterior specimens. In addition, the peak moment, peak strain, and stiffness were found
to vary significantly with respect to rib level. Similar to anatomical region, the changes in the
structural response with respect to rib level were accompanied by significant changes in
specimen geometry. For lateral specimens, the cortical bone area, area moment of inertia,
distance to the neutral axis, ratio of the distance to the neutral axis to area moment of inertia, and
radius of gyration were found to be significantly different with respect to rib level. For anterior
specimens, distance to the neutral axis, ratio of the distance to the neutral axis to area moment of

inertia, and radius of gyration were found to be significantly different with respect to rib level.

The results of the current study clearly illustrate that there is variation in the structural response

of human ribs with respect to anatomical region and rib level, and this variation is due to changes

in local geometry of each rib while the material properties remain constant within an individual
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thorax. However, there can be significant variation in both the material and structural response

between individuals due to the effects of age and gender (Figure 53).
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Figure 53: Variation within the human thorax that influences the overall structural response.
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CHAPTER 4

Response of the Human Clavicle in Three-Point Bending:
Effect of Loading Direction

Introduction

Clavicle fractures are classified as having an Abbreviated Injury Score (AIS) of 2, where AIS is
a system used by researchers and trauma centers to rank and compare the severity of injuries on a
scale of 1 (minor) to 6 (death) based on threat to life (Abbreviated Injury Scale, 2005).
However, clavicle fractures can result in either temporary or long term loss of functional
capacity. Housner and Kuhn (2003) reported that depending on the fracture type, clavicle
fractures take 4 to 12 weeks to heal in adults. During this time, the range of motion and strength
of the shoulder are limited. Mid-clavicle fractures are of special concern since they may lead to
significant morbidity due to a high rate of nonunion, 22% to 33%, when treated non-operatively

(Nordqvist, 2000).

Analysis of the National Automotive Sampling System-Crashworthiness Data System (NASS-
CDS) showed that over 9,700 three-point belt restrained occupants incur a clavicle fracture every
year. For occupants exposed to frontal automotive impacts, over 90% of the fractures occurred
in the clavicle due to loading by the shoulder belt, as evidence by left clavicle fractures for
drivers and right clavicle fractures for right front seat passengers. This injury pattern is
consistent with the hypothesis that shoulder belt loading initiates clavicle fractures in frontal
impacts. Therefore, understanding the biomechanics of clavicle fractures is an important factor

in the optimization of seatbelt restraint systems.
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There have only been two studies to the author’s knowledge that have evaluated the
biomechanical response of the human clavicle. Bolte et al. (2000) evaluated the strength of the
clavicle by conducting three-point bending tests on six human clavicles at an impact rate of 0.5
mm/s. However, the direction of loading was not reported. Proubasta et al. (2002) conducted
three-point bending tests on 5 intact clavicles dissected from fresh frozen human cadavers. Prior
to testing, the distal ends were fixed in aluminum cylinders using polyester resin. Proubasta et
al. (2002) applied the load in the anterior to posterior direction 3 cm from the midpoint, medial

or lateral not reported, of a fixed 150 mm test span at a loading rate of 0.05 mm/s.

Although there have some studies that investigated the biomechanical response of the clavicle in
three-point bending, these studies have been limited to a single loading direction and low impact
speeds. The clavicle has a complex shape, and differences found in the structural response of the
clavicle due to different loading angles could provide insight to possible methods to optimize
seatbelt restraint design in order to minimize the risk of clavicle fractures. Therefore, the
purpose of this study was to evaluate the biomechanical response of the human clavicle when
subjected to dynamic three-point bending in two different loading directions: 0° and 45° from the

transverse plane.

Methods

Dynamic three-point bending tests were performed at two loading angles on 20 human claviculae
obtained from 10 unembalmed frozen and thawed post mortem human subjects ranging from 45

to 92 years of age (Table 22). Freezing was used as a means to preserve the specimens because
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numerous previous studies have indicated that freezing does not significantly affect the material
properties of cortical bone when frozen to a temperature of -20° C (Frankel, 1960; Sedlin, 1965;
Weaver, 1966; Linde and Sorensen, 1993; Griffon et al., 1995; Hamer et al., 1996). Numerous
authors have reported significant differences in the material properties of dry bone compared to
wet bone (Yamada, 1970; Dempster, 1952; Evans, 1951). Therefore, gauze pads soaked in
normal saline were wrapped around the specimens to maintain proper specimen hydration after

the specimens were dissected from the bodies (Reilly et al., 1974).

Table 22: Subject information and anthropometric data for clavicle testing.

. Specimen
Test ID Aspect Sﬁ?ﬂgg Gender Age Eength

(yrs) (cm)

1 Right St C1 F 61 13.2
2 Left Sm_C2 M 89 14.5
3 Right Sm C3 M 75 13.8
4 Left Sm_C4 M 66 15.7
5 Left Sm_C5 M 84 15.7
6 Left Sm_C6 M 84 15.4
7 Right St C7 F 64 16.9
8 Right Sm_C8 M 67 14.9
9 Right St C9 F 92 14.3
10 Left Sm_C10 M 45 16.5
11 Left St C1 F 61 13.2
12 Right Sm_C2 M 89 14.8
13 Left Sm C3 M 75 13.8
14 Right Sm_C4 M 66 15.2
15 Right Sm_C5 M 84 16.0
16 Right Sm_C6 M 84 15.4
17 Left St C7 F 64 16.7
18 Left Sm_C8 M 67 15.7
19 Left St C9 F 92 14.6
20 Right Sm_C10 M 45 15.9
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The right and left claviculae were randomly divided into two groups, where each group
contained one specimen from each of the 10 matched pairs. Each group was subjected to an
impact at either 0° or 45° from the transverse plane (Figure 54). Three-dimensional Computed
Tomography (CT) scans of each clavicle were obtained prior to specimen preparation and testing
to account for the irregular geometry of the clavicle cross section. An image processor was used
to properly orient the three-dimensional CT reconstructions of the claviculae. Then the center of
the clavicle corresponding to the point of load application in the experimental setup was located,
based on the CT scans and experimental measurements, and a cross section was created. For the
image analysis, the cross-sectional image was aligned such that the assumed loading direction
was from the right (Figure 55). For specimens impacted 45° from the transverse plane, the image
was rotated an additional 45°. The clavicle cross sections were then thresholded to obtain the
cortical bone cross section, pixel value of 190/255, using the standard 8 bit black and white CT
image imported into Photoshop © (Adobe Systems Inc., Adobe Photoshop). The 190 pixel value
resulted in an acceptable cortical bone cross section for all specimens, and preserved the
variation between certain claviculae with very thin cross sections and other healthier bones with
thicker cortex. Finally, each cross-sectional CT image was converted to binary black (0) and
white (1), where pixels designated as 1 represented bone (Figure 56). It should be noted that the

material properties of the cortical bone were assumed to be homogeneous.
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Figure 55: Sample image outline and assumptions for clavicle CT image processing.

Figure 56: Sample clavicle cross section before (left) and after (right) thresholding.
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Custom Matlab © (Matworks, Inc., Matlab-R12, Natick, MA) code was used to calculate the
area moment of inertia (I), the distance from the neutral axis to the tensile surface (c), and the
cortical bone cross-sectional area (A), using the thresholded binary CT image. The neutral axis
of the image, which was assumed to be perpendicular to the loading direction, was found by first
calculating the area of bone in each row of the image, which is the sum of ones in a given row
multiplied by the pixel dimensions in millimeters. The area of bone in each row of pixels was
multiplied by the distance that row was from an assumed neutral axis, and then summed above
and below the assumed neutral axis. The neutral axis was determined to be the row in which the
sum above the assumed neutral axis was equal to the sum below the assumed neutral axis. The
distance to the neutral axis (c) was calculated by multiplying the number of rows between the
neutral axis and the tensile side by the millimeters per pixel value. The area moment of inertia
() about the neutral axis was found by calculating the area of bone in a row multiplied by the
square of the distance that row was from the neutral axis, and then summing that value up for the
entire image. The area of cortical bone (A) was calculated as the sum of ones over the entire

image multiplied by the pixel dimensions in millimeters.

The primary component of the test setup was a servo-hydraulic Material Testing System (MTS
Systems Corporation, MTS-810, Eden Prairie, MN) (Figure 57). The MTS utilized a hydraulic
actuator and impactor head to load the claviculae in a dynamic three-point bending configuration
at a displacement rate of 152 mm/s. This corresponded to a strain rate of 0.3 s at the midpoint
of the tensile side of the clavicle, which is consistent with the thoracic belt loading test results
reported by Duma et al. (2005). Displacement was measured using the MTS internal linear

variable displacement transducer (LVDT). A six-axis impactor load cell (Denton ATD, Inc.,
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1968- 22 kN, Rochester Hills, MI) was used to measure loads exerted on the specimen by the
impactor. An accelerometer (Endevco Corporation, 7264B-2000G, San Juan Capistrano, CA)
was attached to the impactor head to allow for inertial compensation of the impactor load cell,
using the mass between the clavicle and active axis of the load cell. The support structure was

mounted to a three-axis reaction load cell (Denton ATD, Inc., 5768-11 kN, Rochester Hills, MI).

MTS Hydraulic Actuator =)

4— Load Cell

4— Accelerometer

Clavicle

Medial ———»

Sternoclavicular Joint

¢ Lateral
@ Acromioclavicular Joint

\

Strain Gage

-4— Load Cell

Figure 57: Clavicle three-point bending test setup.

To stabilize the clavicle in the three-point test configuration while maintaining loading in the
desired plane, the ends were placed in rigid square aluminum potting cups, containing polymer
filler (Bondo Corporation, Atlanta, GA). Special care was taken during the potting process to
ensure that the claviculae were oriented in order to produce loading in the desired direction when
placed on the three-point bending test setup. The sternoclavicular joint is a saddle-type of

synovial joint but functions like a ball-and-socket joint, allowing rotation about all three axes but
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not translation (Terry and Chopp, 2000; Moore and Dalley, 2006). Therefore, a cylindrical
polymer roller was attached to the medial potting cup and pinned to allow for rotation but not
translation. The acromioclavicular joint is a plane type of synovial joint, but movements at this
joint are similar to those of the sternoclavicular joint (Williams et al., 1989). Specifically, the
acromioclavicular joint allows axial rotation, anterior-posterior rotation, and superior-inferior
rotation (Branch et al., 1996). In addition, since the sternoclavicular joint is the only articulation
between the upper limb and the axial skeleton, the clavicle in its movement carries with it the
scapula which glides on the external portion of the thorax. As a result, the lateral end of the
clavicle is free to translate in all directions. Therefore, a cylindrical polymer roller was attached

to the lateral end of the clavicle but not constrained laterally.

After potting, each clavicle was instrumented with a single-axial strain gage bonded to the tensile
side, which was the side opposite of the impactor, at the mid-point of the specimen (Vishay
Measurements Group, CEA-06-062UW-350, Malvern, PA). For specimens struck at 0° from the
transverse plane, the tensile side corresponded to the posterior portion of the clavicle. For
specimens struck at 45° from the transverse plane, the tensile side corresponded to the inferior-
posterior portion of the clavicle. It should be noted that normal saline was sprayed directly on
the samples to maintain proper specimen hydration during both specimen preparation and testing

(Reilly et al., 1974).

All data channels were recorded at a sampling rate of 20 kHz (Iotech, Wavebook-16, Cleveland,
OH). Data from the load cells and accelerometers were filtered to SAE channel filter class

(CFC) 180 (SAE J211, 1995). The moment was calculated as one-half the inertially

81



compensated impactor force multiplied by one-half of the active span, which corresponds to the
initial distance between the centers of the two rollers. The stiffness (K) was determined by
performing a linear regression on the initial linear region of the force versus displacement curve
(R*>0.9), 10% to 40% of the peak force. After testing, the distance from the center of the strain
gage to the point of fracture on the tension side was documented. In the case of a comminuted

fracture, the measurement was taken from the closest fracture location.

Statistical analyses were performed on the structural response variables by performing a paired
two sample t-test for means. In addition, statistical analyses were performed on the geometric
variables: moment of inertia (I), distance to the neutral axis (c), and cortical bone area (A) by
performing a paired two sample t-test for the means. Statistical significance was defined as a p-
value < 0.05. The goal of the statistical analysis was to determine if there were any statistical

differences in structural properties or geometry with respect to impact direction.

Results

The clavicle strain time histories in the current study were found to be similar to that of observed
shoulder belt loading performed on intact post mortem human subjects. This similarity was
determined by comparing the strain time histories obtained in the clavicle three-point bending
tests performed in the current study to those achieved in the male and female shoulder belt tests
conducted by Duma et al. (2005) (Figure 58). All clavicle fractures occurred at approximately
the mid-point between the supports. The claviculae fractured in the form of a transverse,
oblique, or comminuted-wedge fracture, which are typical of three-point loading conditions

(Figure 59).
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Figure 58: Comparison of strain rates between clavicle tests and belt loading tests (Duma et al. 2005).

~ 45 ' .‘

-
- | E
3 1~ s
L e o e o

-Cpolmminuted wedge - - 6blique fracture

Figure 59: Clavicle fracture types resulting from three-point bending.

The peak values were defined as the point at which structural compromising occurred, in other
words, the point at which further motion of the impactor produced no incremental increase of
applied force (Stein and Granik, 1976). The force versus deflection response was found to be
similar for both test groups (Figure 60 and Figure 61). The average strain rate for all specimens
was 0.3 s'. However, structural stiffness (p=0.01) and peak strain (p<0.01) were found to be

statistically different between specimens struck at 0° versus 45° from the transverse plane. The
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average peak structural values and corresponding standard deviations for both test groups were
recorded (Table 23 and Table 24). The average geometric values and corresponding standard

deviations for both test groups were recorded (Table 25 and Table 26).
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Figure 60: Impactor force vs. displacement for all 0° clavicle impact tests.
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Figure 61: Impactor force vs. displacement for all 45° clavicle impact tests.
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Table 23: Peak structural response values for 0° clavicle tests.

Active Peak Impactor Peak . Peak Gage to

T;;)St Span Force | Moment Deflection Stiffness Strain Fracture
(m) ™) (Nm) (mm) (N/mm) (nstrain) (mm)
1 0.137 840 28.8 6.4 227.1 * 19870 6.0
2 0.148 651 241 5.9 163.9 19156 0.0
3 0.142 670 23.8 5.9 165.7 * 21096 4.0
4 0.159 883 35.1 6.2 128.3 * 18059 7.0
5 0.162 725 29.4 8.2 122.2 * 25443 6.0
6 0.159 513 20.4 7.8 83.3 * 18973 6.0
7 0.169 772 32.6 6.2 123.5 14282 16.0
8 0.154 847 32.6 7.2 196.8 17087 8.0
9 0.146 344 12.6 6.8 93.2 * 22919 16.0
10 0.163 928 37.8 6.2 159.0 * 20498 2.0
Average: 717 27.7 6.7 146.3 19738 7.1
Standard Deviation: 181 7.6 0.8 449 3085 53

Note: * indicates that strain gage failed prior to peak load.
Table 24: Peak structural response values for 45°clavicle tests.

Active Peak Impactor Peak . Peak Gage to

rl;‘;)St Span Force | Moment Deflection Stiffness Strain Fracture
(m) ™) (Nm) (mm) (N/mm) (pstrain) (mm)
11 0.138 517 17.8 5.1 129.2 18065 6.0
12 0.150 793 29.7 5.7 105.5 17223 10.0
13 0.140 712 24.9 7.5 121.2 * 17556 6.0
14 0.156 487 19.0 43 121.5 10163 17.0
15 0.161 756 30.4 7.4 144.8 15898 7.0
16 0.161 674 27.1 6.8 95.7 16664 23.0
17 0.170 618 26.3 6.7 72.3 14536 17.0
18 0.164 559 22.9 4.5 131.5 9463 2.0
19 0.155 362 14.0 5.5 39.9 14184 26.0
20 0.175 875 38.3 9.0 116.0 * 19230 1.0
Average: 635 25.1 6.2 107.8 15298 115
Standard Deviation: 157 7.0 15 31.4 3273 8.7

Note: * indicates that strain gage failed prior to peak load.
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Table 25: Cross-sectional geometry values for claviculae struck at 0°.

Test ID Izllf);lzt | c c/1 A
(mm*"4) (mm) (mm*-3) (mm*2)
1 0 542.8 5.6 0.010 65.4
2 0 737.8 6.3 0.009 48.1
3 0 439.9 5.5 0.013 49.8
4 0 881.8 6.6 0.007 57.6
5 0 546.6 5.6 0.010 49.3
6 0 292.1 53 0.018 26.5
7 0 940.5 6.6 0.007 72.9
8 0 832.8 5.9 0.007 46.0
9 0 373.1 6.2 0.017 28.5
10 0 896.3 6.0 0.007 68.5
Average 648.4 6.0 0.010 51.3
Standard deviation 238.3 0.5 0.004 15.6

Table 26: Cross-sectional geometry values for claviculae struck at 45°.

Test ID Ilinl?galzt 1 c ¢/l A
(mm*"4) (mm) (mm*-3) (mm*2)

11 45 326.9 4.1 0.010 64.4
12 45 544.3 5.3 0.013 40.4
13 45 347.4 4.3 0.010 54.2
14 45 548.3 5.8 0.012 48.4
15 45 741.4 5.4 0.011 65.6
16 45 352.0 4.5 0.007 40.1
17 45 503.6 44 0.013 66.6
18 45 674.1 5.4 0.009 46.9
19 45 284.9 5.5 0.008 27.2
20 45 832.1 6.5 0.019 67.3
Average 515.5 5.1 0.011 52.1
Standard deviation 189.2 0.8 0.004 13.8
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The results indicate that there was no statistically significant difference in peak force (p=0.22),
peak moment (p=0.30), or peak displacement (p=0.44) between specimens struck at 0° versus 45°
from the transverse plane (Table 27). The results indicate that the area moment of inertia (I)
(p=0.05) and distance to the neutral axis (¢) (p=0.01) were significantly different between
specimens struck at 0° versus 45° from the transverse plane (Table 28). However, neither the
ratio of the distance to the neutral axis to the moment of inertia (p=0.60) nor the cortical bone

area (A) (p=0.76) were found to be significantly different between the two test groups.

Table 27: Statistical analysis of structural response variables for 0° versus 45° tests.

Compression Two Tail p-values
Group Peak Peak Peak Peak Stiffness
Force Moment Displacement Strain
0° vs. 45° 0.22 0.30 0.44 <0.01* 0.01

Note: * Indicates that analysis of peak strain should be regarded with caution.

Table 28: Statistical analysis of cross-sectional geometry for 0° versus 45° specimens.

Compression Two Tail p-values
Group 1 c c/1 A
0° vs. 45° 0.05 0.01 0.60 0.76
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Discussion

This study investigated the effect of loading direction on the structural response of the human
clavicle subjected to dynamic three-point bending. This was accomplished by performing 20
matched tests on whole human claviculae in two loading directions: 0° and 45° from the
transverse plane. The controlled data set and specimen preparation techniques allowed for direct

comparison between the two test conditions.

Although the results of the current study were found to be consistent with those reported by
previous researchers, an accurate comparison between studies is confounded by differences in
end conditions, loading rates, and specimen orientation (Table 29). For example, the average
peak force in the current study was consistent with Bolte et al. (2000), but the loading rate in the
current study was significantly larger. It is well known that bone is a viscoelastic material, and
therefore is affected by the rate of loading (McElhaney and Byars, 1965; Wood, 1971,
Crowninshield and Pope, 1974; Wright and Hayes, 1976; Carter et al., 1976, and Stein and
Granik, 1979). Assuming that all other test conditions were similar, one would expect the peak
force to increase with loading rate. However, the end conditions were different between the two
studies. Therefore, the two studies can not be directly compared due to the possible variations in
applied shear and/or axial torsion, both of which would effectively decrease the measured peak

force. Regardless, the findings of previous authors are presented for completeness.
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Table 29: Comparison of current study to previous clavicle three-point bending literature.

Impact Loading Average Average
End Direction Rate Peak Force Stiffness
Author o
Conditions Degrees from
Transverse Plane (mm/s) ™) (N/mm)
Bolte et al.
(2000) Evenly Supported N/R 0.50 667 (x277) N/R
Proubasta et al. . . o
(2002) Fixed-Fixed 0 0.05 486 (£ 179) 94.8 (+4.9)
Simply o
Supported 0 152.00 717 (= 181) 146.3 (£ 44.9)
Current Study pr—
1mply o
Supported 45 152.00 635 (x 157) 107.8 (£31.4)

Note: N/R = Not Reported

With respect to loading direction, the results of the current study showed that there were no
statistically significant differences in peak force (p=0.22), peak moment (p=0.30), or peak
displacement (p=0.44) between specimens struck at 0° versus 45° from the transverse plane. In
contrast, the structural stiffness (p=0.01) and peak strain (p<0.01) were found to be significantly
different between specimens struck at 0° versus 45° from the transverse plane. However, the
location of the fracture on the tension side of the specimens rarely corresponded to the location
of the strain gage due to the complex fracture types. In addition, the strain gage occasionally
failed prior to peak load. For these two reasons, the peak strain reported in this paper is less than
the actual peak strain. The degree to which the reported peak strain varies from the actual is
related to the distance from the point of fracture to the center of the strain gage, due to the strain
distribution on the tensile side of the specimen, and the point at which the gage failed.
Therefore, peak strain is not an appropriate comparison variable and should be regarded with

caution.
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Variations in the structural response of whole bone sections can be a result of changes in the
bone geometry, bone material properties, or both. Due to the controlled matched data set, the
differences in the structural response with respect to loading direction can be attributed to
geometric differences and not material differences. The analysis of the clavicle cross-sectional
geometry showed that the area moment of inertia (p=0.05) and distance to the neutral axis
(p=0.01) were significantly different between specimens struck at 0° versus 45° from the
transverse plane. However, the ratio of the distance to the neutral axis to the moment of inertia
(p=0.60) and cross-sectional area (p=0.76) was not found to be significant with respect to
loading direction. Therefore, differences in the structural stiffness were most likely a result of
the overall geometry of the clavicle and not differences in the cross-sectional geometry. To
explain, the clavicle has a complex geometry that can best be described as an “S” shape. If there
is significant curvature, then the neutral axis will no longer coincide with the neutral axis and the
stress distribution across the section will become more hyperbolic (Norton, 2000). In the case
that the loading is applied perpendicular to the radius of curvature, the neutral axis will shift
towards the center of curvature and more of the specimen will be placed in compression.
Previous researchers have shown that elastic modulus of bone is lower in tension than
compression (Evans and Bang, 1967; Reilly and Burstein, 1975; Burstein et al., 1976; Kemper et
al., 2007b). Therefore, loading a curved bone in different directions could result in changes to

the overall structural stiffness.

The results of the current study suggest that optimizing seatbelt designs to load the midpoint of

the clavicle at 0° versus 45° from the transverse plane, or vise versa, during frontal belt loading

would have no effect on whether or not a fracture will occur. However, there are other variables
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which should be evaluated in order to determine if it is possible to optimize seatbelt designs to
minimize the risk of clavicle fractures. Specifically, the location, medial or lateral of the
midpoint, and distribution of the applied force could significantly affect the failure strength of
the clavicle. Therefore, future studies should be conducted to investigate the effects of these
variables in order to further the understanding of the biomechanical response of the clavicle in
three-point bending. The results of such studies would provide researchers and safety engineers
with valuable data which could lead to an optimized seatbelt restraint system to minimize the

risk of clavicle fractures in frontal belt loading.

Conclusions

The results of the current study showed that the only significant difference between 0° and 45°
clavicle impacts was the stiffness. Specifically, claviculae struck 45° from the transverse plane
were less stiff than the claviculae struck 0° from the transverse plane. Due to the controlled
matched data set, the difference in the structural response with respect to loading direction can be
attributed to the complex geometry of the clavicle and not material differences. Finally,
additional testing should be conducted to investigate the effects of the location and distribution
of the applied load in order to more fully understand the biomechanical response of the clavicle

in three-point bending.
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CHAPTER 5

Response of the Human Thorax to Dynamic Shoulder Belt Loading

Introduction

The vast majority of thoracic impact research has focused on developing global criteria for
predicting injury. These include force, acceleration, and displacement based criteria, as well as
combinations of the above (Eppinger, 1976; Morgan et al., 1994; Kuppa and Eppinger, 1998).
Recent work has focused on the prediction of injury due to different restraint systems. For
example, the increase in thoracic injury severity with increased age for a given occupant size,
restraint type, and crash type is well documented (Kallieris et al., 1974; Patrick et al., 1974;
Eppinger, 1976; Viano, 1978; Alem et al., 1978; Kallieris and Mattern, 1979). The most
common injury that occurs during sled tests with belted cadavers is rib fractures (Viano, 1978;
Crandall et al., 1997; Kallieris et al, 1998). Also, it is known that rib fracture patterns vary by
restraint type (Kallieris et al, 1998). Kent et al. (2001) evaluated the injury predictive value of
hard tissue criteria by varying restraint conditions and found that compression is the best
indicator of fracture risk. Moreover, there is a significant effect on the fracture patterns due to

belt only, airbag only, and combined belt and airbag loading.

Kent (2002) noted that one of the problems with global methods used to develop thoracic injury
criteria is that the criteria correlate with injury without necessarily being functionally related to
injury, in contrast to stress and strain. Previous studies aimed at determining thoracic injury
criteria generally rely on the same set of cadaver impact tests, which all provide censored injury

data. In other words, it is not possible to determine the exact loads, accelerations, or
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displacements at the time of fracture. Rather, one only knows that an injury occurred at some
point during the impact test. In order to address this limitation, this study presents a method to
generate non-censored rib fracture data. Although previous studies have shown the ability to
detect selected rib fractures, no method has been successful at mapping the exact fracture timing
of the entire thorax during dynamic belt loading. Therefore, the purpose of this study is to
develop a method for determining non-censored rib fracture data and to present results from

dynamic belt loading tests on the human cadaver thorax using this method.

Methods

This study presents a total of four dynamic non-destructive and four dynamic destructive
thoracic shoulder belt loading tests that were performed using four cadavers. Two back support
conditions and two compression levels were evaluated using a custom table top belt loading
device. The details of the test subjects, instrumentation, experimental setup, and test

methodologies are presented in this section.

Subject Information

Dynamic belt tests were performed on four frozen and thawed human cadavers (Table 30 and
Table 31). It should be noted that chest depth measurements were taken from the middle of the
sternum, i.e. midpoint between the superior portion of the manubrium and the inferior portion of
the gladiolus, to the back of the thorax. For comparison with the standard population, the bone
mineral density (BMD) of each cadaver was determined by the Osteogram technique (Hardy et
al. 2001a; Stitzel et al., 2003; Kemper et al., 2005).  For this technique, the left hand of each

cadaver was x-rayed next to an aluminum calibration wedge. The x-ray was then processed by
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CompuMed Incorporated (CompuMed, Inc., Los Angeles, CA) to obtain the BMD, T-Score, and
Z-score for each subject. This type of BMD measurement, however, only provides an indication
of overall bone quality and does not account for local changes in bone density or composition.
Therefore, the BMD obtained through this method is referred to as the “global BMD.” The T-
score is the number of standard deviations from the average value of healthy living individuals
between 25 and 50 years of age. The Z-score is the number of standard deviations from the
average value of healthy living individuals of similar age. The World Health Organization
classifies normal bone as T-scores of -1.0 or greater, osteopenia as T-scores between -1.0 and -

2.5, and osteoporosis as T-scores below -2.5 (Wolf and Pfleger, 2003).

Table 30: Subject and Osteogram data for cadavers used in belt loading.

Subject Gender Age Mass Height BMD | T-score | Z-score
ID (years) (kg) (cm)
Sm_BI Male 73 84.4 173 75.7 -3.2 -1.4
St B2 Female 73 45.4 154 73.7 -3.4 -0.7
Sm_B3 Male 65 76.8 183 110.1 -0.1 1.1
St B4 Female 69 50.9 155 72.4 -3.5 -1.0
Table 31: Subject anthropometry for cadavers used in belt loading.
Subject Chest Circumference Chest Breadth Chest Depth
D Maximum Center of Sternum
(mm) (mm) (mm) (mm)
Sm_BI 1140 1070 370 230
St B2 700 740 280 165
Sm_B3 813 787 305 235
St B4 813 813 305 254

Thoracic Strain Gages

Cadavers Sm_B1 and Sf B2 were instrumented with a total of 47 strain gages; 26 single-axial

strain gages (Vishay Measurements Group, CEA-06-062UW-350, Malvern, PA) and 7
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rectangular rosette strain gages (Vishay Measurements Group, CEA-06-062UR-350, Malvern,
PA) (Figure 62). The first “R” in the rib strain gage labels stands for “Rib”. Similarly, the first
letters on the clavicle and sternum strain gage labels “CR”, “SU”, and “SL” stand for clavicle,
upper sternum, and lower sternum respectively. The first number represents the number of the
rib. The second letter “R” or “L” stands for the right side or left side of the thorax, respectively.
The first letter after the dash, “S” or “R”, stands for single-axis or rosette strain gage. The gages
were numbered one to three bilaterally for ribs containing multiple gages. The number “1” gage
corresponded to the gage closest to the sternum on each side, and the number “3” gage was the
most distal gage from the sternum. The last letter “A”, “B”, or “C” only concerned the rosette
strain gages and identified the gage position within the rosette. For example, the strain gage label

R3R-R3A stands for gage A of a rosette on the lateral right side of rib 3.

Cadavers Sm_B3 and Sf B4 were instrumented with a total of 26 single-axial strain gages
(Vishay Measurements Group, CEA-06-062UW-350, Malvern, PA) (Figure 63). The strain
gages were located on the lateral external surface of ribs 2-10 as well as the anterior external
surface of ribs 3, 4, and 5. In addition, single-axial strain gages were placed on the right clavicle
and the center of the sternum. For the strain gage labeling, the first “R” in the rib strain gage
labels stands for “Rib”. Similarly, the first letters on the clavicle “CR” and sternum “ST” strain
gage labels stand for clavicle and sternum, respectively. The number represents the number of
the rib. The second letter “R” or “L” stands for the right side or left side of the thorax,
respectively. It should be noted that for the female gages R-6-A and L-6-A were not applied to

the thorax because preexisting fractures were documented prior to testing.
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Figure 62: Strain gage locations for cadavers Sm_B1 and Sm_B2.

Right View Front View Left View

Figure 63: Strain gage locations for cadavers Sm_B3 and Sm_B4.

96



A number of detailed steps were taken in order to apply the strain gages to the ribs. First, the skin
was carefully removed from the rib cage. Once the location of each strain gage was determined,
the soft tissue and periosteum were removed from the external surface of the rib, and the bone
was swabbed with ether to locally dry the bone. Upon drying, an acidic solution (Vishay Micro-
Measurement, Conditioner A, Shelton, CT) was applied to the surface with a clean piece of
gauze in order to etch the surface of the bone. Then a basic solution (Vishay Micro-
Measurement, Neutralizer 5A, Shelton, CT) was applied to the surface in order to neutralize the
acidic solution. The gage was removed from its case and prepared for mounting by applying a
catalyst (Vishay Micro-Measurement, M-Bond 200 Catalyst, Shelton, CT) to the underside of the
gage. Next, an adhesive (Vishay Micro-Measurement, M-Bond 200 Adhesive, Shelton, CT) was
applied to the bone and the gage was quickly pushed over the adhesive in a rolling manner. The
strain gage was covered with a small piece of latex and was held with firm pressure for 3 minutes
(Figure 64 and Figure 65). Special care was taken to align each gage with the axis of the rib. The
strain gage wire was strain relieved with a zip tie placed around the rib. Finally, the skin

covering the rib cage was sutured back together.

Figure 64: Example thoracic strain gage attachment for belt loading tests.
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Figure 65: Strain gages shown mounted to the human cadaver ribs.

The strain output from the three gages that composed each rosette was used to calculate the first
and second principal strains and the angle Phi (®). Phi was defined as the angle from the gage
reference axis (labeled X-Y) to the first principal axis (Figure 66). In order to compare the
direction of the first principal strain in relation to the axis of the rib, the angle from the axis of
the rib (measured by the B gage of the rosette) to the first principal axis, defined as Theta (0),
was calculated. The first and second principal strains and the angles were calculated with the

following equations (Equations 4-6).

® - 45 Iez

T

Figure 66: The angle @ in reference to the gage reference axis, principal axis, and axis of gage B.

=€1
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& :mii\/(‘% —&p )2 +(€B _gc)z (Eqn. 4)

2 2

de —g . —
¢1’2 = ltan71 [MJ (Eqn 5)
2 E —Ec
26, —&, — .
0, =| Lian| 282" Ea " || _y5 (Eqn. 6)
’ 2 E,—&¢

Where:

€ = Strain output from gage A of the rosette

€p = Strain output from gage B of the rosette

€ = Strain output from gage C of the rosette

0; = the angle from the axis of the rib to the first principal axis

0, = the angle from the axis of the rib to the second principal axis

These equations were derived from the Mohr diagram for strain. It should be noted that the Mohr
diagram for strain plots 2, and due to the fact that tan 2¢& = tan2 (®@+ 90), the equation for @
can give either the angle from the axis of the rib to the first or second principal axis. The
ambiguity was easily resolved by applying the following rules. In the case that 0;, = 0,, 6; was

obtained by simply adding 90 degrees to 0,. This was done on a case by case basis.

1) If €A> €, then 01,2 =0,
2) If €5 <€, then 01,2 =0,
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Experimental Setup

The primary components of the belt loading system were a material testing machine (MTS
Systems Corporation, MTS-810, Eden Prairie, MN) and a rigid loading table (Figure 67 and
Figure 68). The thorax of each cadaver was placed over a rigid plate that distributed the applied
load over four load cells to measure the reaction loads of the thorax. The 5 cm wide nylon
loading belt was situated 40° from the sagittal plane of the body. The orientation of the belt
simulated a passenger side seat belt, going over the right clavicle and left side of the abdomen. A
series of wire cables and pulleys connected the hydraulic piston of the MTS, which loaded the
cable/belt system at the desired rate. The locations of the pulleys were adjustable to
accommodate cadavers of various sizes as well as to alter the angle of the belt relative to the
table top. A slack reducer, connecting the primary wire cables to two secondary wire cables,
served to displace the ends of the loading belt equally as well as remove slack from the system.
The deflection of the thorax was measured using three string potentiometers (Space Age Control,
160, Palmdale, CA) that were attached to the belt at the center of the sternum. Percent chest
compression was defined as the ratio of chest depth during the test to the chest depth measured
prior to the test. Additionally, an accelerometer (Endevco Corporation, 7264B-2000G, San Juan
Capistrano, CA) was mounted on the belt at the sternum and load cell plate to acquire chest
acceleration and table vibration. Belt tension was measured with two load cells (Interface, Inc.,
SSM-AJ, 13kN, Scottsdale, AZ) placed in line with the belt. Four additional load cells (Denton
ATD, Inc., 5768-11 kN, Rochester Hills, MI), (Denton ATD, Inc., 1968-22 kN, Rochester Hills,
MI), (Denton ATD, Inc., 1716A-13 kN, Rochester Hills, MI) where located between the cadaver
and loading table. The forces from all four load cells were summed to obtain the total reaction

force.
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Figure 68: Oblique views of actual belt loading system.
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Testing Configurations

Four types of tests were performed: an 8% chest compression test with a flat back support; an
8% chest compression test with a custom spine support box; a maximum chest compression test
with the flat back support, and a maximum chest compression test with a custom spine support
box. The spine support box was designed support to the thorax on either side of the spinous
process, which allowed free motion at the costovertebral joints. The design of the spine support
bracket was similar to that used by Ali and Kent (2005). The spine support bracket used for this
series of tests; however, was constructed of modular sections of varying height. This provided
the ability to customize the bracket to the spinal curvature of a specific cadaver (Figure 69). The
spine support bracket was assembled to support the spine from approximately T1 to L1 of each
cadaver. The order of the testing was varied between cadavers in order to determine if there were

any artifacts due to a specific back support condition (Table 32).

Side View Top View

Figure 69: Custom spine support bracket used for belt loading tests.
Note: Bracket for cadaver Sm_B3 shown.
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Table 32: Belt loading test matrix.

Subject ID Test Order Back Support Goal Compression
Sm Bl 1 Flat Maximum Compression
St B2 2 Flat Maximum Compression
Sm B3 3 Flat 8 % of Original Chest Depth
Sm B3 4 Spine Box/Bracket 8 % of Original Chest Depth
Sm B3 5 Spine Box/Bracket Maximum Compression
St B4 6 Spine Box/Bracket 8 % of Original Chest Depth
St B4 7 Flat 8 % of Original Chest Depth
St B4 8 Spine Box/Bracket Maximum Compression

In order to minimize differences in the thoracic response due to multiple loading, each cadaver
was preconditioned prior to each test by placing a large flat 9.07 kg mass on the thorax five times
for 10 seconds at one minute intervals. Before each test the MTS was used to slightly pretension
the belt (75-80 N for the male, 58-75 N for the female). In order to simulate in vivo conditions,
the test subjects’ pulmonary systems were inflated to 14 kPa immediately prior to each test,

which corresponds to the mean inspiration pressure, with a tracheostomy tube connected to a

pressure regulator. The depth of the inflated chest was then measured and recorded.
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Results

Non-Destructive Belt Loading Tests

The total reaction force versus percent compression response for the two back support conditions
was similar for both cadavers Sm_B3 and Sf B4 (Figure 70 and Figure 71). The total force;
however, was slightly higher for the tests with the flat back support for both cadavers; 13%
higher for the male, and 17% for the female. The individual strains at 8% chest compression
for the two back support conditions were compared for Sm_ B3 and Sf B4 (Table 33 and Table
34). The percent difference was calculated by taking the absolute value of the difference in peak
strain between the two back support conditions divided by the average peak strain between the

two back support conditions multiplied by 100.

For cadaver Sm_B3, the majority of the strain gages had similar strain values for both tests.
However, there were a few strain gages that had significantly higher outputs for the test in which
the spine box was used. For cadaver Sf B4, rib fractures were detected on strain gages: R-4-R,
L-5-A, and L-7A after performing the 8% compression test with the spine box. Given that the
test with the spine box was performed first on cadaver Sf B4, it is difficult to make a direct
comparison between tests for these rib locations. In addition, strain gages for the anterior side on
rib six were not applied due to pre-existing fractures documented prior to testing. Although the
majority of the strain gages had similar strain values for both tests, there were a few strain gages

that had significantly higher outputs for the test in which the spine box was used.
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Figure 70: Comparison between back support conditions- Force vs. Compression — Sm_B3.
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Figure 71: Comparison between back support conditions- Force vs. Compression — Sf B4.
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Table 33: Comparison between back support conditions- peak strain - Cadaver Sm_B3.

Flat Plate Spine Box Percent
Region Strain Gage ID | Peak Strain Peak Strain | Difference
(pstrain) (pstrain) (pstrain)

Clavicle & SG-CL -228.3 -141.2 47.1

Sternum Gages SG-ST -845.0 -439.5 63.1

SG-R2A 431.8 -115.3 345.7

. . SG-R3A 2582.6 2255.5 13.5

Right Anterior SGR4A 1806.8 1849.4 23
Strain Gages

SG-R5A 1122.8 1280.0 13.1

SG-R6A 363.9 434.4 17.6

SG-R3L 2667.1 23553 12.4

Rieht Lateral SG-R4L 1889.6 2174.4 14.0
i atera

St%ain Gages SG-R5L 514.0 1055.7 69.0

SG-R6L 194.3 700.3 113.1

SG-R7L -20.1 320.1 226.9

SG-L2A 897.4 1674.0 60.4

SG-L3A 2158.9 22684 4.9

Left Anterior SG-L4A 2685.5 3014.4 11.5

Strain Gages SG-L5A 1703.9 2329.9 31.0

SG-L6A 1181.2 1464.8 21.4

SG-L7A 1412.7 12824 9.7

SG-L3L 1041.3 777.6 29.0

SG-L4L 954.8 838.1 13.0

SG-L5L 1986.7 2163.1 8.5

Left Lateral SG-L6L 2810.7 3188.1 12.6

Strain Gages SG-L7L 2807.3 2941.5 4.7

SG-LSL 2751.9 2866.3 4.1

SG-L9L 1428.1 1353.6 5.4

SG-L10L 609.0 596.4 2.1
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Table 34: Comparison between back support conditions- peak strain - Cadaver Sf B4.

Flat Plate Spine Box Percent
Region Strain Gage ID | Peak Strain Peak Strain | Difference
(nstrain) (nstrain) (ustrain)
Clavicle & SG-CL -38.4 393.4 243.3
Sternum Gages SG-ST 1032.8 1132.1 9.2
SG-R2A 653.7 189.6 110.1
Right Anterior SGRIA - - -
Strain Gages SG-R4A 199.3 39258 180.7
SG-R5A 1146.7 1692.2 38.4
SG-R6A * * *
SG-R3L * * *
Right Lateral SG-R4L 173.4 146.2 17.0
Strain Gages SG-R5L -333.4 99.8 370.8
SG-R6L 444.7 764.9 52.9
SG-R7L 395.5 433.0 9.1
SG-L2A 2688.2 2229.6 18.6
SG-L3A * * *
Left Anterior SG-L4A 1266.0 1438.7 12.8
Strain Gages SG-L5A -11.1 -2101.9 197.9
SG-L6A * * *
SG-L7A -778.9 -3581.1 128.5
SG-L3L * * *
SG-L4L -623.0 -39.9 175.9
SG-L5L 632.5 351.7 57.1
Left Lateral SG-L6L 728.1 1224.5 50.8
Strain Gages SG-L7L -276.3 -60.0 128.6
SG-L8L 4744.1 5148.0 8.2
SG-L9L 3884.6 4311.3 10.4
SG-L10L 2640.8 3569.0 29.9

Note: * Indicates that a fracture was detected after the first test.
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Destructive Belt Loading Tests

In order to validate that thoracic loading rates during the destructive belt loading tests were
representative of that observed in an actual severe crash, the data from the current study was
compared to data obtained from actual 48 kph sled tests performed on human cadavers (Figure
72). It can be seen that the thoracic deflection rates produced from the tests in the current study

closely match those seen in actual sled tests.

120

—— Kent (2001): Sled Test Force-Limiting Belt/Bag

—Kent (2001): Sled Test Standard Belt/ Bag
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Figure 72: Chest deflection rate of cadavers in a 48 kph Sled Test (Kent, 2001) versus current study data.

The total reaction force versus percent compression was plotted for all destructive belt loading
tests (Figure 73). Although the full travel of the MTS (15 cm) was used to fully compress the
chest of each cadaver, the chest deflection and chest compression values at the point of peak
force varied for each cadaver (Table 35). The MTS was actuated at 150 cm/s, which compressed
the cadaver thoraces at a rate of 0.94 m/s to 1.0 m/s. The difference in the rate of the MTS and

the rates seen by the cadavers was due to inertial effects and friction in the cable system. The
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effective stiffness of the thorax under these conditions was determined by performing a linear
regression of the force vs. percent deflection plots from 0% to 20% compression (Table 35). The

differences in thoracic stiffness are most likely due to cadaver variation.
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Figure 73: Force versus percent compression for destructive belt loading tests.

Table 35: Peak chest deflection and compression for destructive belt loading test.

. Chest Thoracic Chest Deflection | Chest Compression
Su;)]J)ect Sf;;(l)(rt Loading Rate Stiffness at Peak Force at Peak Force
(m/s) (N/ % deflection) (mm) (%)
Sm Bl Flat 0.97 16897.8 97.0 38.8
St B2 Flat 0.94 6580.1 90.2 54.7
Sm B3 Spine Box 1.00 13619.3 64.2 27.3
St B4 Spine Box 1.30 11188.9 86.7 34.1

Principal Strain Results
The first principal strain, second principal strain, and the axial strain were plotted along with the
angle from the axis of the rib to the first principal axis (Figure 74). In general, it was found that

the first principal strain and the axial strain closely matched up to the time of the first fracture. In
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some cases the first principal strain and the axial strain continued to follow each other after the
fracture and in other cases they did not. This could be due to either broken or damaged gages and

or the complex loading seen after the fracture.
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Figure 74: Axial strain, first and second principal strain, and theta vs. time example plot.

Note: Rosette R3R for Sm B1- rigid back shown.

The maximum of the first and second principal strain before or at the first fracture were
compared to the peak axial strain for each cadaver (Table 36 and Table 37). The peak strains
before or at the time of the first fracture were used because the strain could no longer be reported
with confidence after the rib fracture due to the complexity of loading and possibility of damage
to the gage. If no fracture occurred, then the strains reported were those that corresponded to the
time at which the absolute maximum strain out of the three occurred. In some the cases where

the rib was too small to adequately support all three gages of the rosette the data was suspect and
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thereby not reported in this section. Additionally, if one or more of the gages that composed

each rosette broke during the test the data was omitted from this section.

Table 36: Axial strain vs. first principal strain for the cadaver Sm_B1- flat plate.

Peak Peak
. Peak Gage B Principal Percent Principal 0
Rosette Thorax Location Strain Strain 1 Difference Strain 2
(ustrain) (ustrain) (%) (nstrain) (degrees)
R3R Rib 3 Right Side 22111 23105 44 -8996 10.2
R5R Rib 5 Right Side 8165 8223 0.7 -2465 38
R3L Rib 3 Left Side 5890 6406 8.4 -636 -15.1
R5L Rib 5 Left Side 6499 6661 2.5 -1605 -8.1
R7L Rib 7 Left Side 6618 6773 2.3 -1792 -7.8
RIOL Rib 9 Left Side 3033* 3482% 13.8%* 1844* -17.0%*
Note: * indicates not measured at a time of fracture.
Table 37: Axial strain vs. first principal strain for the cadaver Sf B2- flat plate.
Peak Peak
. Peak Gage B Principal Percent Principal 0
Rosette Thorax Location Strain Strain 1 Difference Strain 2
(pstrain) (pstrain) (%) (pstrain) (degrees)
R3R Rib 3 Right Side 5246 6142 15.7 -1581 19.9
R5R Rib 5 Right Side 4641 4986 7.2 -3386 10.8
SL Sternum Lower -4860* 12819* 444 3% -5864* 76.6*
R3L Rib 3 Left Side 2046 2325 12.8 -896 -18.1
R5L Rib 5 Left Side 10109 10109 0.0 2735 0.1
R7L Rib 7 Left Side 11357 11881 4.5 -674 12.6
Note: * indicates not measured at a time of fracture.
Injury Analysis

The rib fracture locations were determined by performing a post-test injury analysis on each
cadaver using a detailed necropsy of the thorax. The number of rib fractures for each cadaver is
summarized in Table 38. The distribution of rib fractures was documented for each cadaver

(Figure 75 to Figure 78). Sf B4 had three pre-existing fractures which were not included in the
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fracture analysis: two bilaterally on rib three, and one on rib six on the left side of the thorax.

There were no injuries to the internal organs.

The AIS (Abbreviated Injury Scale, 2005) has multiple definitions for AIS=3 injury level based
on rib fractures: > 3 rib fractures without flail- any location unilateral or bilateral; fractures with
flail- not further specified; unilateral fractures with flail- not further specified; and unilateral
fractures with flail- 3 to 5 ribs with multiple fractures. The AIS defines flail chest as three or
more ribs fractured in more than one location, i.e. posterior lateral and anterior lateral, and/or
results in paradoxical chest motion. Paradoxical chest motion is defined as breathing which
results in all or part of a lung inflating during inspiration and ballooning out during expiration;
the opposite of normal chest motion. Paradoxical chest motion occurs when multiple ribs are no
longer rigidly attached to the rest of the rib cage due to fractures in two or more places. The
AIS definition for AIS=4 injury level based on rib fractures is unilateral fractures with flail- > 5
ribs with multiple fractures. Using rib fractures as the parameter, AIS injury level was

determined to be AIS=3 for all cadavers except cadaver Sf B2, which was determined to be

AIS=4.
Table 38: Summary of rib fractures resulting from the destructive belt loading tests.
Rib Fractures
Subject Back Support Clavicle Sternum . AIS
1D Condition Fractures | Fractures L‘eft Rl‘ght Total
Side Side

Sm_BI1 Flat Rigid Plate Right None 8 4 12 3
St B2 Flat Rigid Plate None Yes 14 6 20 4
Sm_B3 Spine Box/ Bracket None Yes 9 4 12 3
St B4 Spine Box/ Bracket None None 5 3 8 3
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Figure 75: Location of strain gages and fractures for cadaver Sm_B1- flat plate.
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Figure 76: Location of strain gages and fractures for cadaver Sf B2- flat plate.
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Figure 77: Location of strain gages and fractures for cadaver Sm_B3- spine box.

Right View Front View Left View
(duplicate front £) {all fr shown here) {duplicate front fx)

A N RN AN

LT

'I.E\'

I Fracture
B Rosette
= Single

AIS=3

Figure 78: Location of strain gages and fractures for cadaver Sf B4- spine box.
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Rib Fracture Timing

The time histories of each strain gage were analyzed to determine the time at which each rib
fracture occurred (Figure 79). The time of fracture could then be directly correlated to rib
deflection (Table 39 to Table 42). The fractures that occurred directly under gages are of
particular interest because the failure strain at the time of fracture could be obtained from these
gages. The rib fracture timing with respect to the back support condition, spine box versus flat
rigid plate, was evaluated for both male and female cadavers (Figure 80 and Figure 81). The
tests performed in this study show a similar progression of rib fractures regardless of the back
support condition. For all cadavers, all rib fractures occurred within the first 35% compression
of the thorax. As a general trend, the first series of fractures were on the left side of the thorax
where the belt passed over the abdominal region. The ribs in the upper thoracic region on the

right side fractured next.
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Figure 79: Determination of rib fracture timing during belt loading.
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Figure 80: Male rib fracture timing with respect to back support condition.
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Table 39: Fracture locations and timing for the cadaver Sm BI.

. . Chest i

(ms) (%) (pstrain)

Clavicle oblique, 25 mm lateral of CR-S 95.5 32.86 -6577

Rib 2 60 mm medial of gage R2R-S3 81.9 28.29 13685
Rib 3 10 mm lateral of rosette R3R-R3B | 88.9 30.87 22111

3 Rib 4 30 mm lateral of gage R4R-S2 95.2 32.77 13758
2 Rib 5 15 mm medial of gage R5R-S2 82.6 28.57 7252
_in Rib 6 none | === | e | e e
. Rib 7 O e e e
Rib 8 O e e e

Rib 9 O e e e

Rib 10 O e e e

Clavicle O e e e

Rib 2 immediately under gage R2L-S3 53.9 16.42 11590

Rib 3 20 mm lateral of gage R3L-S2 55.8 17.55 13328

o Rib 4 immediately under gage R4L-S2 51.4 15.09 15576
= Rib 5 15 mm lateral of gage R5L-S1 47.3 12.63 11741
‘E; Rib 6 90 mm medial of gage R6L-S3 44.7 11.42 6961
Rib 7 80 mm medial of rosette R7L-R3B 42.7 10.67 6618

Rib 8 60 mm medial of gage R8L-S3 46.7 12.36 3873

Rib 9 60 mm medial of rosette R9L-R3B 44.5 11.33 2284

Rib 10 O e e e s

sternum I e B e
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Table 40: Fracture locations and timing for the cadaver Sf B2.

Gag? Fracture Location Closest Time Con(ljphrisstsion Timset;?ilil‘lr:ctture
Location from Closest Gage Gage -
(ms) (%) (nstrain)
clavicle none | === | === | e e
20 mm medial of gage
Rib 2 60 mm medial of gage R2R-S3 52.3 27.2 2238
30 mm lateral of gage
) Rib 3 30 mm lateral of rosette R3R-R3B 57.2 30.5 5246
n Rib 4 immediately under gage R4R-S2 57.6 30.7 6114
ED Rib 5 25 mm medial of gage R5R-S2 58.6 313 4846
A Rib 6 none | === e | e e
Rib 7 none | === e | e e
Rib 8 none | === e | e e
Rib 9 none | === e | e e
Rib 10 none | == | e | e e
clavicle none | === | === | e e
Rib 2 none | === e | e e
Rib 3 10 mm medial of gage R3L-S1 61.6 33.1 -8181
immediately under gage R3L-S2 46.5 21.6 10907
Rib 4 immediately under gage R4L-S1 50.2 25.3 -7257
immediately under gage R4L-S2 49.1 24.4 9028
3 Rib 5 immediately under gage R5L-S1 50.3 25.4 -17193
7 immediately under rosette R5L-R3B 47.5 22.7 10109
%G Rib 6 85 mm medial of gage R6L-S3 46.9 22.0 12211
— b7 15 mm lateral of gage RTL-R3B | 46.1 211 11357
80 mm medial of gage R7L-R3B 60.6 325 -2772
Rib 8 30 mm medial of gage RSL-S3 | 50.7 25.8 2119
30 mm lateral of gage
Rib 9 30 mm medial of gage ROL-R3B 57.6 30.7 1540
25 mm lateral of gage 63.3 34.2 -2976
Rib 10 immediately under gage R10L-S3 63.1 34.2 6610
sternum | between the two sternum gages SL-RB 70.3 38.1 -2110
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Table 41: Fracture locations and timing for the cadaver Sm_B3.

. . Chest Strain at
Gage Location Fracture Location Closest | Time Compression Time of Fracture
from Closest Gage Gage

(ms) (%) (ustrain)

Clavicle None | == | - | e e

Rib 2 None | = | - | e e

Rib 3 None | = | - | e e
. Rib 4 17 mm medial of gage R-4-A 58 222 4300
g 50 mm posterior of gage | R-4-L 67 24.9 6500
= Rib 5 15 mm medial of gage R-5-A 59 22.6 3600
= Rib 6 11 mm medial of gage | R-6-A | 47 18.1 1150
Rib 7 None | = | o= | e e
Rib 8 None | = | o= | e e
Rib 9 None | = | o= | e e
Rib 10 None | == | - | e e
Clavicle None | == | - | e e
Rib 2 10 mm medial of gage L-2-A 47 18.1 4000
Rib 3 17 mm medial of gage L-3-A 42 15.8 4600
° Rib 4 23 mm medial of gage L-4-A 42 15.8 9200
g Rib 5 19 mm medial of gage L-5-A 62 23.5 5500
s Rib 6 20 mm medial of gage L-6-A 37 13.7 2000
= Rib 7 15 mm medial of gage L-7-A 42 15.8 1600
36 mm medial of gage L-7-A 52 20.5 1000
Rib 8 87 mm medial of gage L-8-L 49 19.2 10300
Rib 9 77 mm medial of gage L-9-L 55 214 9900
Sternum immediately under gage | ST-1 47 18.1 2000
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Table 42: Fracture locations and timing for the cadaver Sf B4.

. . Chest Strain at
Gage Location Fracture Location Closest Time Compression Time of Fracture
from Closest Gage Gage
(ms) (%) (ustrain)

Clavicle None | == | | e e
Rib 2 None | - | - | e e
Rib 3 55 mm lateral of gage R-3-A 25 10.7 -4300
2 Rib 4 32 mm medial of gage R-4-L 70 31.6 10800
7 Rib 5 None | == | e | e
jén Rib 6 None | - | | e e
& Rib 7 190 mm medial of gage R-7-L 68 31.5 6800
Rib 8 None | - | = | e e
Rib 9 None | - | - | e e
Rib 10 None | - | - | e e
Clavicle None | === | | e e
Rib 2 None | - | = | e e
Rib 3 30 mm lateral of gage L-3-A 43 18.7 10000
° Rib 4 None | - | e | e e
5 Rib 5 None | - | | | e
“E Rib 6 120 mm medial of gage L-6-L 31 13.1 2000
= Rib 7 5 mm medial of gage L-7-A 28 12.4 -5000
Rib 8 135 mm medial of gage L-8-L 25 10.7 9000

Rib 9 None | - | e e e
Rib 10 60 mm medial of gage L-10-L 45 20.5 8200

Sternum None | == | | | e
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Discussion

The thoracic testing conditions presented in this study are similar to those presented by Kent et
al. (2003) in that they present thoracic data due to diagonal belt loading at a rate that corresponds
to the thoracic loading rate seen in a 48 kph crash. Kent et al. (2003) determined the effective
stiffness of the thorax under these conditions by performing a linear regression of the force
versus percent deflection plots. These effective stiffness values for the male tests varied from
6,459 to 9,919 (N/% deflection) and from 7,102 to 15,420 (N/% deflection) for the female tests.
The same method was performed on the force versus percent compression data presented in this
study. The effective stiffness values for the male and female tests presented in the current study
at were 13,619.3 to 16,897.8 (N/% deflection) for the male cadavers and 6,580.1 to 11,188.9
(N/% deflection) for the female cadavers. It is important to note that there were oscillations in
the Kent et al. (2003) data during the initial loading phase which resulted in negative force. This
indicates a tension force while the thorax was being compressed. Therefore, the Kent et al.

(2003) stiffness data are likely lower than the actual response during the initial loading phase.

The comparison of back support conditions showed that there is no considerable difference
between using a flat rigid plate and a spine box. For both cadavers, the stiffness was almost
identical between tests performed with a flat rigid plate and those with a spine box. For male
and female cadavers, the majority of the strain gages have similar strain values for both test
conditions. However, there were a few strain gages that have significantly higher outputs for the
test in which the spine box was used. Given the relatively low magnitudes of strain measured
during these non-destructive tests, the difference in strain observed between the two back support

conditions could be attributed to differences in the location of the belt relative to these gages.
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The reaction force data was plotted versus the percent chest deflection data for these tests along
with the fracture timing and corresponding AIS injury timing (Figure 82 to Figure 85). The
timing of AIS=3 corresponded to the point at which the third rib fracture occurred. The timing
of AIS=4 corresponded to the point at which six ribs had more than one fracture. For male
cadavers, AIS=3 occurred at 13% -16% chest compression. For female cadavers, AIS=3
occurred at 13%-22% chest compression. The data from the current study was then compared to
the thoracic injury criteria for the 50 percentile male and 5™ percentile female Hybrid III frontal
impact dummies as defined by NHTSA, which represents a 50% risk of an AIS=3 injury level.
NHTSA has defined the injury criterion for the 50™ percentile Hybrid III dummy as a chest
deflection of 63 mm, which corresponds to a 28%-30% chest deflection. The injury criterion for
the 5th percentile female Hybrid III dummy has been defined as a chest deflection of 52 mm
which corresponds to a 22%-24% chest deflection. The range of percent chest deflections is due
to the variations in dummy chest thickness as a result of tolerances set by the manufacturer
(Denton ATD, Inc.). The injury timing data presented in this study clearly shows that AIS > 3
thoracic injuries in frontal belt loading occur at considerably lower chest deflections than the

current respective male and female frontal thoracic injury criteria.
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Figure 82: AIS injury timing due to belt loading for cadaver Sm_B1.
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Figure 83: AIS injury timing due to belt loading for cadaver Sm_B3.
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Conclusions

The novel thoracic strain gage technique presented in this study allowed for the precise
determination of the time of fracture for each rib for the first time in the history of thoracic
research. In addition, for the first time the exact point at which the different thoracic AIS scores
occurred could be identified with the time of rib fracture data. All rib fractures occurred within
the first 35% compression of the thorax for each cadaver. The first series of fractures were on
the left side of the thorax where the belt passed over the abdominal region. The ribs on the upper
right hand side of the thorax fractured second. In addition, the strain gage data showed that the
majority of the ribs sustained tensile loading until the time of fracture. The gages that showed
predominately compressive loading, with the exception of a few gages, were primarily the
rosette element gages not aligned with the axis of the rib, the clavicle gage, or the gages on the
sternum. The comparison of the principal strain to the axial strain resulted in several important
findings. Specifically, all of the ribs with strain gage rosettes failed in tension, and the first
principal strain was greater than or equal to the axial strain. However, the value of theta (0) and
the difference between the principal strain and the axial strain were small up to the time of the
fracture. This finding indicates that the direction of the first principal strain was very close to the
axis of the rib, which implies that axial strain measurements are essentially the peak values. The
comparison of back support conditions showed that there is no considerable difference between
using a flat rigid plate and a spine box. Therefore, articulation of the costovertebral joint has
little to no effect on thoracic response during frontal belt loading. Overall, this study not only
demonstrates a new methodology for determining rib fracture timing but also provides crucial
data needed for interpreting thoracic injury criteria and developing new computational models of

the thorax.
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CHAPTER 6

Influence of Arm Position on Human Thoracic Response during
Dynamic Lateral Impacts

Introduction

Side impact automotive collisions have been reported to account for 27% of all automotive crash
fatalities annually, which equates to approximately 10,000 annual automotive fatalities (Lund,
2000; Kuppa et al., 2003). It has been reported that thoracic injuries are the most common type
of serious injury (AIS>3) to vehicle occupants in both near side and far side crashes which do
not involve a rollover (Samaha et al., 2003; Gabler et al., 2005). In addition, laboratory studies
have shown that rib fractures are the most frequent thoracic MAIS in side impacts (Morgan et al.,

1986; Viano, 1989; Pintar et al., 1997; Kuppa et al., 2003).

There have been numerous human cadaver studies that have investigated the tolerance of the
thorax in side impact loading through a variety of test methodologies. The current acceleration
based thoracic side impact injury criteria, Thoracic Trauma Index (TTI), was developed by the
National Highway Traffic Safety Administration (NHTSA) based on the results of two types of
side impact tests involving instrumented human cadavers: whole body acceleration toward a
rigid or padded wall using a sled and Opel Kadett car body struck with a moveable barrier (Klaus
and Kallieris, 1982; Klaus and Kallieris, 1983; Klaus et al., 1984; Eppinger et al., 1984; Morgan
et al.,, 1986). Since the NHTSA test series, a number of researchers have investigated the

tolerance of the thorax through cadaver sled tests, which involve a short deceleration or

126



acceleration of an instrumented human cadaver toward a rigid or padded wall to simulate real-
world side impacts (Cavanaugh et al, 1990; Irwin et al., 1993; Cavanaugh et al, 1993; Zhu et al,
1993; Cavanaugh et al, 1996; Pintar et al., 1997; Koh et al., 2001; Yoganandan et al., 2007). The
majority of these studies were aimed at determining the effect of shoulder engagement, pelvis
engagement, and different types of energy absorbing foam on the injury tolerance of the thorax.
Pendulums and pneumatic impactors have been used to evaluate the stiffness and tolerance of the
rib cage as a result of a lateral or oblique impact to the thorax (Chung et al., 1999; Cesari et al.,
1981; Viano et al., 1989; Robbins et al., 1994; Shaw et al, 2006;). All of the previous studies
aimed at determining the most appropriate thoracic injury criteria in side impact loading have
provided significant contributions to the literature. However, the injury criteria based on the
results of these studies rely primarily on censored rib fracture data (Morgan et al., 1986; Viano,
1989; Pintar et al., 1997; Kuppa et al., 2003). In other words, only the total number of rib
fractures resulting from a given impact is known. Therefore, the force and thoracic deflection

corresponding to the injury timing could not be determined.

Although there have been numerous studies that have investigated the tolerance of the thorax in
side impact loading, research regarding the effect of the arm on the response and tolerance of the
thorax is quite limited. In fact, there are only two studies to the author’s knowledge that have
investigated the influence of the arm on thoracic response in a controlled study. Stalnaker et al.
(1979) conducted free-fall drop tests from 1 m onto a rigid surface, which engaged the cadavers
from the shoulder to the pelvis, with the arm either rotated upward and forward (approximately
90 degrees to the thorax) or rotated forward such that an angle of 20 degrees was formed

between the arm and the thoracic spine. The results of this study showed that peak thoracic
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deflection was reduced when the arm was placed at 20 degrees. Cesari et al. (1981) performed a
series of pendulum impacts to the lateral portion of the thorax to simulate real-world side impact
collisions with the arm placed either parallel to the thorax or with no arm involvement, i.e. the
rib cage only. The impactor speed was incrementally increased until a thoracic fracture was
produced. The results of the study showed that an increased impact speed was necessary to
produce thoracic fractures when the arm was placed parallel with the thorax versus when there
was no arm involvement. Cesari et al. (1981) concluded that when the arm is placed parallel to

the thorax it distributes impactor force on the thorax and decreases impactor penetration.

The studies performed by Stalnaker et al. (1979) and Cesari et al. (1981) clearly show that the
arm provides some protection against thoracic injury compared to impacts directly to the rib
cage. However, it is difficult to determine how the position of the arm relative to the thorax
affects the thoracic response due to the differences in loading rate, instrumentation, and
boundary conditions between the two studies. Therefore, the primary purpose of the current
study is to evaluate the influence of arm position on thoracic response and injury severity
resulting from side impacts in one controlled study. In addition, rib fracture timing is

investigated using thoracic strain gages and correlated to rib deflection.

Methods

This study presents a total of sixteen non-destructive side impact tests and four destructive side
impact tests performed using four male cadavers. Six impact conditions and two impactor
surfaces were evaluated using a custom test seat and pneumatic impactor. The details of the test
subjects, instrumentation, experimental setup, and test methodologies are presented in this

section.
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Subject Information

This study was performed using a total of four male unembalmed frozen and thawed human
cadavers (Table 43 and Table 44). For comparison with the standard population, the bone
mineral density (BMD) of each cadaver was determined by the Osteogram technique (Hardy et
al. 2001a; Stitzel et al., 2003; Kemper et al., 2005).  For this technique, the left hand of each
cadaver was x-rayed next to an aluminum calibration wedge. The x-ray was then processed by
CompuMed Incorporated (CompuMed, Inc., Los Angeles, CA) to obtain the BMD, T-Score, and
Z-score for each subject. This type of BMD measurement, however, only provides an indication
of overall bone quality and does not account for local changes in bone density or composition.
Therefore, the BMD obtained through this method is referred to as the “global BMD.” The T-
score is the number of standard deviations from the average value of healthy living individuals
between 25 and 50 years of age. The Z-score is the number of standard deviations from the
average value of healthy living individuals of similar age. The World Health Organization
classifies normal bone as T-scores of -1.0 or greater, osteopenia as T-scores between -1.0 and -

2.5, and osteoporosis as T-scores below -2.5 (Wolf and Pfleger, 2003).

Table 43: Subject information for cadavers used in side impact testing.

Su})]])ect Gender gff; “g:gg)ht H(ilrﬁ;lt (];311(\)/})31 T- Score | Z- Score

Sm_Sl1 M 61 69.1 167 72.1 -3.6 2.2

Sm_S2 M 47 64.3 170 142.0 2.9 2.4

Sm_S3 M 56 63.2 165 90.1 -1.9 -1.0

Sm_S4 M 49 71.8 170 109.4 -0.1 0.3
50™ Percentile Male

Schneider et al. (1983) (avjrige) 76.7 175 N/A N/A N/A

Note: N/A is Not Applicable
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Table 44: Subject thoracic anthropometry for cadavers used in side impact testing.

Subject ID 50™ Percentile Male
Measurement :
Sm_S1 | Sm_S2 | Sm_S3 | Sm_S4 Schneider et al.
Thorax depth (mid-sternum) (cm) 20.3 19.7 22.4 24.4 23.6
Thorax circumference (mid-sternum) (cm) 91.4 83.8 86.4 88.9 103.9
Chest width at rib 5 (em) | 29.1 28.7 26.2 26.2 304
Chest width at rib 7 (cm) 30.3 30.2 26.9 27.7 34.9
Chest width at rib 9 (cm) 324 31.0 27.9 28.7 N/R

Note: N/R is Not Reported

Instrumentation

The cadavers were instrumented with 12 single-axis accelerometers, up to 18 thoracic strain
gages, 3 thoracic rods, and up to 22 photo targets prior to testing (Figure 86 and Figure 87). All
accelerometers and photo targets were rigidly attached to boney structures using bone screws.
Cadaver accelerations were recorded with single-axis accelerometers (Endevco Corporation
7264B, 2000 G, San Juan Capistrano, CA) mounted to three axis cubes on the sternum, T1, T12,
and sacrum. Photo targets were rigidly attached to the head, sternum, spine, sacrum, and ilium

using bone screws.

Lateral rib deflection was measured by placing rods through the thorax (Stalnaker et al., 1979;
Patrick et al., 1967; Hardy et al., 2001b). It should be noted that the thoracic organs were not
moved prior to inserting the rods through the thorax. Therefore, the rods penetrated through the
lungs and possibly the heart. The metal rods were hollow to minimize inertial effects. The
weight, length, outer diameter, and inner diameter of the thoracic rods were 0.05 kg, 457.2 mm,
9.5 mm, and 8.5 mm, respectively. The rods were attached to the internal portion of the rib on
the struck side with zip ties placed around the rib and through holes in the rod. On the opposite

side, the rods were attached to string potentiometers (Space Age Control Inc. 160-1705,
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539.75mm, Palmdale, CA), which were rigidly attached to the thorax with a custom mounting
plate. As the thorax is compressed laterally, the rods are pushed out of the thorax which causes
the potentiometer cable to spool out, measuring rib deflection. The nominal displacement cable
tension range for the potentiometers was 2 N to 5 N (full retraction to full extraction). For all
tests, the potentiometer string was extracted approximately 1 inch (4.7% of full extraction) prior
to the test. Therefore, the resistance of the potentiometers can be considered negligible when
compared to the stiffness of the rib cage. It should be noted that because the thoracic rods used
to measure deflection were attached to the internal portion of the struck ribs, the deflection
measurement does not include the deflection of the skin, soft tissue, or clothing surrounding the

external portion of the thorax.

Photo Targets:
Head T10
Sternum T12
T1 L1
T4 L5
T7 Sacrum
Tlium
. e A Three Axis
k /‘- < i Accelerometers:
4 b Sternum
y B LY ',t’» T1
: | T12
) s
R S\ i
o 6
' Cad
In{\ i i
Front View Back View

Figure 86: Location of photo targets and accelerometers for side impact testing.
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Figure 87: Thoracic deflection measurement methodology for side impact testing.

For cadavers Sm_S1 and Sm_S2, a total of 12 single-axis strain gages (Vishay Micro-
Measurement, CEA-06-062UW-350, Shelton, CT) were applied to the external surface of the
right and left lateral region of ribs 3 through 8. For cadavers 3 and 4, a total of 18 single-axis
strain gages were applied to the external surface of the right and left lateral region of ribs 3

through 8, and the right posterior region of ribs 3 through 8 of cadavers 3 and 4 (Figure 88 and

Table 45).
o _
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Figure 88: Thoracic strain gage locations for side impact testing.
Note: Cadavers Sm_S1 and Sm_S2 did not have posterior strain gages.
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Table 45: Locations of strain gages for side impact testing.

Circumferential Subject ID

Thoracic Strain Gages Measurement Sm_S1 | Sm_S2 | Sm_S3 | Sm_S4
from (cm) (cm) (cm) (cm)
Lateral Rib 3 sternum 17.8 16.5 15.0 15.2
° Lateral Rib 4 sternum 18.4 17.1 18.0 15.2
2 | Lateral Rib 5 sternum 19.7 191 | 19.0 16.5
g Lateral Rib 6 sternum 18.4 19.7 20.0 16.5
= | Lateral Rib 7 sternum 203 | 216 | 205 | 184
Lateral Rib 8 sternum 21.0 21.6 21.0 18.4
Lateral Rib 3 sternum 17.8 19.7 15.0 15.2
Lateral Rib 4 sternum 18.4 20.3 17.0 15.2
Lateral Rib 5 sternum 19.7 21.0 17.0 15.9
Lateral Rib 6 sternum 20.3 21.6 17.0 16.5
° Lateral Rib 7 sternum 21.6 21.0 15.0 16.5
5 Lateral Rib 8 sternum 21.6 222 18.0 17.8
En Posterior Rib 3 Spine NA | NA 90 | 100
Posterior Rib 4 Spine N/A N/A 9.5 10.0
Posterior Rib 5 Spine N/A N/A 10.0 11.0
Posterior Rib 6 Spine N/A N/A 10.0 11.0
Posterior Rib 7 Spine N/A N/A 11.0 12.0
Posterior Rib 8 Spine N/A N/A 10.0 12.0

Note: N/A is Not Applicable

Once the location of each strain gage was determined the soft tissue and periosteum were
removed, and the bone was swabbed with ether to locally dry the bone. Upon drying, an acidic
solution (Vishay Micro-Measurement, Conditioner A, Shelton, CT) was applied to the surface
with a clean piece of gauze in order to etch the surface of the bone. Then a basic solution
(Vishay Micro-Measurement, Neutralizer SA, Shelton, CT) was applied to the surface in order to
neutralize the acidic solution. The gage was removed from its case and prepared for mounting
by applying a catalyst (Vishay Micro-Measurement, M-Bond 200 Catalyst, Shelton, CT) to the
underside of the gage. Next, an adhesive (Vishay Micro-Measurement, M-Bond 200 Adhesive,

Shelton, CT) was applied to the bone and the gage was quickly pushed over the adhesive in a
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rolling manner. The strain gage was covered with a small piece of latex and held with firm
pressure for 3 minutes. Special care was taken to align each gage with the axis of the rib.

Finally, the strain gage wire was strain relieved with a zip tie placed around the rib.

Experimental Setup

The primary component of the side impact experimental setup was a custom pneumatic impactor,
which accelerated an impacting cart constrained by rails to a desired speed via a piston (Figure
89). Prior to impact, the piston loses contact with the cart due to a limited piston stroke,
resulting in an impact with finite energy. The displacement of the impacting cart, i.e. impactor
stroke, was limited via a steel cable having a set length. The impactor was instrumented with a
five-axis load cell (Denton ATD, Inc., 1968, 22,240 N, Rochester Hills, MI) and a single-axis
accelerometer (Endevco Corporation 7264B, 2000 G, San Juan Capistrano, CA). A custom test
seat was designed and fabricated to allow a cadaver to be placed in a seated position (Figure 90).
The use of an adjustable back support bar allowed a clear line of sight to the posterior photo
targets while maintaining the normal posture and upper body load on the pelvis and spine. The
adjustable back support bar maintained the cadaver in an automotive-like seated posture by
simply adjusting the position of the bar anterior-posterior and/or inferior-superior. After
adjustment, the seatback angle was checked to ensure it was approximately 20 degrees from
vertical. Neither the shoulders nor thorax were attached to the bar. However, the head was held
upright with the use of paper tape placed around the forehead and attached to the bar on the right
and left side of the cadaver. This tape was cut approximately half way through on both sides in
order to ensure that the tape would break when the cadaver was struck. A Teflon © sheet was

placed between the cadaver and the seat pan to minimize friction (Cavanaugh et al. 1993).
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Figure 89: Custom pneumatic impactor for side impact testing.
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Figure 90: Custom side impact test seat for side impact testing.

Testing Configurations

Non-Destructive Testing

A total of sixteen non-destructive thoracic side impact tests were performed using four cadavers
with a custom pneumatic impactor. Four non-destructive test conditions were evaluated for each
cadaver (Figure 91 and Table 46). The order of the impact conditions was varied between
cadavers to separate the effect of test order from the cadaver response. It should be noted that

the vasculature was not pressurized prior to testing.
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The objective of the non-destructive testing was to obtain sufficient thoracic displacement
without inducing injury in order to evaluate the effect of the arm while controlling for subject
variation. The non-destructive thoracic testing in the current study was conducted at a speed of 3
m/s with an impactor mass of 16 kg, which resulted in an impact energy of 72 Joules. This
impact energy was based on the non-destructive impact energy used by Shaw et al. (2006).
Shaw et al. (2006) conducted non-destructive lateral and oblique thoracic impacts at a speed of
2.5 m/s with an impactor mass (m) of 23 kg, which resulted in an impact energy of 73 Joules.
Shaw et al. (2006) determined a non-destructive impact velocity by performing a work-energy
balance, assuming a completely plastic impact (Equations 7 and 8). The energy was determined
based on the observations of previous researchers (Kuppa 2004, Viano 1989). Viano (1989)
found an average normalized force response (F) of 2.25 kN from low energy impacts. Kuppa
(2004) performed a statistical analysis on data from several lateral sled tests and reported that a
rib deflection (Ax) of 30 mm has a zero percent probability of injury. Although the tests
performed by Shaw et al. (2006) were intended to be non-destructive, rib fractures were observed
in 3 of the 7 cadavers tested. Since rib fractures could compromise the structural integrity of the
thorax and contaminate data obtained from subsequent non-destructive tests, a lower impactor

mass was used in the current study to lower the risk of inducing rib fractures

F*AXI%(M*V2) (Eqn. 7)

’ * L%k
V= M (Eqn. 8)
m
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The impacting surface for the non-destructive testing was a flat rigid aluminum plate with a
height of 25 cm and a width of 25 cm. Special care was taken while positioning the cadaver to
ensure that the impacting plate did not strike the pelvis. It should be noted that for the shoulder
and rib impact the impactor height was raised relative to all other impact conditions. After each
impact, the strain gage data were evaluated and the thorax was palpated to ensure that no gross

rib fractures occurred.

In order to compare the effect of arm position on thoracic response directly, a set amount of
intrusion was simulated for all tests. Kuppa (2004) analyzed data from several lateral sled tests
and reported that rib deflection of 30 mm has a zero percent probability of injury. In order to
account for the compression of soft tissue and clothing as well as cadaver motion away from the
impactor, an additional 40 mm of impact stroke was added. The custom pneumatic impactor is
an open loop system, and does provide a controlled displacement. Therefore, the cadavers were
positioned relative to the impactor so that the maximum impactor stroke would be 70 mm medial
of the lateral most portion of the thorax (Figure 92). This was done by first determining the
point of maximum impactor stroke, which was controlled by a steel cable tethering the impacting
cart to the impactor frame. A mark was placed on the back support bar at a measured distance of
70 mm inboard of the point of maximum impactor stroke. The cadaver was then placed in a
seated position so that the lateral portion of the struck side of the thorax was inline with the 70-
mm mark. Finally, the arm was placed in the desired position using an overhead rope. Once the
cadaver was placed in the final seated position, measurements were taken to obtain the position

of anatomical structures relative to the center of the impactor plate (Figure 93 and Table 47).
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Figure 91: Non-destructive side impact locations and arm positions.

Table 46: Non-destructive thoracic side impact test matrix.

Test ID Subject | Impact Arm Impactor | Impactor Impact Impact

ID Side Position Mass Speed Surface Location
Tsidel 1 | Sm_S1 Left 90° 16 kg 3 m/s 25x 25 cm | shoulder & ribs
Tsidel 2 | Sm_S1 Left 90° 16 kg 3 m/s 25x25cm ribs
Tsidel 3 | Sm_S1 Left 45° 16 kg 3 m/s 25x25cm arm & ribs
Tsidel 4 | Sm_S1 Left parallel to thorax 16 kg 3m/s 25x 25 cm arm & ribs
Tside2 1 | Sm_S2 Right 90° 16 kg 3 m/s 25x25cm | shoulder & ribs
Tside2 2 | Sm_S2 Right 90° 16 kg 3 m/s 25x25cm ribs
Tside2 3 | Sm_S2 Right 45° 16 kg 3 m/s 25x25cm arm & ribs
Tside2 4 | Sm_S2 Right parallel to thorax 16 kg 3 m/s 25x 25 cm arm & ribs
Tside3 1 | Sm_S3 Right 90° 16 kg 3m/s 25x25cm | shoulder & ribs
Tside3 2 | Sm_S3 Right parallel to thorax 16 kg 3 m/s 25x 25 cm arm & ribs
Tside3 3 | Sm_S3 Right 45° 16 kg 3m/s 25x25cm arm & ribs
Tside3 4 | Sm_S3 Right 90° 16 kg 3 m/s 25x25cm ribs
Tside4 1 | Sm_S4 Right 90° 16 kg 3 m/s 25x25cm | shoulder & ribs
Tside4 2 | Sm_S4 Right parallel to thorax 16 kg 3m/s 25x 25 cm arm & ribs
Tside4 3 | Sm_S4 Right 45° 16 kg 3 m/s 25x25cm arm & ribs
Tside4 4 | Sm_S4 Right 90° 16 kg 3 m/s 25x25cm ribs
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Figure 92: Cadaver positioning for controlled impactor displacement.

Clavicle

Impacted Side

Bottom of thorax

Figure 93: Center of impactor plate relative to anatomical landmarks.
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Table 47: Center of impactor plate relative to anatomical locations for non-destructive side impact tests.

Measurement of Anatomical Locations Relative to Impactor Center
Top of Shoulder CCIZ‘IVI:ZI: Rib5 | Rib7 | Rib9 B"“"C“;g"ef Rib
Test ID (cm) (cm) (cm) (cm) (cm) (cm)
Tsidel 1 16 6 -3 -11 -17 -21
Tsidel 2 24 14 7 -0 -6 -10
Tsidel 3 24 15 7 -0 -6 -10
Tsidel 4 18 14 8 1 -5 -9
Tside2 1 20 8 -4 -13 -19 -24
Tside2 2 26 18 6 -3 -8 -12
Tside2 3 25 17 5 -4 -9 -13
Tside2 4 21 19 8 -1 -6 -10
Tside3 1 14 10 0 -6 -15 -18
Tside3 2 23 19 9 3 -6 -9
Tside3 3 23 19 9 3 -6 -9
Tside3 4 25 21 11 5 -4 -7
Tside4 1 13 8 -3 -10 -16 -22
Tsided 2 25 20 9 3 -4 -10
Tside4 3 25 20 9 3 -4 -10
Tsided 4 25 20 9 3 -4 -10

It should be noted that multiple impact tests were performed on the same subject to eliminate the
effects of variability between subjects. If only a single impact condition was performed on each
subject the variability between subjects could effectively mask any changes in response with
respect to different loading conditions (Kent et al. 2004). It should be noted, however, that
repeated loading could potentially result in changes in the stiffness of the soft tissue and micro-
fractures of the ribs. However, the potential effects of repeated loading were considered
negligible in the current study for two primary reasons. First, based on the results of Hardy et al.
(2001) the low impact energy used in the non-destructive testing is unlikely to have a
considerable effect on the soft tissue response. Hardy et al. (2001) conducted repeated

abdominal impacts on a single cadaver with a 48 kg rigid bar at 3 m/s, 6 m/s, and 9 m/s. Hardy
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et al. (2001) repeated each loading rate more than once, while varying the order, and found no
considerable changes in the force versus penetration response at any of the loading rates due to
repeated loading. Second, the order of the test conditions was varied between cadavers in order

to separate the effect of test order from the cadaver response.

Destructive Testing

A total of four destructive thoracic side impact tests were performed using four male cadavers
with a custom pneumatic impactor after the non-destructive testing was completed. One impact
area and two arm positions were evaluated using a speed of 12 m/s and an impactor mass of 23.4
kg (Figure 94 and Table 48). It should be noted that the vasculature was not pressurized prior to

testing.

The objective of the destructive testing was to induce injuries in order to evaluate the effect of
the arm on the rib fracture patterns and corresponding injury level. The impactor mass of 23.4
kg was based on the destructive pendulum testing performed by Viano et al. (1989). The
impacting surface was a flat rigid aluminum plate with a height of 41.5 cm and a width of 25.5
cm. The cadavers were positioned using the same procedure as the non-destructive testing. The
impactor stroke was set to the maximum impactor stroke of 250 mm for the destructive tests in
order to ensure that the impact would result in thoracic injuries. Once the cadaver was placed in
the final seated position, measurements were taken to obtain the position of important anatomical
structures relative to the center of the impactor plate (Figure 93 and Table 49). Special care was

taken while positioning the cadaver to ensure that the impacting plate did not strike the pelvis.

141



Shoulder, Arm, & Ribs

Arm at 45°

Shoulder, Arm, & Ribs
Arm parallel with thorax

Figure 94: Destructive thoracic side impact locations and arm positions.

Table 48: Destructive thoracic side impact test matrix.

Test ID Subject | Impact Arm Impactor | Impactor Impact Impact
1D Side Position Mass Speed Surface Location
Tsidel 5| Sm SI1 | Right 45° 234kg | 12m/s | 41.5x255cm Sh"“‘glcdreirgsa“n’
Tside2 5| Sm S2 | Right 45° 234kg | 12m/s | 41.5x255cm Sh"“‘glcdreirgsa“n’
Tside3 5 | Sm 83 | Right | Pellelwith 1oy fie | 12mss | 41.5x25.5cm | Shoulderam,
- - thorax & ribs
Tsided 5 | Sm S4 | Right | PAlelwith 1oy fie | 12mss | 41.5x25.5cm | Shoulderam,
= - thorax & ribs

Table 49: Center of impactor plate relative to anatomical locations for destructive side impact tests.

Measurement of Anatomical Locations Relative to Impactor Center
Test ID Top of Shoulder | Clavicle Center | Rib5 | Rib7 | Rib9 | Bottom of Rib Cage
(cm) (cm) (cm) (cm) (cm) (cm)
Tsidel_5 8 9 -1 -8 -14 -18
Tside2_5 9 15 -2 -10 -15 -19
Tside3_5 11 15 1 -5 -14 -17
Tside4 5 10 15 -1 -8 -14 -20
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Data Acquisition and Analysis

During the impact, the impactor plate contacted a trigger strip, consisting of two strips of copper
tape, secured to the outermost portion of the cadaver, arm or thorax, to activate the data
acquisition for each test. Data from the load cell, accelerometers, and strain gages were recorded
at a sampling rate of 15 kHz with an Analog-to-Digital conversion resolution of 16 bits using an
Iotech Wavebook with WBK16 strain gage modules (Iotech WBK16, Cleveland, OH). The
cadaver kinematics were recorded using two high-speed video cameras (front view and back
view) operating at a rate of 1,000 frames per second (Vision Research, Phantom IV, Wayne, NJ).
All channels except for the strain gages were filtered to SAE channel filter class (CFC) 180
(SAE J211, 1995). The inertially compensated impactor force (Fic) was calculated by summing
the measured impactor force (F;) and inertial force (Equation 9). The inertial force was
calculated by taking the product of the impactor acceleration (aj) and the inertial compensation

mass (m), which is the impacting plate mass and - the load cell mass.

F.=F +am (Eqn. 9)

In order to minimize the variations in subject response due to individual geometry and inertial
properties, the force, rib deflection, and time were scaled according to the procedures detailed in
the International Standards Organization (ISO) technical report ISO/TR-9790:1999 for a two
mass system, which is an extension of the technique developed by Mertz (1984). The scaling
factors for a two mass system are defined below (Equations 10-13). The time, impactor force,
and displacement were multiplied by the respective scaling factor for a given cadaver to

normalize the response to that of a 50" percentile male. In the scaling factor equations, M is the
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impactor mass, M, is the effective thoracic mass of the cadaver, M; is the effective thoracic mass
of a standard subject, V; is the standard impactor velocity, V. is the cadaver impact velocity, Ry,

is the thoracic mass ratio, and Ry is the thoracic stiffness ratio.

- Time Factor R =(R, /R, ) (M, +M )/(M1 +Ms)% (Eqn. 10)
- Impactor Force Factor R, =0,V YR, xR)2(M,+ M V>(M, + M) (o 11)
- Thoracic Displacement Factor R =(R, /R ) (M, +M )/ (M, +M. )—% (Eqn. 12)
- Thoracic Acceleration Factor =(R,/ Rm) (M, +M )/ (M, + M. )—% (Eqn. 13)

The effective thoracic mass was calculated for each test by dividing the thoracic impulse by its
change in velocity (Equation 14). In Equation 12, a, is the acceleration versus time history of the
impactor, ar is the lateral acceleration versus time history of T1, and 7 is the impact duration
AV=Vo. The thoracic mass for the standard subject was calculated for each impact condition by
multiplying the mass of the 50" percentile adult male, 76 kg, by the average ratio of the effective

thoracic mass to the cadaver’s total body mass for each test condition (Equation 15).

- [ j Mpapdt} / [ j aTdt} (Eqn. 14)

(M&j 76kg (Eqn. 15)
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The thoracic mass ratio, R,,, and thoracic stiffness, Ry, are defined below (Equations 16 and 17).
According to Mertz (1984), thoracic stiffness is proportional to the characteristic length, L,
assuming geometrically similar structures with the same elastic modulus. This assumption is
rooting in the equal strain- equal velocity scaling proposed by Eppinger et al. (1984). Schneider
et al. (1983) reported the chest breadth of a 50™ percentile male measured at the nipple to be 349
mm. This was used as the characteristic length value in the calculation of all scaling factors. In
the equations below, K, is the thoracic stiffness of the cadaver, K; is the thoracic stiffness of a
standard 50" percentile subject, L. is the cadaver chest breadth, and Ly is the chest breadth of an

adult 50" percentile male.

R, =M |M, (Eqn. 16)

Rk = KS/KC = LS/LC (qu’l 17)

Rib compression was calculated by taking the ratio of non-scaled rib deflection to the initial

chest breadth multiplied by 100 (Equation 18). In this equation, Xginnyi 1S the non-scaled rib

deflection measured at rib(N) of cadaver(i) and Lripon 1s the initial chest breadth measured at

rib(N) of cadaver(i).

Compression = (XRI.,,(N),./LRI.,,(N),.) *100  (Eqn. 18)
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Results

Non-Destructive Testing

The scaled impactor force, peak scaled rib deflections, and peak rib strains resulting from the
non-destructive tests are presented in this section. The scaling factors, effective thoracic masses,
impactor velocities, thoracic mass ratios, and thoracic stiffness ratios for each test were tabulated

(Table 50).

High-speed video stills of the non-destructive testing performed on cadaver 3 are provided as
exemplar qualitative kinematics (Figure 95). For the test in which the shoulder was directly
loaded, both the arm and shoulder translated and rotated medially with continued impactor
displacement. For the test conducted with the arm placed at 45 degrees, the arm translated and
rotated medially with continued impactor displacement. For the test conducted with the arm
parallel with the thorax, the arm remained between the impactor and thorax throughout the test.
It is important to note that the impacting cart did not reach the maximum allowed penetration in
any of the non-destructive tests due to energy lost through soft tissue deflection, thoracic
deflection, and the inertia/ motion of the thorax. Therefore, the impactor penetration was always
limited by the interaction with the cadaver and not by the cable. It should also be noted that no

considerable changes to the arm or shoulder were observed after each impact.
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¥

Shoulder & Ribs
Arm at 90°

Ribs
Arm at 90°

Arm & Ribs
Arm at 45°

Arm & Ribs
Arm parallel
with thorax

Figure 95: High-speed video stills of cadaver Sm_S3 non-destructive tests.
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Table 50: Velocities, effective masses, characteristic ratios, and scaling factors.

1]\3,10;152 Velocity |Effective Thoracic Mass Characteristic Ratios Scaling Factors
Test ID Test Condition M Ve [Vovi| M [MuM| M, | Mass Stiffness Time |mpactor| Thoracic _Thoracic
Force |Acceleration Displacement
(kg) (m/s)| - (kg) (%) (kg) R R 5| R 7 | R 9 R¢ Ry R, RS R_7 R 9

Tsidel 1 |Arm 90: Shoulder and Ribs 69.1 254 | 118 | 37 | 535% | 37.0 100 | 120 | 115 | 1.08 | 093 127 1.07 0.91 0.93 0.96
Tside2_1|Arm 90: Shoulder and Ribs 643 | 261 | 115 | 285 |443% | 370 | 130 | 122 | 116 | 114 | o097 129 0.87 0.95 0.97 0.98
Tside3_1 |Arm 90: Shoulder and Ribs 632 | 269 112 | 316 |500% | 370 | 117 | 133 | 130 | 126 | 090 130 1.00 089 | 090 0.91
Tside4_1 |Arm 90: Shoulder and Ribs 718 | 259 116 | 335 |467% | 370 | 110 | 133 | 126 | 122 | 090 132 1.03 0.88 0.90 0.92
Tsidel_2Arm 90: Ribs 69.1 3.06 | 098 | 323 [467% | 319 | 099 | 120 | 115 | 1.08 | 093 1.05 1.09 0.91 0.93 0.96
Tside2_2|Arm 90: Ribs 643 | 256 | 117 | 175 |272% | 319 | 182 | 122 | 116 | 114 | 105 1.42 0.67 1.02 1.05 1.06
Tside3_4|Arm 90: Ribs 632 | 269 | 112 | 202 |462% | 319 | 109 | 133 | 130 | 126 | 089 129 1.06 0.88 0.89 0.90
Tsided_4|Arm 90: Ribs 718 | 260 | 115 | 341 |475% | 319 | 093 | 133 | 126 | 122 | o0ss 1.8 119 0.86 | 0.8 0.90
Tsidel 3 |Arm 45:Arm and Ribs 69.1 3.08 | 097 | 363 | 525% | 387 107 | 120 | 115 | 1.08 | 094 1.06 1.02 0.92 0.94 0.97
Tside2_3 |Arm 45:Arm and Ribs 643 | 269 | 112 | 272 |423% | 387 | 142 [ 122 | 116 | 114 | 099 127 0.80 096 | 099 0.99
Tside3_3 |Arm 45:Arm and Ribs 632 | 264 | 114 | 323 |s10% | 387 | 120 | 133 | 130 | 126 | 090 1.33 0.98 089 | 090 0.92
Tsided_3 |Arm 45: Arm and Ribs 718 | 264 | 114 | 415 |578% | 387 | 093 | 133 | 126 | 122 | o0ss 126 119 0.86 | 0.8 0.90
Tsidel_4|Arm Parallel with Thorax :Arm and Ribs [ 69 3.09 | 097 | 35.1 | 50.8% | 407 116 | 120 | 115 | 1.08 | 095 1.06 0.95 0.93 0.95 0.98
Tside2_4|Arm Parallel with Thorax :Armand Ribs | 43 | 265 | 113 | 281 [43.7% | 407 | 145 | 122 | 116 | 114 | 099 129 0.79 096 | 099 1.00
Tside3_2 |Arm Parallel with Thorax: Armand Ribs | 635 | 271 | 111 | 381 |603% | 407 | 107 | 133 | 130 | 126 | 0.89 127 1.08 087 | 089 0.90
Tsided_2 |Arm Parallel with Thorax: Armand Ribs | 715 | 282 | 1.06 | 425 | 592% | 407 | 096 | 133 | 126 | 122 | o089 1.19 117 086 | 0.9 0.90
Tsidel 5 [Arm 45: .

— [Shoulder, Arm, and Ribs 69.1 11.87] 1.01 | 23.6 |342% | 292 124 | 120 1.15 1.08 | 097 1.14 0.91 0.96 0.98 1.01
Tside2_5 [Arm 45: .

— [Shoulder, Arm, and Ribs 64.3 1199 1.00 | 274 |42.6% | 292 106 | 1.22 116 | 114 | 094 1.09 1.02 0.92 0.94 0.95
Tside3 5 Arm Parallel with Thqrax :

— |Shoulder, Arm, and Ribs 632 |12.23] 098 | 285 |451% | 346 | 121 | 133 | 130 [ 126 | o091 L15 0.98 090 | 092 0.93
Tsided 5 Arm Parallel with Thqrax :

— |Shoulder, Arm, and Ribs 718 |12.18] 099 | 33 |460% | 346 | 105 | 133 | 126 | 122 | 090 L11 1.08 087 | 090 0.92
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Impactor Force

The scaled impactor force time histories were found to be consistent in both magnitude and
shape between subjects for each impact condition (Figure 96 to Figure 99). The peak scaled
impactor force was plotted, both by cadaver and averaged by impact condition, to evaluate

differences between the four non-destructive test conditions (Figure 100 and Table 51).
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Figure 96: Scaled impactor force time history for non-destructive tests- Shoulder/Ribs: Arm 90.
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Figure 97: Scaled impactor force time history for non-destructive tests- Ribs: Arm 90.
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Figure 98: Scaled impactor force time history for non-destructive tests- Arm/Ribs: Arm 45.
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Figure 99: Scaled impactor force time history for non-destructive tests- Arm/Ribs: Arm Parallel to Thorax.
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Figure 100: Peak impactor force by cadaver for all non-destructive side impact tests.
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Table 51: Peak impactor force for all non-destructive side impact tests.

Peak Inertially Compensated Peak Scaled
Test ID Test Condition Impactor Force Impactor Force
™) ™)

Tsidel 1 | Arm 90: Shoulder and Ribs 777.1 878.2
Tside2 1 | Arm 90: Shoulder and Ribs 891.6 1150.2
Tside3 1 | Arm 90: Shoulder and Ribs 884.2 11494
Tside4 1 | Arm 90: Shoulder and Ribs 736.5 972.2
Average 822.4 822.4

Standard Deviation 71.5 71.5

Tsidel 2 | Arm 90: Ribs Only 1680.3 1562.7
Tside2 2 | Arm 90: Ribs Only 1018.9 1446.9
Tside3 4 | Arm 90: Ribs Only 1310.8 1690.9
Tside4 4 | Arm 90: Ribs Only 1506.6 1928.4
Average 1379.1 1379.1

Standard Deviation 283.6 283.6

Tsidel 3 | Arm45: Arm and Ribs 1208.7 1136.1
Tside2 3 | Arm45: Arm and Ribs 893.1 1134.2
Tside3 3 | Arm45: Arm and Ribs 866.5 1152.5
Tside4 3 | Arm45: Arm and Ribs 799.7 1007.6
Average 945.2 942.0

Standard Deviation 180.4 182.1

Tsidel 4 | Arm Parallel with Thorax : Arm and Ribs 1050.3 997.8
Tside2 4 | Arm Parallel with Thorax : Arm and Ribs 981.7 1266.4
Tside3 2 | Arm Parallel with Thorax : Arm and Ribs 1292.7 1641.7
Tside4 2 | Arm Parallel with Thorax : Arm and Ribs 1515.5 1803.4
Average 1210.0 1210.0

Standard Deviation 243.4 243.4

Rib Deflection

The peak scaled rib 5, rib 7, and rib 9 deflections were plotted by cadaver to evaluate differences
between the four non-destructive test conditions (Figure 101 to Figure 103). In addition, the
peak scaled rib 5, rib 7, and rib 9 deflections were plotted averaged by impact condition (Figure
104). The peak rib deflections, peak scaled rib deflections, and peak rib compressions were

tabulated (Table 52).
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Figure 101: Peak rib 5 deflection for all non-destructive side impact tests.
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Figure 102: Peak rib 7 deflection for all non-destructive side impact tests.
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Figure 103: Peak rib 9 deflection for all non-destructive side impact tests.
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Figure 104: Average peak rib deflection averaged by side impact test condition.
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Table 52: Peak lateral thoracic deflections for all non-destructive tests.

Non-Scaled Deflection Scaled Deflection Compression
Rib 5 Rib 7 Rib 9 Rib 5 Rib 7 Rib 9 Rib 5 Rib 7 Rib 9

Test ID Test Condition (mm) (mm) (mm) (mm) (mm) (mm) (%) (%) (%)

Tsidel 1 | Arm 90: Shoulder and Ribs 4.43 5.27 6.74 4.03 4.90 6.47 1.52 1.74 2.08
Tside2 1 | Arm 90: Shoulder and Ribs 3.50 11.72 14.74 3.33 11.36 14.44 1.22 3.88 4.75
Tside3 1 | Arm 90: Shoulder and Ribs 1.38 2.78 0.54 1.22 2.50 0.50 0.52 1.03 0.20
Tside4 1 | Arm 90: Shoulder and Ribs 0.90 0.35 0.06 0.79 0.32 0.05 0.34 0.13 0.02
Tsidel 2 | Arm 90: Ribs 10.61 14.66 15.44 9.66 13.63 14.82 3.65 4.84 4.76
Tside2 2 | Arm 90: Ribs 12.36 25.35 27.33 12.61 26.61 28.97 431 8.39 8.82
Tside3 4 | Arm 90: Ribs 5.40 9.43 13.80 4.75 8.39 12.42 2.06 3.51 4.95
Tside4 4 | Arm 90: Ribs 10.05 17.90 21.52 8.64 15.75 19.37 3.84 6.46 7.50
Tsidel 3 | Arm 45: Arm and Ribs 13.01 11.27 7.61 11.97 10.59 7.38 4.47 3.72 2.35
Tside2 3 | Arm 45: Arm and Ribs 4.89 10.22 19.55 4.69 10.12 19.36 1.70 3.38 6.31
Tside3 3 | Arm 45: Arm and Ribs 4.50 5.61 1.96 4.01 5.05 1.80 1.72 2.08 0.70
Tside4 3 | Arm 45: Arm and Ribs 1.65 436 8.78 1.42 3.84 7.91 0.63 1.57 3.06
Tsidel 4 | Arm Parallel with Thorax : Arm and 13.97 17.00 8.47 12.99 16.15 8.30 4.80 5.61 261
Tside2 4 | Arm Parallel with Thorax : Arm and 7.50 10.74 11.11 7.20 10.63 11.11 261 3.56 3.59
Tside3 2 | Arm Parallel with Thorax : Arm and 5.52 9.99 8.52 4.80 8.89 7.67 2.11 3.71 3.05
Tside4 2 | Arm Parallel with Thorax : Arm and 5.64 5.83 2.65 4.85 5.19 2.39 2.15 2.11 0.93
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Rib Strain

The primary loading mode, tension or compression, on the external portion of the ribs was
determined for all tests. For example, the primary loading mode for lateral strain gages on the
struck and non-struck side was compression, while the primary loading mode for the posterior
gages on the struck side was tension for the test condition when only the ribs were struck (Figure
105). In the event that the primary loading mode of one rib of one cadaver did not follow the
trend seen by the other cadavers and/ or the adjacent ribs, the peak value in the mode that did
correspond with the general trend was reported along with an asterisk (*) (Table 53 to Table 55).
In the event that a rib experienced both tensile and compressive loading, the peak value in the
mode that corresponded with the general trend of the other cadavers and adjacent ribs was
reported. The peak rib strain in the primary mode of loading was averaged by rib level and

region, for each non-destructive test type, over all cadavers (Figure 106 to Figure 109).
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Figure 105: Example strain vs. time plot showing primary loading modes during a Rib: Arm 90 impact.
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Figure 106: Primary loading mode average peak rib strain- Shoulder/ Ribs: Arm 90.
Note: Posterior strain was only obtained for cadavers 3 and 4.
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Figure 107: Primary loading mode average peak rib strain- Ribs: Arm 90.
Note: Posterior strain was only obtained for cadavers 3 and 4.
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Figure 108: Primary loading mode average peak rib strain- Arm/ Ribs: Arm 45.
Note: Posterior strain was only obtained for cadavers 3 and 4.
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Figure 109: Primary loading mode average peak rib strain- Arm/ Ribs: Arm Parallel with Thorax.
Note: Posterior strain was only obtained for cadavers 3 and 4.

157



Table 53: Primary loading mode peak rib strain on struck side- lateral region.

Struck Side

Test ID Test Condition Region Rib8 Rib7 Rib6 Rib5 Rib4 Rib3

(ustrain) | (ustrain) | (pstrain) | (pstrain) | (pstrain) | (pstrain)
Tsidel_1 | Arm 90: Shoulder and Ribs Lateral -1965 -1903 -1315 -1655 B/G -2961
Tside2_1 | Arm 90: Shoulder and Ribs Lateral -4202 -2809 -1871 -408 -874 -775
Tside3_1 | Arm 90: Shoulder and Ribs Lateral -160 -140 B/G -317 -549 -943
Tside4_1 | Arm 90: Shoulder and Ribs Lateral -106* 242 -179 -319 -320 -424
Tsidel_2 | Arm 90: Ribs Only Lateral -6196 -5274 -4205 -4554 B/G -2617
Tside2_2 | Arm 90: Ribs Only Lateral -3766 -4663 -4416 -4430 -3596 -1492
Tside3_4 | Arm 90: Ribs Only Lateral -1075 -826 B/G -1846 -1990 -1357
Tside4_4 | Arm 90: Ribs Only Lateral -3154 -4580 -4652 -3243 -2739 -1777
Tsidel_3 | Arm 45: Arm and Ribs Lateral 917 -249% -1274 23611 B/G -4651
Tside2_3 | Arm 45: Arm and Ribs Lateral -1828 -1368 -1347 -1396 -2751 -1663
Tside3_3 | Arm 45: Arm and Ribs Lateral -81* -69* B/G -1890 -1870 -1801
Tside4_3 | Arm 45: Arm and Ribs Lateral -883 -1153 -939 -472 -1443 -1781
Tsidel_4 | Arm Parallel with Thorax : Arm and Ribs | Lateral 2211 223 -1246 -3277 B/G -3942
Tside2_4 | Arm Parallel with Thorax : Arm and Ribs | Lateral 1128 -529 -1852 -1704 -1864 -1749
Tside3_2 | Arm Parallel with Thorax : Arm and Ribs | Lateral 815 -1201 B/G -1811 -1474 -1418
Tside4_2 | Arm Parallel with Thorax : Arm and Ribs | Lateral 941 -2204 -2402 -2775 -3122 -2034

Note: B/G = Broken Gage; N/A = Not Applicable;* indicates that the value is not in the primary mode of loading
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Table 54: Primary loading mode peak rib strain on struck side- posterior region.

Struck Side

Test ID Test Condition Region Rib8 Rib7 Rib6 Rib5 Rib4 Rib3

(pstrain) | (pstrain) | (pstrain) | (pstrain) | (pstrain) | (pstrain)
Tsidel_1 | Arm 90: Shoulder and Ribs Posterior N/A N/A N/A N/A N/A N/A
Tside2_1 | Arm 90: Shoulder and Ribs Posterior N/A N/A N/A N/A N/A N/A
Tside3_1 | Arm 90: Shoulder and Ribs Posterior 885 631 501 593 503 621
Tside4_1 | Arm 90: Shoulder and Ribs Posterior 439 471 445 398 321 435
Tsidel_2 | Arm 90: Ribs Only Posterior N/A N/A N/A N/A N/A N/A
Tside2_2 | Arm 90: Ribs Only Posterior N/A N/A N/A N/A N/A N/A
Tside3_4 | Arm 90: Ribs Only Posterior 1571 501%* 273%* 410 952 289
Tside4_4 | Arm 90: Ribs Only Posterior 1307 1380 1333 1243 579 300
Tsidel 3 | Arm 45: Arm and Ribs Posterior N/A N/A N/A N/A N/A N/A
Tside2 3 | Arm 45: Arm and Ribs Posterior N/A N/A N/A N/A N/A N/A
Tside3_3 | Arm 45: Arm and Ribs Posterior 503* 258%* 249%* 463 1339 858
Tside4_3 | Arm 45: Arm and Ribs Posterior 696 488 248 326 480 631
Tsidel_4 | Arm Parallel with Thorax : Arm and Ribs | Posterior N/A N/A N/A N/A N/A N/A
Tside2_4 | Arm Parallel with Thorax : Arm and Ribs | Posterior N/A N/A N/A N/A N/A N/A
Tside3_2 | Arm Parallel with Thorax : Arm and Ribs | Posterior 1280 1361 674 827 1246 601
Tside4_2 | Arm Parallel with Thorax : Arm and Ribs | Posterior 871 1569 1655 1640 1520 1097

Note: N/A = Not Applicable;* indicates that the value is not in the primary mode of loading
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Table 55: Primary loading mode peak rib strain on non-struck side- lateral region.

Non-Struck Side

Test ID Test Condition Region Rib8 Rib7 Rib6 Rib5 Rib4 Rib3
(pstrain) | (pstrain) | (pstrain) | (pstrain) | (pstrain) | (pstrain)
Tsidel_1 | Arm 90: Shoulder and Ribs Lateral -347 -706 -839 -1110 -938 -920
Tside2_1 | Arm 90: Shoulder and Ribs Lateral -359 B/G -652 -856 -979 -524
Tside3_1 | Arm 90: Shoulder and Ribs Lateral -98 -595 -837 -1020 -1061 -1137
Tside4_1 | Arm 90: Shoulder and Ribs Lateral -39 -306 -371 -547 -604 -945
Tsidel_2 | Arm 90: Ribs Only Lateral -678 -1425 -1772 -2406 -1793 -947
Tside2_2 | Arm 90: Ribs Only Lateral -252 B/G -649 -1096 -528 511
Tside3_4 | Arm 90: Ribs Only Lateral -157 -278 -622 -754 -588 -1024
Tside4_4 | Arm 90: Ribs Only Lateral -581 -1499 -2273 -2448 -2087 -1319
Tsidel 3 | Arm 45: Arm and Ribs Lateral -1085 -2432 -2697 2277 -1426 -1213
Tside2_3 | Arm 45: Arm and Ribs Lateral -387 B/G -867 -1186 -868 -521
Tside3 3 | Arm 45: Arm and Ribs Lateral -184 -615 -1140 -1226 -1072 -1151
Tside4_3 | Arm 45: Arm and Ribs Lateral -37% -500 -625 -629 -429 -635
Tsidel_4 | Arm Parallel with Thorax : Arm and Ribs | Lateral -1083 -3307 -3572 -3067 22126 -1489
Tside2_4 | Arm Parallel with Thorax : Arm and Ribs | Lateral -363 B/G -1081 -1612 -1039 B/G
Tside3_2 | Arm Parallel with Thorax : Arm and Ribs | Lateral -431 -587 -1461 -1203 -905 -1201
Tside4_2 | Arm Parallel with Thorax : Arm and Ribs | Lateral 471 -1283 -1233 -1279 -1180 -1097

Note: B/G = Broken Gage; N/A = Not Applicable;* indicates that the value is not in the primary mode of loading
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Destructive Testing

The scaled impactor force, peak scaled rib deflections, and injury documentation resulting from
the destructive tests are presented in this section. High-speed video stills of the destructive
testing performed on each cadaver are provided for qualitative kinematics (Figure 110). For both
tests conducted with the arm placed at 45 degrees, the arm translated and rotated medially with
continued impactor displacement, exposing the thorax to direct impactor loading by the impactor
plate. For both tests conducted with the arm parallel with the thorax, the arm remained between
the impactor and thorax throughout the test. It is important to note that the impacting cart did not
reach the maximum allowed penetration in any of the destructive tests due to energy lost through
soft tissue deflection, thoracic deflection, and the inertia/ motion of the thorax. Therefore, the

impactor penetration was always limited by the interaction with the cadaver and not by the cable.

161



Time =0 ms

Time =10 ms

Time =20 ms

Time =30 ms

Cadaver 1

Shoulder, Arm, & Ribs
Arm at 45°
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Arm parallel with thorax

Figure 110: High-speed video stills of all destructive side impact tests.
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Impactor Force and Rib Deflection

The scaled impactor force time histories for the destructive impact tests were plotted by impact
condition (Figure 111 and Figure 112). In addition, the peak scaled and non-scaled impactor
forces were tabulated (Table 56). The peak scaled rib 5, rib 7, and rib 9 deflections were plotted

by cadaver and test type for the destructive testing (Figure 113).
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Figure 111: Scaled impactor force time history for destructive side impact tests- Arm 45.
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Figure 112: Scaled impactor force time history for destructive side impact tests- Arm Parallel with Thorax.
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Figure 113: Peak rib deflections for all destructive side impact tests.

Table 56: Peak impactor force for all destructive side impact tests.

Peak Inertially Compensated Peak Scaled
Test ID Test Condition Impactor Force Impactor Force
™) ™)

Tsidel 5 Arm 45: Shoulder, Arm and Ribs 13926.2 14204.7
Tside2 5 Arm 45: Shoulder, Arm and Ribs 9259.7 10093.1
Average 11593.0 11593.0
Standard Deviation 3299.7 3299.7
Tside3 5 Arm Parallel with Thorax 14348.2 16500.4
Tside4 5 Arm Parallel with Thorax 14181.7 15741.6
Average 14264.9 14264.9
Standard Deviation 117.8 117.8

Injury Documentation

The skeletal and soft tissue injuries documented during the post-test dissection are presented in
this section (Table 57, Figure 114 to Figure 117). Note that the number and distribution of
observed injuries were almost identical with respect to impact condition. In addition, both

cadavers struck with the arm placed at 45 degrees had approximately twice as many rib fractures
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as the cadavers struck with the arm placed parallel with the thorax. Using rib fractures as the
parameter for AIS injury level, tests conducted with the arm at 45 degrees resulted in a higher
AIS injury level (AIS=4 for both cadavers) versus tests conducted with the arm parallel with the
thorax (AIS=3 for both cadavers) due to the increased number of ribs with multiple fractures
which resulted in a flail chest. The AIS (Abbreviated Injury Scale, 2005) defines flail chest as
three or more ribs fractured in more than one location, i.e. posterior lateral and anterior lateral,
and/or results in paradoxical chest movement. In addition, both cadavers struck with the arm
placed at 45 degrees had lacerations to internal organs where cadavers struck with the arm placed
parallel with the thorax did not. It should be noted that there were no observed injuries to the

arm in any of the cadavers.

Table 57: Summary of observed skeletal and soft tissue injuries due to side impact loading.

Impact Struck Side Non-Struck Side Soft Tissue
Condition Shoulder Thorax Shoulder Thorax Injuries
9 Posterior
E 5| Rib Fractures 1 Lateral Spleen
E £ None None Rib Fracture Laceration
Z . 7 12 Anterior/ Lateral
5 < Rib Fractures
=]
EP- 10 Posterior Spleen
2 ~ . .
_g. 2} 1 Clavicle Rib Fractures None 2 Lateral Laceration
= = . i .
»n 7 Fracture 11 Anterior/ Lateral Rib Fracture Liver
Rib Fractures Laceration
= 2 Posterior
- .
E E @, 1 Clavicle Rib Fractures Sternoclavicular 3 Lateral None
<« = £ Fracture . Dislocation Rib Fracture
2= | @ 5 Anterior/ Lateral
S5 Rib Fractures
%3
T = 2 Posterior
=™ -+ 1
E £ | @, | Sternoclavicular Rib Fractures None 3 Lateral None
= ; ; _ ;
= E 5 Dislocation 5 Anterior/ Lateral Rib Fracture
< Rib Fractures
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Figure 114: Rib fracture and strain gage locations for cadaver Sm_S1 destructive test - Arm 45.
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Figure 115: Rib fracture and strain gage locations for cadaver Sm_S2 destructive test - Arm 45.
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Figure 116: Rib fracture and strain gage locations for cadaver Sm_S3 destructive test - Arm Parallel with Thorax.
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Figure 117: Rib fracture and strain gage locations for cadaver Sm_S4 destructive test - Arm Parallel with Thorax.
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Rib Fracture Timing

The time histories of each strain gage were analyzed to determine the time at which each rib
fracture occurred (Figure 118). The time of fracture could then be directly correlated to rib
deflection (Table 58 to Table 61). The fractures that occurred directly under gages are of
particular interest because the failure strain at the time of fracture could be obtained from these
gages. The scaled rib 5, rib 7, and rib 9 deflections were plotted versus time with the fracture
timing and corresponding AIS injury level, using rib fractures as the parameter for AIS (Figure
119 to Figure 122). Each rib fracture was plotted along the scaled rib 5, rib 7, and rib 9
deflection time histories in order to provide injury timing with respect to different rib deflection
measurement locations. Due to the lack of posterior strain gages on the struck side of the thorax,
the timing of the AIS 4 injury level could not be determined for cadavers 1 and 2. It should also
be noted that the Abbreviated Injury Scale (2005) has multiple definitions for AIS=3 injury level
based on rib fractures: > 3 rib fractures without flail- any location unilateral or bilateral; fractures
with flail- not further specified; unilateral fractures with flail- not further specified; and unilateral
fractures with flail- 3 to 5 ribs with multiple fractures. In the current study, the timing of AIS=3

corresponded to the point at which the third rib fracture occurred.
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Figure 118: Determination of rib fracture timing.
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Figure 119: Rib fracture timing for cadaver Sm_S1 destructive side impact test.
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Figure 120: Rib fracture timing for cadaver Sm_S2 destructive side impact test.

Shoulder/Arm/ Ribs: Arm 45.
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Figure 121: Rib fracture timing for cadaver Sm_S4 destructive side impact test.
Shoulder/Arm/ Ribs: Arm Parallel with Thorax.
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Figure 122: Rib fracture timing for cadaver Sm_S5 destructive side impact test.
Shoulder/Arm/ Ribs: Arm Parallel with Thorax
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Table 58: Rib fracture locations, fracture time, strain, and chest deflection for cadaver Sm_S1.
Shoulder/Arm/Ribs: Arm 45

Strain at - i i :
Region and Strain Time of Non-Scaled Deflection Scaled Deflection Compression
Rib Gage Fracture Location Fracture Rib 5 Rib7 | Rib9 | Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9
Number (Yes/No) -
(pstrain) (mm) (mm) | (mm) | (mm) | (mm) | (mm) (%) (%) (%)
13 mm from
1 No sternum center
19 mm from - - - - - - o o o o
sternum center
32 mm from
sternum center
2 No 57 mm from . L L L L L . - L L
sternum center
108 mm from
3 sternum center
2 3 Yes 20 mmg*;‘g:“‘“ of -8878.9 15.6 17.0 23 150 | 167 23 54 56 0.7
<
= -
z 4 Yes 32 mmg*;‘g:“‘“ of -13600.3 35.7 452 16.4 34.2 443 16.6 12.3 14.9 5.1
T! B
£ s Yes mmenerorol | 138083 27 | 204 | 68 | 237 | 2.8 | 68 | 85 | 97 | 21
<
= -
6 Yes 37 mmg*;‘g:“‘“ of -12621.1 13.8 14.6 1.6 133 143 1.6 47 48 0.5
7 Yes 7 mmg*;‘g:“‘“ of | 157718 267 324 | 82 | 257 | 317 | 83 9.2 107 | 25
8 Yes + mmg*;‘g:“‘“ of | 108935 9.0 8.6 0.3 8.6 8.4 0.3 3.1 28 0.1
9 No No Fracture — - — — ——- ——- —- — — —
10 No No Fracture - —— — — — —- — - — o
1 No 13‘ mm‘late'ra'l of . . . . L L . L L .
rib-spine joint
2 No 19 mm‘late'ra'l of . L L L . . N - . N
rib-spine joint
3 No 13‘ mm‘late'ra'l of . . . . L L . L L .
rib-spine joint
D o
E.% 4 No 6 mm l‘ater'al'of rib- . . . . . . . . . .
o spine joint
< ih-
E 5 No 6 mm l‘ater'al'of rib . L L L . . N - . N
] - splme Jolmtf N
é 6 No mm ‘ater'a ot rib- . . . . . . . . . L
£ spine joint _
Z 7 No 6 mm l‘ater'al'of rib- . L L L . . N - . N
= spine joint
8 No 19 mm‘late'ra'l of . L L L . . N - . N
rib-spine joint
9 No 32 mm‘late'ra'l of . L L L . . N - . N
rib-spine joint
10 No No Fracture - —— — — — —- — - — o
1 No No Fracture -— — — — — _— —- - — —
2 No No Fracture — - — — ——- ——- —- — — —
° 3 Yes No Fracture - ——- ——- — — ——- ——- J— — —
=] -
2 4 Yes 5 mm 1;‘;5;“‘“ of B/G B/G BG | BG | BG | BG | BG | BIG | BG | BG
<9
3
B
;nlﬂ 5 Yes No Fracture - -—- -—- - - — ——- — —- —-
=
z? 6 Yes No Fracture - ——- ——- — — ——- ——- J— — —
=
3 7 Yes No Fracture ——- — — — — — — — - -
3
8 Yes No Fracture - ——- ——- — — ——- ——- J— — —
9 No No Fracture — - — — ——- ——- —- — — —
10 No No Fracture — ——- - — ——- ——- ——- —- — —

Note: B/G= Broken Gage
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Table 59: Rib fracture locations, fracture time, strain, and chest deflection for cadaver Sm_S2.
Shoulder/Arm/Ribs: Arm 45
Region and Strain S’;; :li: :ft Non-Scaled Deflection Scaled Deflection Compression
Rib Gage Fracture Location | poo .o Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9
Number (Yes/No) (pstrain) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 86 mm from
No - - - - - - - - - -
sternum center
25 mm from
sternum center
2 No 127 mm from - - - - - - - - - -
sternum center
3 Yes 'm“‘ed‘;;zley under | 141560 | 8.2 0.4 0.6 7.5 04 0.5 2.8 0.1 0.2
.§ 4 Yes No Fracture - - ——-- ——-- ——-- - -—- -—- -—- —
)
g -
< 5 Yes 'm“‘ed‘;;zley under | 151360 | 370 | 388 | 313 | 349 | 365 | 298 132 12.8 10.1
Bt
& -
: 6 Yes Stmmanteriorof | 55600 | o6 11 1.6 16 | 1.0 15 44 04 0.5
[ gage
D .
= 7 Yes Immediately under | 7343 ¢ 143 1.4 2.1 13.1 14 2.0 5.0 0.5 0.7
= gage
45 mm posterior of
8 Yes gage -9090.3 21.1 54 63 19.4 5.1 6.0 74 1.8 2.0
20 mm anterior of
gage
9 No 172 from sternum . . . . . . . . . .
center
10 No 229 from sternum . . . . . . . . . .
center
1 No 13 mm lateral of . . . . . . . . . .
rib-spine joint
2 No 19 mm lateral of . . . . . . . . . .
rib-spine joint
3 No 32 mm lateral of . . . . . . . . . .
rib-spine joint
D o
E.% 4 No 0 mm l'ater‘al‘of rib- . . . . . . . . . .
i spine joint
<
E 5 No 19' mm_latgrgl of . . . . . . . . . .
S rib-spine joint
é 6 No 19' mm_latgrgl of . . . . . . . . . .
= rib-spine joint
S 44 mm lateral of
2 7 No . L. - - - - ———- ——— ——— ——— ——— ————
= rib-spine joint
44 mm lateral of
8 No . L —— —— —— —— ——- —- —- —- —- J—
rib-spine joint
9 No 1§ mm'late'ra'l of . . . . . . . . . .
rib-spine joint
10 No 64' mm'late'ra'l of . . . . . . . . . .
rib-spine joint
1 No No Fracture - ——-- ——-- ——-- ——-- - -—- -—- -—- —
2 No No Fracture - ——-- ——-- ——-- ——-- - -—- -—- -—- —
° 3 Yes No Fracture - ——-- ——-- ——-- ——-- - -—- -—- -—- —
= 0
2 4| Yes 13 T of N/D ND | ND | ND | ND | ND | ND | ND | ND | ND
<@
2 -
s 5 Yes 18 mmg*;‘;‘g“"r of | 5257 655 | 949 | 724 | 602 | 892 | 688 | 228 | 314 | 233
=
ZT 6 Yes No Fracture - ——-- ——-- ——-- ——-- - -—- -—- -—- —
=
§ 7 Yes No Fracture ——-- ——-- — — - - - — — —
3
8 Yes No Fracture - ——-- ——-- ——-- ——-- -—- -—- -—- - —
9 No No Fracture - - - - - - — — — —
10 No No Fracture - - - - - - — — — —

Note: N/D= Not Determined
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Table 60: Rib fracture locations, fracture time, strain, and chest deflection for cadaver Sm_S3.
Shoulder/Arm/Ribs: Arm Parallel with Thorax

. . Strain at Non-Scaled Deflection Scaled Deflection Compression
Region and Strain Fracture Time of
Rib Gage " Fracture | Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9
Location
Number (Yes/No) -
(pstrain) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 No No Fracture — - - ——- ——- —- —- — - —
5 No 51 mm from . . . . . . . . . L
sternum center
3 Yes 13 mm posterior | 550 1 19.4 12.5 12 17.4 11.5 11 74 46 0.4
of gage
2 4 Yes 20 mm posterior | g3 7 23 15.0 1.9 20.1 13.8 1.8 8.5 5.6 0.7
7} of gage
I -
g 5 Yes 55 mmposterior | ¢55) | 7.6 3.5 0.1 6.8 32 0.1 2.9 13 0.0
£ of gage
wn i
= 6 Yes 45 mm posterior B/G BG | BG | BG | BG | BG | BG | BG | BG | BG
[ of gage
D
3 7 Yes No Fracture - - - - - - - - - -
8 Yes No Fracture - e — — — —- — - - o
9 No No Fracture - e — — —- —- - — — i
10 No No Fracture - e — — — —- — - - o
1 No No Fracture - e — — —- —- - — — i
2 No No Fracture - e — — —- —- - — — i
3 Yes 10 mm posterior 7491.0 21.1 14.0 1.6 19.0 12.9 15 8.1 5.2 0.6
of gage
D n
= 4 Yes 10 mm posterior 11350.0 42.0 335 12.6 37.8 30.8 117 16.1 124 45
o of gage
<
2 5 Yes No Fracture f— —- — - - - — — - -
@
é 6 Yes No Fracture - ——- ——- — — — J— J— — —
Ez
2 7 Yes No Fracture - - -—-- ——- ——- ——- — — - J—
-"
8 Yes No Fracture — ——- - — ——- ——- J— —- — -
9 No No Fracture — - - ——- ——- —- —- — - —
10 No No Fracture — - - ——- ——- ——- —- —- - -
1 No No Fracture — - - ——- ——- —- —- — - —
2 No No Fracture — - - ——- ——- —- —- — - —
° 3 Yes No Fracture — - - — ——- ——- —- —- - -
= 0
2 4| Yes Zzmmanterior | 766 | 803 | 734 | 420 | 723 | 675 | 390 | 307 | 273 | 150
o of gage
= B
£ 5 Yes l0mmanterior | g5i55 | 764 | 681 | 376 | 688 | 627 | 350 | 202 | 253 | 135
"é’ of gage
z 6 Yes 11 mm anterior -7668.1 82.6 77.2 4538 743 71.0 426 31.6 28.7 16.4
D of gage
«
E 7 Yes No Fracture - e — — — —- — - - o
3
8 Yes No Fracture - e — — — —- — - - o
9 No No Fracture - e — — —- —- - — — i
10 No No Fracture - e — — — —- — - - o

Note: B/G= Broken Gage
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Table 61: Rib fracture locations, fracture time, strain, and chest deflection for cadaver Sm_S4.
Shoulder/Arm/Ribs: Arm Parallel with Thorax
. . Strain at Non-Scaled Deflection Scaled Deflection Compression
Region and Strain Fracture Time of
Rib Gage " Fracture Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9 | Rib5 | Rib7 | Rib9
Location
Number (Yes/No) -
(pstrain) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 No No Fracture — — — J— — — — — — —
2 No No Fracture — — — J— — — — — — —
3 Yes Immediately -15680.1 1.1 12.1 0.0 9.6 10.9 0.0 42 44 0.0
under gage
2 4 Yes 13 mm posterior 20914.3 17.1 19.5 0.9 14.9 17.6 0.8 6.6 7.1 0.3
7} of gage
z -
i 5 Yes 19 mm anterior -4191.7 4.8 4.1 0.0 42 3.7 0.0 1.8 1.5 0.0
g of gage
wn
—; 6 Yes No Fracture — — — J— — — — — — —
Bt
P n
S 7 Yes 19 mm anterior -8663.6 17.1 19.5 0.9 14.9 17.6 0.8 6.6 7.1 0.3
- of gage
8 Yes No Fracture — — — f— f— — ——— J— J— J—
9 No 171 from . . . . . . . . . .
sternum center
10 No No Fracture —— —— —— ——- ——- —- —- —- — —
1 No No Fracture —— —— —— ——- ——- —- —- —- — —
2 No No Fracture —— —— —— ——- ——- —- —- —- — —
3 Yes 25 mm medial 9800.7 343 35.0 14.0 29.8 315 12.9 13.1 12.6 4.9
of gage
D .
= 4 Yes Immediately 14142.0 22 | 419 | 233 | 368 | 377 | 214 | 161 15.1 8.1
2 under gage
<9
B 5 Yes No Fracture J— —- —- - —- - - - - -
&
é 6 Yes No Fracture —— —— —— ——- ——- —- —- —- — —
Bt
Il
‘é 7 Yes No Fracture - - - ———— ———— ——— ——— ——— ——- J—
-9
8 Yes No Fracture —— —— —— ——- ——- —- —- —- — —
9 No No Fracture —— —— —— ——- ——- —- —- —- — —
10 No No Fracture —— —— —— ——- ——- —- —- —- — —
1 No No Fracture —— —— —— ——- ——- —- —- —- — —
2 No No Fracture — — — f— f— — ——— — J— J—
. 3 Yes 5 mm ;‘:;‘Z“‘” of -17608.0 72.0 67.7 64.8 62.6 60.9 59.6 275 245 226
=
(2 4 Yes No Fracture - - - - - - -—-- - - -
2
=
B
;,:5 5 Yes No Fracture — — — J— — — — — — —
= n
z 6 Yes 20 mm anterior -6261.2 74.4 69.6 69.4 64.7 62.7 63.9 284 252 242
o of gage
= -
b 7 Yes 18 mm anterior -4827.8 742 69.5 69.2 64.6 62.6 63.6 28.4 25.1 24.1
- of gage
-
8 Yes none — — f— f— f— — J— J— J— J—
9 No none — — f— f— f— — J— J— J— J—
10 No none — — f— f— f— — J— J— J— J—
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Discussion

This study investigated the effect of arm position on thoracic response and injury severity in side
impacts. A total of sixteen non-destructive side impact tests and four destructive side impact
tests were performed using four male cadavers. The controlled data set, test methodology, and
thoracic instrumentation allowed for direct comparison of the thoracic response between the
different impact conditions. The factors which contributed to differences in thoracic response

between impact conditions are discussed in the following sections.

Impactor Force

The non-destructive tests performed in this study showed that both the shape and magnitude of
the impactor force time history varied with respect to impact condition. When the four non-
destructive tests are compared to one another, it is clear that impacts involving either the arm or
shoulder reduced the maximum impactor force in the low-energy impacts. The impactor force
was highest when only the thorax was struck because there was only a thin layer of soft tissue
between the rib cage and impactor, which provided virtually no dampening prior to the loading
of the thorax. The impactor force was lowest during the shoulder impact due to considerable
displacement of the shoulder prior to loading the thorax. Therefore, the force response observed
in the shoulder impacts was due primarily to the inertial response of the shoulder and arm, which

has a relatively low mass compared to the thorax, and the compression of soft tissue.

All impact conditions, except the impact which only involved the ribs, resulted in two peaks in
the impactor force time history. The first peak was due to the inertial and compressive response

of the arm and/or shoulder while the second peak was due to the inertial and compressive
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response of the thorax. When the two low-energy arm impacts were compared to one another,
the first peak in impactor force was found to be larger when the arm was placed at 45 degrees
compared to when the arm was placed parallel to the thorax due to the larger inertial response of
the arm prior to loading of the ribs. To explain, when the arm was placed parallel to the thorax
the arm had a limited amount of space to accelerate and translate before loading the lateral
portion of the thorax, resulting in a relatively small inertial response (Figure 123). Conversely,
when the arm was placed at 45 degrees the arm had considerably more space to translate and
rotate medially about the shoulder joint before loading the anterior-lateral portion of the thorax
(Figure 123). In addition, more mass of the arm was accelerated by the impactor prior to loading
the thorax when the arm was placed at 45 degrees. This was due to the fact that when the arm
was placed at 45 degrees only the upper portion of the arm loaded the ribs initially, while the
mass of the lower portion of the arm and the mass of the forearm were accelerated until loading
the anterior-lateral portion of the thorax. Consequently, the dissipation of more impactor energy
prior to the loading of the rib cage resulted in a lower second peak in impactor force when the

arm was placed at 45 degrees compared to when the arm was parallel with the thorax.
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Arm & Ribs
Arm at 45°

r "\
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P O
S

© Arm & Ribs
Arm parallel with thorax

Figure 123: Illustration of arm motion for arm at 45 degrees versus parallel with thorax.
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Rib Deflection

In the current study, rib deflection was measured using hollow thoracic rods attached to the
internal portion of ribs 5, 7, and 9. Therefore, the deflection measurement reported in the current
study does not include the deflection of the skin, soft tissue, or clothing surrounding the external
portion of the thorax. Previous side impact studies have determined chest deflection with either
a strain gage based chestband placed around the entire thorax or by taking the difference in the
locations of photo targets, tracked by film analysis, placed on the ribs or spine and impacting
surface (Irwin et al., 1993; Cavanaugh et al., 1993; Pintar et al., 1997; Viano, 1998; Shaw et al.,
2006;). Consequently, these methods result in deflection measurements which include both
skeletal and soft tissue compression. Therefore, the rib deflection measurements reported in the

current study may be lower than the chest deflection measurements reported in previous studies.

The non-destructive testing showed that the peak rib deflections exhibited similar trends with
respect to impact condition as the peak impactor force. In general, rib deflections were found to
be largest when only the ribs were struck and lowest when the shoulder was struck. For all
cadavers, the rib 5 and rib 7 peak deflections were found to be larger when the arm was placed
parallel with the thorax versus when the arm was placed at 45 degrees. There was no consistent
trend found for rib 9 peak deflections between the parallel and 45 degrees arm positions.
Although the trends in peak rib deflection with respect to impact condition were not consistent
for all cadavers, a certain amount of variability between subjects is expected due to factors which
were not accounted for in the scaling procedure: modulus of elasticity of the ribs and thoracic
anthropometry. However, the average peak rib deflection, which provides an overall means of

comparison, clearly shows that all rib deflections were decreased when the arm was struck and
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further decreased when the shoulder was struck. This finding is consistent with those reported
by Stalnaker et al. (1979). In addition, the average peak rib 5 and rib 7 deflections were found to
be larger when the arm was placed parallel with the thorax versus when the arm was placed at 45
degrees for all cadavers. This trend was due to the larger inertial response of the arm when
placed at 45 degrees versus parallel with the thorax, which absorbed more impactor energy prior

to the loading of the ribs.

The destructive testing showed that the peak rib 5 and rib 7 deflections for both cadavers struck
with the arm placed parallel to the thorax were lower than the two cadavers struck with the arm
at 45 degrees. Although this seemingly contradicts the trends observed in the non-destructive
testing, the number of rib fractures should be taken into account. To explain, the cadavers struck
with the arm at 45 degrees had approximately three times as many rib fractures on the struck side
as the cadavers struck with the arm parallel with the thorax. In addition, a fracture timing
analysis, discussed in a later section- Rib Fracture Timing, showed that the fractures on the
struck side occurred well before the peak rib deflection. Logically, the thorax becomes
structurally compromised as more ribs are fractured which, in turn, results in an increase in rib
deflection with continued loading. Therefore, the increased peak rib deflection observed in the
cadavers struck with the arm at 45 degrees versus cadavers struck with the arm parallel to the
thorax was a result of the increased number of rib fractures on the struck side, which is discussed

in a later section- Fracture Patterns.
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Rib Strain

The rib strain in the current study was measured using single-axis strain gages attached directly
to the external portions of the ribs at specific locations. In order to apply strain gages to the
external portion of the ribs, the soft tissue and periosteum had to be removed from the rib at the
location of the gage application. However, based on the results presented in Chapter 2 this
technique does not have a significant effect on the structural response of the ribs. It should be
noted that the strain gages only provide a local measurement of rib strain. Consequently, the
peak strain values reported in the current study correspond to the peak strain at the location of
the strain gage and not the peak strain along the length of the rib. However, the peak strain
values reported in the current study can be directly compared between the different impact

conditions.

In both the non-destructive and destructive testing, the rib strain gage data showed that the
primary loading mode of the ribs varied with respect to thoracic region, i.e. circumferential
distance from the spine or sternum. In general, the external portions of the ribs on the lateral
region of both the struck and non-struck sides were placed in compression. This finding suggests
that during side impact loading the sternum is displaced anteriorly away from the spine. This is
consistent with previous side impact studies which quantified the contour of the thorax during
side impact loading using chestbands (Pintar et al., 1997; Shaw et al, 2006). Unlike the lateral
portions of the thorax, the posterior region of the struck side was placed in tension. This can be
explained when the posterior boundary condition and natural curvature of the ribs are taken into
account. The ribs are attached to the spine through the costovertebral joint, which allows only

minimal rotation. In addition, the radius of curvature of the ribs decreases considerably just
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lateral of the spine. As the lateral portion of the thorax was compressed, the curvature of the
posterior region of the ribs was forced to increase, resulting in tension on the external portion of

the posterior region.

The average peak rib strain on the lateral portion of the struck side exhibited similar trends with
respect to impact condition as the average peak impactor force and average peak rib deflections
in the non-destructive tests. The highest average peak rib strains on the lateral portion of the
struck side were observed when only the ribs were struck. This was due to the fact that all the
impactor energy was dissipated by the inertia and deflection of only the ribs. The average peak
rib strain of the upper ribs on the lateral region of the struck side was lowest when only the
shoulder was struck. This was due to the inertia and deflection of the shoulder and arm, which
dissipated the majority of the impactor energy before loading the upper ribs. However, the
average peak rib strain of the lower ribs was found to be larger for this impact condition versus
the two arm impact conditions. This was due to the rotation of the torso about the x-axis of the
pelvis, away from the impactor, as the shoulder was loaded and compressed exposing the lower
ribs to loading of primarily cadaver Sm_S2. The comparison of the two arm impact conditions
showed that the average peak strain on the lateral portions of the lower ribs on the struck side
were slightly higher when the arm was placed parallel with the thorax versus 45 degrees.
Logically, this was due to the direct load transmission to the lateral portion of the lower ribs

through the arm when the arm was parallel to the thorax.

The average peak rib strain on the posterior portion of the struck side was found to vary with

respect to impact condition in the non-destructive tests. However, the differences in average
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peak rib strain on the posterior portion of the struck side with respect to impact condition were
not as prominent as those seen in the average peak rib strain on the lateral portion of the struck
side. In addition, the rib strain on the posterior portion of the ribs was only obtained for cadavers
3 and 4. Unlike the average peak rib strain on the lateral portion of the struck side, the average
peak rib strain on the posterior region was highest when the arm was placed parallel to the thorax
for all ribs except rib 8. This was most likely due to the wider contact area on the ribs from the
arm, which resulted in rib deflection closer to the posterior region than when only the ribs were
struck. The impact involving only the ribs resulted in higher posterior strain on the lower ribs
than the impact when the arm was placed at 45 degrees. This was due to the more direct
transmission of load to the lower ribs during the rib only impact. The average peak rib strain of
the posterior region of the upper ribs was found to be higher when the arm was at 45 degrees
versus the shoulder impact. This was because the inertia and compression of the arm and
shoulder dissipated more impactor energy during the shoulder impact prior to loading the upper

ribs.

The average peak rib strain on the lateral portion of the non-struck side was also found to vary
with respect to impact condition in the non-destructive tests. Similar to the average peak rib
strain on the posterior portion of the struck side, the average peak rib strain on the lateral region
of the non-struck side was highest when the arm was placed parallel to the thorax. This was
mostly likely due to the increased time to peak force during the impacts with the arm placed
parallel with the thorax compared to the rib only impact, which allowed the non-struck side of
the rib cage more time to respond. The average peak strain on the lateral portion of the non-

struck upper ribs was found to be higher for the ribs only impact than the arm at 45 degrees
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impacts. This was due to the increased impactor force and rib deflection observed in the rib only

impact.

Rib Fracture Patterns

The post-test dissection showed that both the number and distribution of rib fractures was
consistent with respect to impact condition, i.e. the arm position. In addition, approximately
twice as many rib fractures were observed when the arm was placed at 45 degrees versus parallel
to the thorax. Specifically, cadavers struck with the arm placed at 45 degrees had posterior rib
fractures on almost every rib of the struck side, while cadavers struck with the arm placed
parallel with the thorax only had two. In addition, cadavers struck with the arm placed at 45
degrees had considerably more lateral rib fractures on the lower ribs of the struck side. Given
that the mass, velocity, stroke, and area of the impactor were held constant for both impact
conditions, the differences in the observed rib fractures between the two impact conditions could
be attributed to either subject variation, the influence of the arm position, or a combination of

both.

It has been well established in the literature that the fracture tolerance of the bone is related to
subject age, BMD, and cross-sectional geometry. Previous side impact studies involving human
cadavers have shown that thoracic injury tolerance decreases with age regardless of impact
direction (Eppinger et al., 1984; Kallieris et al., 1992; Cavanaugh et al., 1993; Zhou et al., 1996).
In addition, studies involving tension coupon tests of isolated cortical bone have shown that
ultimate strain decreases significantly with increasing age (Lindahl and Lindren, 1967; Yamada,

1970; Burstein et al., 1976; McCalden et al., 1993; Kemper et al., 2005;). However, the cadavers
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used in the current study were all males with ages within approximately one decade of each
other. Therefore, it is unlikely that differences in age contributed considerably to the number
and distribution of rib fractures. With respect to BMD, previous studies have shown that the
strength of cortical bone significantly decreases with decreasing apparent wet and dry density
(Muellar et al., 1966; Carter and Haynes, 1976; Martin and Ishida, 1989; Schaffler and Burr,
1988; McCalden et al., 1993; Keller, 1994). In the current study, one subject with a low global
BMD and one subject with a high global BMD were used for each impact condition and the
fracture pattern was virtually identical with respect to impact condition. For example, one
cadaver struck with the arm at 45 degrees had a normal global BMD (cadaver Sm_S2) while the
other (cadaver Sm_S1) had a global BMD indicating osteoporosis. Again, global BMD only
provides an indication of overall bone quality and does not account for local changes in BMD or
composition. However, the fracture pattern was virtually identical between the two cadavers,
and cadaver Sm_S2 had one more fracture than cadaver Sm_S1. Therefore, it is unlikely that
differences in global BMD contributed considerably to the number and distribution of rib

fractures.

When comparing the differences in the observed rib fractures between the two arm positions, the
load path to the thorax resulting from arm position should be considered. When the arm was
placed at 45 degrees, the impact force was initially transmitted to the anterior/lateral region of
the upper ribs after the initial deflection of the shoulder and soft tissue of the arm. This resulted
in multiple fractures to the upper ribs on the struck side. Unlike the non-destructive testing, the
inertial and compressive responses of the arm and shoulder were not large enough to dissipate a

considerable amount of impactor force before the ribs were loaded during the destructive tests
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due to the significantly larger impact energy. Therefore, with continued impactor displacement
the arm and shoulder rotated medially exposing the lateral region of the lower ribs to direct
impactor loading. This resulted in a large number of posterior fractures on the struck side and
anterior/ lateral fractures of the lower ribs on the struck side. When the arm was placed parallel
to the thorax the impactor force was transmitted to lateral portions of both the upper and lower
ribs on the struck side after the initial deflection of the shoulder and soft tissue of the arm. As
opposed to when the arm was placed at 45 degrees, the arm remained between the ribs and
impactor throughout the duration of the test. This resulted in fewer fractures on the struck side
due to the distribution of force over a larger area and increased energy absorption by the arm due

to the compression of more soft tissue than when the arm was placed at 45 degrees.

Rib Fracture Timing

The analysis of the strain gage time histories showed that, in general, the rib fracture timing
varied with respect to thoracic region, i.e. the circumferential distance from the spine or sternum.
For both cadavers struck with the arm parallel to the thorax, lateral fractures on the struck side
occurred first, followed by posterior fractures on the struck side, and lastly lateral fractures on
the non-struck side. For the second cadaver struck with the arm at 45 degree (cadaver Sm_S2),
lateral fractures on the struck side occurred first, followed by lateral fractures on the non-struck
side. Due to a lack of strain gages on the posterior region, the timing of the posterior fractures
relative to the lateral portions of the struck and non-impact sides could not be determined for the
two cadavers struck with the arm at 45 degrees. Using scaled rib 5 deflection, lateral fractures on
the struck side occurred between 4.2 mm and 34.9 mm, posterior fractures on the struck side

occurred between 19.0 mm and 37.8 mm, and lateral fractures on the non-struck side occurred
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between 60.2 mm and 74.3 mm. It should be noted that no fractures were observed at similar rib
5 deflections during the non-destructive tests due to the considerably lower impact velocity
compared to that of the destructive tests. To explain, it has been well established in the literature
that bone is a viscoelastic material and that the ultimate strain decreases with increased loading
rate (McElhaney and Byars, 1965; Wood, 1971; Crowninshield and Pope, 1974; Wright and

Hayes, 1976; Carter et al., 1976; and Stein and Granik 1979).

The fracture timing results of the current study could lead to a greatly improved side impact
criterion. This is due to the fact that the fracture timing analysis showed that all rib fractures
occurred before peak compression. The observation that rib fractures occur before peak chest
compression has been made by previous researchers investigating the tolerance of the thorax in
frontal loading (Kroell et al., 1974; Duma et al., 2005). Using rib fractures as the parameter for
AIS level, it was found that an AIS=1 injury level occurred at a scaled chest deflections of 4.2
mm to 8.6 mm (2% to 3% compression), AIS=2 at 9.6 to 17.4 mm (4% to 7% compression), and
AIS=3 at 13.1 mm to 20.1 mm (5% to 9% compression) measured at rib five. It is important to
note that despite all of the strain gages used in this study, the fracture timing could not be
determined for every rib fracture. = Consequently, the rib deflections corresponding to a given
AIS injury level cannot be considered exact. To explain, it is possible that some of the rib
fractures with unknown timing occurred before the rib fractures reported to correspond to a given
injury level. This would result in AIS injury levels corresponding to lower rib deflections than
those reported in the current study. However, if the fractures with unknown timing occurred

after the rib fractures reported to correspond to a given injury level, the timing of the AIS injury
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levels reported in the current study would not change. Therefore, the AIS injury level timing and

corresponding rib deflections reported in the current study can be considered conservative.

Limitations and Future Studies

There are several factors to consider when interpreting the results of this study. First, only four
cadavers were used in the current study, all of which were males of approximately the same age
and weight. Although the similarities between cadavers helped minimize the variation in
thoracic response between subjects, additional testing should be conducted to determine the
effects of age, mass, and gender. Another limitation of the study was that only one impactor
mass and velocity was used for the non-destructive testing. Additional testing should be
conducted to determine the impactor energy threshold which no longer results in decreased rib
deflection and strain, due to the inertial and compressive response of the arm, when the arm is
placed at 45 degrees compared to when it is parallel with the thorax. For the destructive testing,
the shoulder was directly loaded during both impact conditions. Additional destructive tests
should be conducted to provide rib fracture data when the shoulder is not involved in the impact
as well as when neither the arm nor shoulder is involved in the impact. Lastly, the fracture
timing of the posterior portion of the ribs and corresponding point of AIS=4 could not be
obtained for the destructive tests when the arm was placed at 45 degrees due to a lack of
posterior gages. Therefore, additional tests could be conducted with posterior strain gages on the

struck side to obtain this data.
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Conclusions

In the current study, the effect of arm position on thoracic response and injury severity in side
impacts was investigated by performing a total of sixteen non-destructive side impact tests and
four destructive side impact tests on four human male cadavers. The primary loading mode of
the ribs varies with respect to thoracic region during side impact loading. In general, the external
portions of the ribs on the lateral region of both the struck and non-struck side are placed in
compression while the external portion of the ribs on the posterior region of the struck side are
placed in tension. In the low-energy side impacts, impacting the arm and/or shoulder reduces the
impact forces, rib deflections, and rib strains compared to the values obtained when impacting
only the ribs. In high-energy, rigid surface side impacts, the position of the arm has a
considerable affect on both the total number and distribution of rib fractures. In the high-energy,
rigid surface side impacts, rib fracture timing generally varies with respect to the thoracic region.
For both cadavers struck with the arm parallel with the thorax, lateral fractures on the struck side
occurred first, followed by posterior fractures on the struck side, and lastly lateral fractures on
the non-struck side. For the second cadaver struck with the arm at 45 degree (cadaver 2), lateral
fractures on the struck side occurred first, followed by lateral fractures on the non-struck side. In
the high-energy, rigid surface side impacts, all rib fractures occurred before peak chest
compression. Using the number and location of rib fractures as the measure of thoracic AIS
injury level, for the high energy, rigid surface side impacts, AIS=1 level injury occurred at Rib 5
scaled deflections of 4.2 mm to 8.6 mm (2% to 3% compression), AIS=2 at 9.6 to 17.4 mm (4%

to 7% compression), and AIS=3 at 13.1 mm to 20.1 mm (5% to 9% compression).
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CHAPTER 7

Research Summary and Expected Publications

Research Summary

This dissertation provides new and significant research to the field of injury biomechanics. The
specific research objectives focus on providing material, structural, and global thoracic skeletal
response data not currently addressed in the literature. The general methods and subsequent
conclusions of the five controlled studies performed answer multiple scientific questions which

are summarized below.

The effect of the periosteum, application of a strain gage, and hydration level on the structural
response of human ribs was determined by performing 48 dynamic three-point bending tests. In
order to eliminate the confounding effects of material and geometric variation between
individuals, each condition was evaluated by performing tests on matched specimens obtained
from the right and left side of the thorax. Based on the results of this study, the following

conclusions were made:

e The removal of the periosteum does not have a significant effect on the structural
response of human ribs.

e The removal of the periosteum and application of a strain gage does not have a the
significant effect on the structural response of human ribs.

e There is no significant difference in the structural response of the human ribs stored

in saline-soaked gauze versus those immersed in saline.
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The effect of loading direction on the biomechanical response of the human clavicle was
determined by performing 20 dynamic three-point bending tests. For this study, two impact
directions were evaluated: 0° from the transverse plane, and 45° from the transverse plane. Tests
were performed on matched claviculae obtained from the right and left side in order to eliminate
the confounding effects of material and geometric variation between individuals. Based on the

results of this study, the following conclusions were made:

e The structural response of the human clavicle is significantly stiffer when struck 0°
from the transverse plane versus 45° from the transverse plane.

¢ Due to the controlled matched data set, the difference in the structural response with
respect to loading direction can be attributed to the complex geometry of the clavicle

and not material differences.

The variables which contribute to the regional variation in the strength of human ribs were
investigated through 94 matched tests on human rib specimens: 46 tension coupon tests and 48
three-point bending tests. The cross-sectional geometry of the three-point bending specimens
was quantified using microCT imaging. Based on results of this study, the following conclusions

were made:

e The results of the tension coupon testing showed that there are no significant
differences in material properties with respect to rib region and level.
e The results of the three-point bending testing showed that the structural response of

human ribs varies significantly with respect to anatomical region and rib level.
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e The local cross-sectional geometry of human ribs was found to significantly vary with
respect to anatomical region and rib level, and these variations correspond to

variations in structural response.

The thoracic response due to frontal belt loading was examined with respect to two back support
conditions, flat rigid plate versus spine box, by performing 4 non-destructive and 4 destructive
tests on 4 human cadavers using a table-top belt loader. The spine box was designed to support
the thorax while allowing costovertebral joint articulation. Rib strain and fracture timing was
quantified with the use of both single-axis and rosette strain gages attached to the ribs. Based on

the results of this study, the following conclusions were made:

e There is no considerable effect on thoracic response with respect to the two back
support conditions during frontal belt loading.

e The strain gage rosettes showed that the direction of the first principal strain is
essentially in line with the main axis of the rib.

e Rib fracture timing generally varies with respect to the thoracic region: fractures on
the left side occur first followed by fractures on the upper right side of the thorax.

e All rib fractures occur within 35% thorax compression.

e Using rib fractures as the parameter for AIS level, AIS=3 occurs at of 13% - 16%
chest compression for male cadavers and 13% - 22% chest compression for female

cadavers.
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The influence of arm position on thoracic response and injury severity during dynamic side
impact loading was determined by performing 20 tests, 16 non-destructive and 4 destructive, on
4 human cadavers with the use of a custom pneumatic impactor. Rib strain and fracture timing
were quantified with the use of single-axis strain gages attached to the ribs. Based on the results

of this study, the following conclusions were made:

e The primary loading mode of the ribs varies with respect to thoracic region: the
lateral region of both the struck and non-struck side is placed in compression while
the posterior region of the struck side is placed in tension.

e The involvement of the shoulder or arm in side impact loading both attenuates and
distributes impactor energy, resulting in decreased impactor force, lateral rib
deflection, and strain relative to direct impacts to the rib cage.

e In high-energy side impact tests, larger peak rib deflection and injury severities are
observed when the arm is positioned at 45 degrees versus parallel with the thorax.

e Rib fracture timing generally varies with respect to the thoracic region: lateral
fractures on the struck side occur first, then posterior fractures on the struck side, and
lastly lateral fractures on the non-struck side.

e In high-energy side impacts, all rib fractures occur before peak chest compression.

e Using rib fractures as the parameter for AIS level, AIS=I injury level occurs at a
scaled chest deflections of 4.2 mm to 8.6 mm (2% to 3% compression), AIS=2 at 9.6
to 17.4 mm (4% to 7% compression), and AIS=3 at 13.1 mm to 20.1 mm (5% to 9%

compression) measured at rib five.
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The research presented in this dissertation has yielded a comprehensive set of experimental
thoracic skeletal response data not previously addressed in the literature. The results of the rib
and clavicle studies outlined in this dissertation provide crucial material, structural, and
geometric validation data needed to improve current thoracic FEMs used to assess thoracic
injury risk in automotive collisions. In addition, the results of the thoracic belt loading and side
impact studies provide novel global response data that can be used to validate and improve both
FEMs and ATDs. The devolvement of FEMs and ATDs with improved thoracic injury risk
assessment capabilities would provide researchers and safety engineers with a more accurate tool
to evaluate the effectiveness of both new and existing safety restraint technologies, which are

integral in the mitigation of thoracic injuries and fatalities.

In addition to validation data, this dissertation demonstrates a methodology for determining rib
fracture timing in both frontal belt loading and side impact loading, which could augment and
clarify the foundation of thoracic injury criteria. The current thoracic injury criteria for both
frontal and side impact dummies are inherently limited by the fact that they were developed
based on the results of cadaveric studies which rely primarily on censored rib fracture data. In
other words, it is not possible to determine the exact loads, accelerations, or displacements at the
time of fracture. Rather, it is only known that an injury occurred at some point during the impact
test. Consequently, these studies rely on statistical regression models to develop injury risk
functions with respect to global criteria, such as peak chest deflection. The methodology for
quantifying rib fracture timing in both frontal belt loading and side impact loading outlined in
this dissertation allows for the determination of the exact thoracic deflections which correspond

to each injury severity level, defined by the abbreviated injury scale (AIS).
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The injury timing data presented in this dissertation clearly shows that AIS > 3 thoracic injuries
in both frontal belt loading and side impacts occur at considerably lower chest deflections than
the current respective frontal and side impact thoracic injury criteria. The FMVSS for frontal
impacts (FMVSS 208- Moving Deformable Barrier) specifies that the chest compression cannot
exceed 63 mm (29% chest compression) for the belted male dummy and 52 mm (23% chest
compression) for the belted female dummy during a 40 kph impact, which corresponds to a 50%
risk of an AIS > 3. The frontal belt loading outlined in this dissertation shows that AIS=3
occurs at 13% - 16% chest compression for male cadavers and 13% - 23% chest compression for
female cadavers. The new FMVSS side impact pole test (FMVSS 214- Pole) specifies that the
lateral rib deflection of the belted male dummy cannot exceed 44 mm, which corresponds to a
50% risk of an AIS > 3. The destructive side impact loading outlined in this dissertation shows

that AIS=3 occurs at 13.1 mm to 20.1 mm (5% to 9% compression) measured at rib five.

Although the research presented in this dissertation indicates that the thoracic injury criteria for
both frontal and side impact dummies could be greatly improved, these studies were performed
on a limited number of cadavers. In order to develop a robust thoracic injury threshold,
additional testing using the methods outlined for determining rib fracture timing with respect to
thoracic deflection in both frontal belt loading and side impact loading needs to be performed.
Logically, the development of improved, more stringent thoracic injury criteria for both frontal
and side impact dummies could potentially lead to safer automobiles and the reduction of both

thoracic injuries and fatalities observed in real-world automotive collisions.
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Expected Publications

The research in this dissertation answers multiple scientific questions previously not addressed in
the literature. It is expected that each of the studies outlined in this dissertation will be published
in a scientific journal. In addition, the research may also be presented at relevant scientific

conferences. Currently, it is expected that the research outlined in chapters two through six will

be published as shown (Table 62).

Table 62: Publication plan for research presented in this dissertation.

Dissertation Topic/ Focus Journal Submissions
Chapter P (Conference Publications)
The Effect of the Periosteum, Strain Gages, and Journal of Applied Biomechanics
Chapter 2 . .
Hydration on the Structural Response of Human Ribs (Biomedical Sciences Instrumentation)
The Biomechanics of Human Ribs: Material and
Chapter 3 Structural Properties from Dynamic Tension and Stapp Car Crash Journal
Bending Tests
Biomechanical Response of the Human Clavicle: The Journal of Applied Biomechanics
Chapter 4 . L . .
Effects of Loading Direction on Bending Properties (Biomedical Sciences Instrumentation)
Determining Non-Censored Rib Fracture Data during Journal of Anatomy
Dynamic Belt Loading Tests on the Human Thorax Journal of Applied Biomechanics
Chapter 5
Dynamic Belt Loading Tests on the Human Thorax: (Enhanced Safety of Vehicles)
Influence of Back Support (Biomedical Sciences Instrumentation)
Chapter 6 The Influence 'of Arm P(')sm'on on Thoracic Response Stapp Car Crash Journal
in Dynamic Side Impacts
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