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ABSTRACT

The proliferation of improvised explosive devices (IEDs) in recent military conflicts have
caused injuries which present new challenges to the biomechanics community. Vehicle-mounted
U.S. and coalition warfighters are being exposed to extreme loading conditions from under-body
blasts (UBB), and are suffering devastating injuries. One region of the body that is injured in
these UBB events is the pelvis. For UBB events, the primary load vector is applied verticaly
through the seat, thus loading the pelvis in a direction and at a rate never before researched. This
study aims to quantify the mechanical response of the component pelvis from a high-rate vertical
load, so as to improve understanding of the pelvic response and to provide data for
anthropomorphic test device (ATD) development.

In ten post-mortem human surrogate (PMHS) pelves, the superior surface of the sacrum
was rigidly secured to a 6-axis load cell, which was then rigidly mounted to an effective mass,
equivalent to that of a 50" percentile male torso. This assembly was resting against a seat platen,
which was impacted by a linear impactor, providing a single high-rate loading condition into the
specimen. Accelerometers were used to quantify the boundary conditions. Additionally,
accelerometers, an angular rate sensor, and strain gauges were used to capture the response of the
pelvis.

The average input seat velocity for this study was 5.9 + 0.3 m/s with a time to peak of 6.6
+ 0.2 ms. This input condtion yielded a calculated axial stiffness of 995 + 159 kN/m before there
was a failure at the rigid potting boundary. The average failure time was 4 + 0.6 ms, and the
peak axial force was -6 = 1.8 KN. The primary rotation was positive about the y-axis, and the
moment at time of failure was 311+ 16 Nm.

This study offers detailed biomechanical response data of the component pelvis from a
single high-rate impulse, including force and moment response corridors, as well as strain
response and sacrum acceleration . This data is necessary for the development of a biofidelic
pelvis for UBB applications, both for finite element analysis, and ATD development.



Table of Contents

AADSTTACT ... bRttt bbbt e e [
THESIS INTFOUUCTION ..ottt st e e st e b e e be st e saeesneeneeate e e e 1
TRE PIODIBIM ...ttt b bt b ettt b et b s 1
THE INJUIBA PEIVIS. ...ttt sttt e st e s te e b e s beete e besreessestesneesreareentenreas 1
Past pelvis iNjury CharaCteriZation ..........c.ccociiieiiiecie ettt s re e re e sreenes 3
TRESIS SUMMAIY ...ttt b ettt h bbbt et e st e bbb et e 4
V=] To T KPR RTPRRRR 5
IS 1 L =SSR 5
S0 =T [ 1= TP T TSP PR PRUR PR PP 7
Specimen positioning and POITING .......cc.eiiii i re e s reete e besreeeesre e 8
AR U g0 1= 01 - 4 o] o PSSR 10
(08 1ot U] - 14T SR 12
EXPErTMENTAL FESUILS. ...ttt 14
TESEFIXEUIE INPUL ...ttt b bt bbbt e ettt b et e b n s 14
INJUFIES ottt b et e et e st e e be e be s be e s e e beeRe e e e aE e e st e sbeeb e e beeReeeeebeeReesreeReeareereenrenreans 15
PEIVIS AN SACTUM FESPONSE. ... ecuteteetritieteeiteste et e st e ste e testeere e besae e s e sbeesbestesteesbesbeessesbesaeessestaessesreateenresrens 16
Detailed reSUILS TOr @ACH TESE ... ...viie e ettt sreer e ste e enaenee e 19
PEIVIS Q0. ettt ettt e st e se e s e e Re e R e b e e et et et e Rt e Rt e Re R e Eena e tennen e e 19
PEIVIS 002......e ettt sttt sttt st s bRt R e b e R et et et e Rt e Rt R e Renbe et e e ne e 20
LT 00 SR 23
LT 00 SR 26
PRIVIS D05.... .ttt sttt R Rt R bRttt R e e Rt e R e Re b e bt nene e 29
PEIVIS D0B..... ettt sttt sttt se e bt b et b e s et e e e e Rt e Rt Re R e be e bt e ens 32

S T 0 SR 35
PEIVIS 008..... .ottt ettt sttt R e Rt e R b e ettt R Rt R e Re e be et et e ens 37
PEIVIS 009ttt ettt et R Rt R R Rttt n Rt R e R e be e be et e neens 40
PEIVIS 010, i ieeeiie sttt sttt e st e te e s e s ae Rt be Rt e e Ee Rt e nte R e e s tenteereetenneeneenre e 44

[ 11U 1] o] o R U R UUSR PR PTRPRR 47
BOUNDArY CONUITIONS ..ottt bbbttt b bbb n e enes 47
FOrCE-TESPONSE COMTIAONS .....uvitiiietiiteste ettt b bbb bbbttt bt nnen e 48
PN E: I (0] (oT= R0 1] o] - T =] 0 T=T | S R 49
PeIVIS/SACTUM FESPONSE. ... ittt sttt sttt e e s et ese e besre e eeeteemeesaeeteeneesaeeneesbeaneenseaaeaneeseeeneeneeaneas 50
FraCtures and ST NESS. . ...veiiiieie ettt e e st e e se e besae e aenteesaesaeeraebenre s 52



AXial AN SNEAI MOMEBNT AITNS ......veie e ettt e et e e e et e e s st e e s et e s s st e e s s betessareeeessbetesssbeteessreeeesasreeeesares 52

I 0T =LA o PSP 53
Thesis summary and CONCIUSIONS..........ccuiiiiiiee et e e e nreeeeenes 53
R EIENICES ...ttt bbb bRt b et bbbt b et 55
AAPPENAIX A et bbb R R R Rt E bbbt R et 57



TABLE OF FIGURES

Figure 1 - This schematic shows the two primary load paths into a seated occupant during a UBB event.. 1

Figure 2 - Male pelvis showing blood supply vessels. Image courtesy of Zygote Body............ccccervrvennne. 3
Figure 3 - Schematic of linear impactor/transfer piston, polyurethane pulse shaper, and seat platen. ......... 5
Figure 4 - A detailed schematic showing how the pelvis is siutated in the testing rig. ..........c.ccocevvrerennne. 6
Figure 5 - A photograph of a specimen in position on Telemachus ready for a test..........cc.ccoovvvvreiciennnn. 6
Figure 6 - MADYMO force and acceleration PIOLS. ..o 7
Figure 7 - General pelvis anatomy with local coordinate system defined by Wu. ... 9

Figure 8 - A detailed schematic showing how the pelvis is positioned in the testing rig with the local

PEIVIS COOTTINALE SYSTEIM. ...ttt b b b et e et bbb nn b nn e 9
Figure 9 - A schematic showing the ASIS-PS angle..........ccoooiiiiiiii e 10
Figure 10 - Pelvis schematic showing targeting locations for strain gauges and the posterior mount of the

ACCEIEIALION DIOCK. ...eiiieeeee bbbttt bbbt b e e s 11
Figure 11 - Sagittal x-ray image of a pelvis potted in POSITION ...........ccccveiiiiiciiiii e 11
Figure 12 - Schematic showing moment arms and forces acting on a point...........cccecvvvveveveciicne e, 13
Figure 13 - Seat acceleration response Of all tESES. .......cc.oiiiiieiiiiiic e 14
Figure 14 - Acceleration vs. displacement plot up to time of failure...........cccoovviiiiiiii i, 14
Figure 15 - Test 004: Sagittal CT image of the pelvis, post-test, at the midline of the sacrum. ................. 16
Figure 16 - Acoustic emission signals plotted with a force trace to determine fracture timing ................. 17
Figure 17 - Sacrum angular rate data about the Y-aXiS..........ccccivieiiieiiiieie e 18
Figure 18 - Sacrum resultant CCEIEIALIONS. ..........coveiiiiirieriite e 18
Figure 19 - Sacrum acceleration along the PEIVIS X-aXIS .......ccerireriiiiiiisirise e 18
Figure 20 - Sacrum acceleration along the PeIVIS Z-aXIS..........cccererieiiiiiinirise e 19
Figure 21 - Injury picture fOr teST 00L.......coeiiiiieieiei et 19
Figure 22 - PelVis Strains fOr teSt 002 ..........ccoruiriiiiieiiisereste et 20
Figure 23 - Pelvis forces and moments, as well as sacrum angular rate for test 002.............ccocovvvrvrerienns 21
Figure 24 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 002....... 21
Figure 25 - Seat and carriage accelerations for teSt 002. ............cooerieiiriiiiniinine e 22
Figure 26 - Seat and carriage displacements fOr teSt 002............cooeieiririninine e 22
Figure 27 - Injury Picture FOr tEST 002.........eiee ettt e et e e sreeneenee e 22
Figure 28 - Pelvis Strains fOr teSt 003 .........ooii ittt s r e e e e 23
Figure 29 - Pelvis forces and moments, as well as sacrum angular rate for test 003............cccceevvveenennn. 24
Figure 30 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 003....... 24
Figure 31 - Seat and carriage accelerations for test 003. .........cccviiriiieiie e 25

v



Figure 32 - Seat and carriage displacements for test 003.........c.ccviiieiiiicic i 25

Figure 33 - Injury picture fOr teSt003.........cccviii ettt sre et et s reeneenne e 26
Figure 34 - Pelvis strains for teSt 004 ..........ccvoiiiieic ittt sre e see e 26
Figure 35 - Pelvis forces and moments, as well as sacrum angular rate for test 004............cccccevvvvvenennnn, 27
Figure 36 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 004 ....... 27
Figure 37 - Seat and carriage accelerations for teSt 004. ............cooereiiirininise e 28
Figure 38 - Seat and carriage displacements for teSt 004.............coereiiiiiiiirine e 28
Figure 39 - Injury picture fOr teST 004, .........oiiiiieieieiee et 29
Figure 40 - Pelvis Strains fOr teSt 005 .........ccciiiiieieieiiiies et 29
Figure 41 - Pelvis forces and moments, as well as sacrum angular rate for test 005.............ccocevreierienne 30
Figure 42 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 005....... 30
Figure 43 - Seat and carriage accelerations for teSt 005 ...........ccooereiiniiniininise e 31
Figure 44 - Seat and carriage displacements fOr teSt 005...........ccooerieiiininirise e 31
Figure 45 - Injury picture fOr teST 005........coiiiiieieeeises bbb 32
Figure 46 - Pelvis strains for teSt 006. .........cccciiiieiieii et te e sre s te et s reeneesre e 32
Figure 47 - Pelvis forces and moments, as well as sacrum angular rate for test 006............cc.ccceeevvenennnn, 33
Figure 48 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 006....... 33
Figure 49 - Seat and carriage accelerations for teSt 006. ...........cccecveieiieii i 34
Figure 50 - Seat and carriage displacements for teSt 006...........cccecvveieiieie i e 34
Figure 51 - Injury Picture fOr teSE 006 .........cccveiiiiieieie et be e sbe e be et sreesresne e 35
Figure 52 - Pelvis Strains fOr teSt 007 .......ccvcviiiiieie ettt st be e s be e te et sre e e 35
Figure 53 - Pelvis FX and FZ fOr teSt 007, .......oiiiiiii ettt sttt st s re e ne e 36
Figure 54 - Seat and carriage accelerations for teSt 007. ........cccovviiieiieieeie e e 36
Figure 55 - Seat and carriage displacements fOr teSt 007..........ccerverieiiiiiiinirise e 37
Figure 56 - INjury picture fOr tEST 007 .........uiiiiiieieiei sttt bbb 37
Figure 57 - Pelvis strains fOr teSt 008. .........c.oiiiiiiiiiiiiiire et 38
Figure 58 - Pelvis forces and moments, as well as sacrum angular rate for test 008.............ccoceverererienne 38
Figure 59 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 008........ 39
Figure 60 - Seat and carriage accelerations for teSt 008. ............cocerriiiiriniinine e 39
Figure 61 - Seat and carriage displacements fOr teSt 008.............ccoeririiirininine e 40
Figure 62 - Injury picture fOr teST008..........cciiiiiiieieiii bbb 40
Figure 63 - Pelvis strains fOr teSt 009 .........ccciiiriiiiiiiii st 41
Figure 64 - Pelvis forces and moments, as well as sacrum angular rate for test 009............ccccervvvverenennn. 42
Figure 65 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 009....... 42



Figure 66 - Seat and carriage accelerations for test 009 ..........ccccvviiiieiicie i 43

Figure 67 - Seat and carriage displacements for test 009...........cccvviiiiiiicic i 43
Figure 68 - Injury picture fOr teSt 009.........ccoviii et re e e 44
Figure 69 - Pelvis Strains fOr teSt 010 ........ccciviiiiieie et sttt sreeeesne e 45
Figure 70 - Pelvis forces and moments, as well as sacrum angular rate for test 010............cccccevvvvenennnn, 45
Figure 71 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 010........ 46
Figure 72 - Seat and carriage accelerations fOr teSt 010 ..........cccceverieiiiiiinirise e 46
Figure 73 - Seat and carriage displacements for teSt 010..........cccerverieiiiiiriinirise e 47
Figure 74 - Injury picture fOr teST 0L10.......ciuiiiiieieiei et 47
Figure 75 - Response COrmidor OF FZ fOICES........ooviiiiiiiiiisiee e 48
Figure 76 - Response corridor Of MY MOMENTS ..........cviiiiiiiiieieieee e 49
Figure 77 - Axial force-displacement plots Up tO FraCtUre ..........oceveiiiniiiicse e 50
Figure 78 - Schematic of the pelvis being loaded by the Seat. ...........ccccoviiiiiiiiiii e 51
Figure 79 - Schematic of the pelvis indicating the areas of high compressive strain adjacent to the S

1011 C SRR 51
Figure 80 - Schematic of the axial and shear forces experienced by the pelvis, as well as the positive

MOMENT ADOUL TNE Y-AXIS. ...veivieitiitiiie ittt ettt et ste e et e e st e s be et e sbeete e besaeesbesbeesbesbeeteebesreenrenre e 52
Figure A-1: Strain gauge data from the ‘A’ gauges fOr teSt 002..........cccuvviririinieieieneeisese e 57
Figure A-2: Strain gauge data from the ‘C’ gauges for teSt 002...........ccuiririiniiienereeesse e 57
Figure A-3: Strain gauge data from the ‘A’ gauges for test 003...........ccoriiriiniiineiee e 58
Figure A-4: Strain gauge data from the ‘C” gauges for test 003...........cooviririinierineneieeeeee e 58
Figure A-5: Strain gauge data from the ‘A’ gauges for test 004 ..........ccorviriiiiiiiciiicc e 59
Figure A-6: Strain gauge data from the ‘C” gauges for teSt 004. ..........coeveiriiniiieneieieeecee s 59
Figure A-7: Strain gauge data from the ‘A’ gauges for test 005.........ccooviiririnireneiee e 60
Figure A-8: Strain gauge data from the ‘C” gauges for teSt 005. ..........ccviririnireneneieesese e 60
Figure A-9: Strain gauge data from the ‘A’ gauges for test 000...........ccoivriririreneneieee e 61
Figure A-10: Strain gauge data from the ‘C’ gauges for teSt 006. ............covuririreneneieisise e 61
Figure A-11: Strain gauge data from the ‘A’ gauges for test 007.........ccviviiriniiineneiei e 62
Figure A-12: Strain gauge data from the ‘C’ gauges for teSt 007. .........cocvriririienereieerese e 62
Figure A-13: Strain gauge data from the ‘A’ gauges for test 008..........cocvriririiineniie s 63
Figure A-14: Strain gauge data from the ‘C’ gauges for teSt 008. ..........ccviririrenereiere e 63
Figure A-15: Strain gauge data from the ‘A’ gauges for test 009. ........ccooviiririiinireie e 64
Figure A-16: Strain gauge data from the ‘C’ gauges for test 009. ............cooriririnereiei e 64
Figure A-17: Strain gauge data from the ‘A’ gauges for test 010..........cocvriiriiirineieeeee s 65



Figure A-18: Strain gauge data from the ‘C’ gauges for test 010..........cccceviveiiiiiiieve s 65

vii



TABLE OF TABLES

Table 1 - Percentage of casualties with specific fractures ...........cccevveiiive i 2
Table 2 - Summary of previous PeIVIS STUAIES. .......cc.viiiiiei e 4
Table 3 — Summary of specimen demographiCs ..........cccviiriiiriieieie e 8
Table 4 — Test matrix showing component mass, pelvis angle, and input acceleration. .............. 12
Table 5 — Rotations about the y-axis to transform from the load cell to the pelvis coordinate

)T (=] 1 TP PR PR 12
Table 6 - Summary of dX MEASUIEMENTS ........ccviiieieiie e 13
Table 7 — Peak seat velocities integrated from seat accelerations. ............ccccceveviveve e iicseennn, 15

Table 8 — Failure time, axial and shear force at failure, and moment about the y-axis at failure. 17
Table 9 — Summary of calculated axial stiffness ValUes. ...........cccoovveriin i 50

Table 10 — Distal pelvis fractures categorized to show two primary load paths ..............cc.cocee.... 51

viii



THESIS INTRODUCTION

The problem

Since the onset of Operation Iraqi Freedom (OIF) in 2003 and Operation Enduring
Freedom (OEF) in 2001, U.S. military forces have been engaged in a new style of warfare. The
widespread use of improvised explosive devices (IEDs) against ground forces has changed
modern combat tactics and has introduced new challenges to frontline soldiers, medical doctors,
and researchers. Efforts have been made to protect vehicle-mounted seated soldiers against
under-body blast (UBB) events through the use of mine resistant vehicles, but without
understanding the threshold of injuries at these loading rates, future designs cannot be effectively
implemented (Belmont, Jr. 2010).

Due to the high likelihood that lower extremities would be injured in a UBB event, initial
research studies focused their investigations on that body region’s response (Ramasamy 2011).
Additionally, new mechanisms of lower extremity injuries, such as brisance effect fractures, led
researchers to focus their efforts on understanding the mechanism of such injuries, and
establishing prevention and treatment techniques (Ramasamy 2011; Bailey 2013). While the
initial research focus was on the lower extremities, the second primary load path into a seated
soldier is through the pelvis (Figure 1).

Since pelvic fractures can pose a high risk of death due to subsequent blood loss from
severed arteries, it is important to understand the response in order to better protected from
injury. Quantifying the response of the pelvis will not only yield the response of the pelvis itself,
but the output loads from the pelvis can serve as input loads to the regions immediately superior
to it, like the lumbar and thoracic spine. The dynamic response of vertebral bodies has been of
concern due to the percentage of injuries sustained along the different spinal sections, such as
studied by Stemper et al. in 2012. Having a realistic input condition will help such efforts.

Figure 1 - This schematic shows the two primary load paths into a seated occupant during a UBB event.

The injured pelvis

From October 2001 thru August 2009, American combat forces sustained over 40,000
casualties in OIF and OEF combined (Belmont, Jr. 2010). Many of these injuries resulted from
IEDs and a significant portion affected the lower extremities and pelvis. Through January 2005,
an estimated 54% of the soldiers injured had sustained a musculoskeletal injury to the extremities
(pelvis excluded) (Belmont, Jr. 2010). In a report published by Alvarez et al., underbody blast
events in 456 wounded in action (WIA) cases and 152 killed in action (KIA) cases were analyzed



for types of injury (Alvarez 2011). A summary of the percentage of casualties with specific
fractures is listed in Table 1. Although the pelvis is only amongst 5% of the casualties in WIA
cases, it is injured in nearly half of the KIA cases. Some types of pelvic injuries from theater
include Tile’s type B and C fractures due to vertical shear of the pelvis and are mostly involved
with disrupted sacroiliac joints (Bailey 2011). Coccyx and ischial tuberocity fractures occured
as well.

Table 1 - Percentage of casualties with specific fractures. (Alvarez 2011).

Body Region KIA WIA

Head 51% 4%
Neck (hyoid) 17% <1%

Face 39% 8%

Hand 9% 2%

Upper Extremity 44% 10%
Cervical Spine  18% 5%
Thoracic Spine  21% 12%
Lumbar Spine  26% 18%

Ribs/Sternum  54% 5%
Pelvis 46% 5%
Femur 33% 7%

Tibia/Fibula 32% 18%
Foot/Ankle 32% 26%

There have been several studies investigating lower extremity injuries, both from
automotive and UBB loading conditions’, but there seems to be a lack of understanding in the
literature about the response of the pelvis from axial loads. Since current anthropomorphic test
devices (ATDs) are not designed for axial loading, their injury prediction abilities are lacking.
Measuring failure tolerances and calculating a stiffness value of the component pelvis will be
useful data towards the development of a more biofidelic pelvis.

The risk of severe hemorrhage and hypovolemic shock exists due to the high
concentration of large arteries (Figure 2), but any injury to the pelvis decreases mobility, which
can hinder the immediate escape from a threat as well as long-term recovery. In addition to
uncontrolled hemorrhage, other serious complications are possible, including infection and
sepsis. Infection and septic shock can arise when a fractured pelvis introduces a sharp bony edge
to a thin-walled gastrointestinal organ. Abdominal infection will increase morbidity and prolong
recovery time for a soldier wounded in action.

! Crandall et al. 1998; Yoganandan et al. 1997; Funk et al. 2002; Wang et al. 2001; Ramasamy et al. 2010; Schueler
et al. 1995; McKay & Bir 20009.



|
Figure 2 - Male pelvis showing blood supply vessels. Image courtesy of Zygote Body.

Past pelvis injury characterization

In the 1990s, there was a growing concern for injuries sustained in automotive side
impact collisions. A considerable amount of pelvic research was conducted to better understand
how a pelvis responds in these types of collisions and to identify injury thresholds?. All of these
studies focused on either frontal or lateral loading conditions. Guillemot et al. reported that the
average maximum force imparted on a pelvis when loaded to failure through the acetabulum is
1750 N (Guillemot 1998). These tests were conducted at quasi-static rates and ‘pseudo-stiffness’
values were calculated based on the force-displacement response.

In 2006, Salzar et al. conducted experiments focused on quantifying injury tolerance of
the hip (Salzar 2006). The study reported that fracture initiation force recorded by the axial
femur load cell varied with femur position. The minimum fracture force occurred at a force of
2260 = 660 N when the femurs were in an extended abduction position. When the femurs were
in an extended neutral position, the maximum fracture force was recorded at 5820 N.

In a separate study conducted by Salzar et al. in 2009, the lateral load path through the
pelvis was compared in both quasi-static and dynamic loading conditions (Salzar 2009). This
study found that both impact location (acetabulum or iliac wing) and load rate affect the lateral
load distribution through the bony pelvis. They concluded that for high-rate acetabulum loading,
the combined load at fracture was 2800 + 860 N, and for high-rate iliac wing loading, the
combined force at fracture was 3020 + 1050 N (Salzar 2009).

A summary of previous study conclusions in Table 2 suggests a wide range of fracture
forces. These fracture forces are applicable to varying frontal or lateral loading environments.
The current study will investigate axial loading and compare results to fracture forces and
stiffness values reported in Table 2.

Although these previous studies focused on automotive frontal and lateral loading, it is
important to note that the pelvis has been axially loaded before, but not studied in detail. Whole
body ejection seat studies, performed by Salzar, axially loaded the body faster than the
automotive studies, but were not focused on component pelvis response (Salzar et al. 2009).
Additionally, the loading pulse is much longer during an ejection seat impulse compared to an
underbody blast from an IED, and the typical injuries are thoracic spinal injuries, not the pelvis
(Lewis 2006).

2 Guillemot et al. 1995; Guillemot et al. 1997; Guillemot et al. 1998; Bouquet et al. 1998



Table 2 - Summary of previous pelvis studies

Static D ic Fract
Study Direction Fracture ynamic Fracture Pelvis Stiffness
Force
Force
ot | Lateral | ~1800N ~IOKN impact
Chamouard Stati(; stiffness: 35 kN/m
1993 Lateral ~7000 N - Dyn‘amlc stlffgess: 300 kN/m
Damping coefficient: 1800 N-s/m
Gull lglggnot Lateral 1100 —3450 N | ~4 kN input force Alcﬁgacb;lvlilrlg' 4260-12-14 12 ;I/:Il/lrnrim
Acetabulum loaded:
Salzar Lateral i 2800 £ 860 N i
2009 Iliac Wing loaded:
3020 + 1050 N
Extended abduction:
Salzar Frontal i 2260 £ 660 N i
2006 Extended, neutral:
5820 N

Thesis Summary
The primary focus of this research thesis was to investigate the failure tolerance of the
component pelvis subjected to a high-rate vertical loading event, and calculate the axial stiffness.

The research was conducted at the University of Virginia’s Center for Applied Biomechanics
with the support of fellow graduate students and support staff.

The results of this research will offer a detailed analysis of the response of the pelvis from the
prescribed input condition and can be used to develop more biofidelic ATDs as well as refine
finite element computer models.




METHODS

Test fixture

A test rig, Telemachus, was designed and built to simulate a high-rate vertical load delivered
to a component pelvis. The Telemachus component test rig was inspired by Odyssey, U.Va.’s
whole body under-body blast simulator (Bailey 2013). The system is a horizontal system and is
powered by a free standing pneumatic linear impactor. Figure 3-Figure 5 detail the test rig and
how the pelvis is situated on the rig. It was designed to have rigid boundaries on the superior and
inferior sides of the test specimen that were instrumented with laboratory accelerometers to
measure inputs. The 20 kg seat is not rigidly coupled with the pelvis and is constrained to move
along a single axis. Similarly for the response, the carriage is restricted to be able to only
translate along the same axis. Because of the constrained motion of the rig, it is assumed that the
primary loading vector acts only along the same axis and the influence of out of plane loading
vectors is minimal. Different seat impulses can be obtained by varying the launch pressure of the
pneumatic impactor, as well as by varying the geometry and/or type of polyurethane layer.

The mass of the carriage that the load cell is secured to is an integral part of the design.
The recruited mass of the torso/upper body is important when considering testing configurations
of the component pelvis. The reaction mass that the pelvis should react against after being
impacted should be equivalent to the effective mass of the upper body and applied at the sacrum.
In order to estimate the effective mass, a lumped-mass human body model (MADYMO, TASS
International) was utilized.

Three acceleration pulses were prescribed to the MADYMO 50% male human model.
Each pulse was an idealized triangular pulse with a rise time to peak of 3 ms. The three varying
acceleration peaks were 200 g, 300 g, and 400 g. Initial contact between the seated male and the
rigid seat was prescribed and 1g of acceleration was applied.

The response of the model was taken at the L5/sacrum joint above the pelvis. The
resulting peak force (z-axis) and acceleration at the time of peak were used to calculate the
effective mass and guide construction of the carriage. The resulting effective mass on test fixture
was approximately 12 kg. Figure 6 shows the force and acceleration plots from the MADYMO

model.
[Seat Platen

Figure 3 — Schematic of linear impactor/transfer piston, polyurethane pulse shaper, and seat platen.
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Figure 4 - A detailed schematic showing how the pelvis is situated in the testing rig.

Load cell Specimen Seat Platen
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Velcro strap used for preload

Figure 5 — A photograph of a specimen in position on Telemachus ready for a test. Various components are pointed out
with arrows.
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Figure 6 — a-c) MADYMO force and acceleration plots for 200, 300, and 400g input accelerations. d) Calculated effective
mass plots. The final effective mass on Telemachus had a mass of 12 kg.

Once potted, the specimen was rigidly secured to a load cell on the carriage. Before
testing, a preload was applied using Velcro straps to compress the pelvis (Figure 5). The pre-
load was calculated based on the mass of the torso and how much force it would generate when
subjected to gravity. An assumed mass of 35 kg was used to determine the pre-load for each
pelvis to be ~350 N (Clauser 1969).

Specimens

Ten fresh, unembalmed post mortem human surrogates (PMHS) were obtained for testing
through tissue suppliers accredited by the American Association of Tissue Banks. The test
protocols were subject to review by the University of Virginia Institutional Review Board for
Human Surrogates. A summary of their anthropometry is shown in Table 3. Each specimen was
sectioned from the level of L4 to mid-femur. Only male subjects were selected for this study to
minimize potential geometric effects on force response. The mean age of the specimens was 52
+ 11 years, the mean weight was 80.3 + 14.4 kg, and mean height was 172.4 + 13.6 cm.

The femurs have been shown to load the bony pelvis in both lateral and frontal motor
vehicle collisions and are suspected as a load path in axial loading of the seated pelvis (Salzar
2006). In order to represent realistic loading conditions into the pelvis, the femurs with
surrounding soft tissue were left intact and included to the level of the mid-thigh. Inter-



abdominal organs were removed, weighed and properly stored. The average mass of tissue
removed was approximately 3 kg. This mass was later replaced with a gelatin mixture of equal
mass.

Table 3 — Summary of specimen demographics

Test # Specimen Sex Age Height Weight BMD CoD
# (cm) (kg) T-score
001 502 M 70 136 45.5 2.9 Aneurysm
002 570 M 59 175 83 -1.1 Heat Stroke
003 571 M 58 175 83.4 -1.7 Cardiac Arrest
004 591 M 44 177 86 -0.9 Bacterial Pneumonia
005 581 M 52 178 78.5 0.6 Heart Attack
006 594 M 36 185 103.9 0.5 Leukemia
007 595 M 42 170 77 2.2 Anoxic Brain Injury
008 603 M 40 180 80.3 -0.2 Suicide
009 602 M 61 168 79 -0.5 Stroke
010 609 M 58 180 86.2 -1.2 Malignant brain
neoplasm
Average 52 172.4 80.3 -1
Std. dev. 11 13.7 14.4 1.1

Specimen Positioning and Potting

The SAE coordinate system was selected as the coordinate system for the boundary
condition measurements and to define the ‘global’ coordinate system (Society of Automotive
Engineers 1995). The local coordinate system of the pelvis is defined by a plane using
anatomical landmarks, similar to the method by Wu in 2002. The four landmarks in Figure 7
that define the plane are the left and right anterior-superior iliac spines (ASIS), and the left and
right posterior-superior iliac spines (PSIS). The midpoint of the vector between the left and right
PSIS is what the accelerations of this study were transformed to. The x-axis is then defined as
the vector between the midpoint of the left and right PSIS and the midpoint of the left and right
ASIS. The y-axis is the vector normal to the x-axis and parallel to the vector connecting the left
and right PSIS. The cross product of the x- and y-axes defines the z-axis, which is positive
towards the inferior pelvis. Figure 8 shows a schematic of the pelvis in position on Telemachus
and the orientation of the local pelvis coordinate system. The notation for the global coordinate
system is X, Y, and Z, while the notation for the local pelvis coordinate systemis x, y, and z. Z
is the axis that the seat and carriage move along, and X is perpendicular to Z and parallel to
gravity. Y is defined by the cross product of the two axes, and is parallel to the surface of the
seat.
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Figure 7 — General pelvis anatomy with local coordinate system defined by Wu. Specimens for this study were sectioned
from L4 to mid-femur.

Figure 8 - A detailed schematic showing how the pelvis is positioned in the testing rig with the local pelvis coordinate
system.

Soft tissue was removed from the L4 and L5 vertebral bodies to accommodate a potting
box, and three screws were carefully inserted to ensure that the load was shunted through the
disc. These screws were inserted into the L5 vertebral body midway between the superior and
inferior surfaces on the anterior side. They were driven down until they engaged the S1 sacral
body. Shorter screws were partially driven into L4 for added rigidity when the FastCast was
poured. Additionally, care was taken to preserve soft tissues that contribute strength to the
pelvis. Specifically, the anterior and posterior sacroiliac joint ligaments were left intact, as well
as the bilateral sacrotuberous ligaments. Muscles and other connective tissues were preserved as
much as possible in the pelvic ring and only removed at locations of instrumentation. The



fibrocartilage of the pubic symphysis and its connective ligaments were also preserved in order
to help maintain the integrity of the pelvic ring.

Before the spine was fixed in the FastCast (Goldenwest Manufacturing, Grass Valley,
CA) potting medium, the pelvis had to be angled into a seated posture. Bony landmarks,
specifically the left and right anterior-superior iliac spines and the pubic symphysis, were used to
position the pelvis in a seated posture. The angle between the plane formed by the three bony
landmarks and the global Z-axis is called the ASIS-PS angle and is only used for
positioning/potting the pelvis. Figure 9 is a schematic showing the ASIS-PS angle from the
lateral view.

ASIS-PS angle

Figure 9 — A schematic showing the ASIS-PS angle. The ASIS-PS angle is defined as the angle between the plane defined
by the anterior superior iliac spines and the pubic symphysis, and the Z-axis. Neutral is defined as an angle of 0, and a
negative angle indicates a posterior tilt.

The first two specimens were potted and tested at a -45° ASIS-PS angle (posterior tilt).
The overall physical look and impact location of the seat with the sacrum did not seem
reasonable for a usual upright sitting posture. Therefore, a second literature review was
conducted after the first two tests to better identify a normal sitting posture.

Dankaerts et al. studied the difference in sacral angles at S2 between patients sitting in a
‘usual’ sitting posture on a rigid, horizontal seat and sitting in a ‘slumped’ posture (Dankaerts
2006). From Dankaerts’ results and using CT analysis combined with bony measurements on
the Global Human Body Model Consortium finite element model (GHBMC,;
http://www.ghbmc.com/), it was determined that the usual sitting posture would correlate to an
ASIS-PS angle of -22 + 13° (posterior tilt). The remainder of the pelves were potted according
to the angle related to Dankaerts’ study.

Instrumentation

The ten component tests were instrumented to capture the boundary conditions as well as
the specimen’s response. A four-degree of freedom sensor cube was rigidly secured to the
posterior pelvis at the S1/S2 level. The cube measured local x-, y-, and z- accelerations as well
as angular rates about the y-axis. CT measurements were used to transform the cube data to the
local pelvis coordinate system. The instrumentation to capture the boundary conditions included
a 7270A accelerometer (Endevco Meggitt Sensing Systems, Irvine, CA) on the seat platen, and a
7264B accelerometer (Endevco Meggitt Sensing Systems, Irvine, CA) on the carriage, along
with a 6-axis steering column load cell mounted on the carriage to record the force response at
the sacrum. Additionally, acoustic emission sensors, attached next to the Sl joints on the ilium,
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were used for tests 2 thru 10 for fracture detection and a host of strain elements were used
throughout the pelvis (Figure 10). The majority of the strain gauges were tri-axial rosettes.

Once each specimen was fully instrumented, a pre-test CT scan was ordered to be able to
precisely measure instrument location before testing. Figure 11 shows a sagittal x-ray image of a
pelvis potted in position with the sacrum acceleration block in view.

Tri-axial strain gauge

Single axis strain gauge

terior mounting location

for pelvis accelerometers

Figure 10 - Pelvis schematic showing targeting locations for strain gauges and the posterior mount of the acceleration
block.

Data was collected using a DTS SlicePro data acquisition system (Diversified Technical
Systems, Seal Beach, CA) as well as a Hi-Techniques Synergy data acquisition system (Hi-
Techniques, Inc., Madison, WI). Channels were sampled at a rate of LMHz. All acceleration
data were filtered with a 4-pole Butterworth filter set to 1650 Hz (CFC1000). All other data
were filtered with a 4-pole Butterworth filter set to 20 kHz.

Each specimen was tested once with a target input acceleration of 150g and a time to
peak of 3ms, which is similar to tests conducted by Bailey (Bailey 2015). Table 4 is the test
matrix including the component mass. After each test, injuries were evaluated through post-test
CT scans and dissection by a trained medical examiner.

r

3 .
%%y’ "~ Fast Cast

Figure 11 -- Sagittal x-ray image of a pelvis potted in position with the sacrum acceleration block in view.
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Table 4 — Test matrix showing component mass, pelvis angle, and input acceleration.

. . Target time to
Test # Component Pelvis Angle Target 1.nput peak acceleration
mass (kQg) (degrees) acceleration (g) (ms)

001 16.4
002 - 4
003 23.1
004 21.1
005 25.1
006 252 ’ 150 3
007 21.5 )
008 24.5
009 23.3
010 18.6

Average 22.1

Std. Dev. 3.0

Calculations

The forces and moments recorded by the load cell were transformed to the origin of the
pelvis coordinate system, defined as the midpoint of the vector between the left and right PSIS.
It was assumed that the FastCast was a rigid body in order to perform the translation. The load
cell’s X- and Z-axes were then rotated with a standard rotation matrix (Eq. 1) to be in line with
the pelvis coordinate system. The rotations were minimal, no more than 15 degrees for tests 3-
10. The rotations were more for tests 1 and 2 because of the initial angle they were potted in.
The specific values, measured from CT images, to rotate forces from a global measurement to
the pelvis coordinate system are summarized in Table 5. The rotations were about the y-axis.

[Fxpelvis FZpelvis] = [FXtranslated FZtranslated] [

cosO
sin@

—sin@
cosf

| Ea1)

Table 5 —Rotations about the y-axis to transform from the load cell to the pelvis coordinate system.

Test | Angle from global
# | tolocal (degrees)

001 32

002 23

003 6.5

004 14.5

005 7

006 13

007 8

008 9

009 9.5

010 11.5
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CT data was used to measure the distance, dZ, between the center of the pelvis coordinate
system (simply represented by the blue circle in Figure 12) and the inferior most portion of the
pelvis to be impacted by the seat. This measurement was used along with My, Fx, and Fz to
calculate the moment arm, dX, of the axial force (Fz) as shown in Equation 2. Table 6
summarizes the moment arm values, both before and after being corrected for the coordinate
system rotation.

The strain gauge data were examined to determine fracture time, but the acoustic sensors
proved to be a better indicator. The strain gauges were used, however, to show how the pelvis
was responding during the loading phase and to help account for anomalies in the force data,
such as load shifting.

My—(Fx*dZ)
Fz

dX = (Eq. 2)

+X
Force from
seat

Figure 12 — Schematic showing moment arms and forces acting on a point.

Table 6 - Summary of dx measurements and the corrected values based on the small rotations of the pelvis coordinate
system. Test 001 was omitted because failure timing was not detected, and 007 was omitted because My was not captured.

Test | dX in cm. (measured ax cc_)rrected fo_r
rotation of pelvis
# from CT) .
coordinate system (cm)
002 6 5.5
003 3.6 3.5
004 9.1 8.8
005 6 6
006 3.2 3.1
008 3.9 3.9
009 1.7 1.7
010 2.4 2.4

CT data was used to determine the corners of the surfaces of the accelerometer block and
of the bony landmarks used to define the pelvis coordinate system. These measurements were
used to define the sacrum block axes and transform them to the pelvis coordinate system through
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translation and rotation. Since the sacrum block only had four channels, it was assumed that the
rotations about the x- and z-axes were minimal when performing the sacrum acceleration
transformations. Once transformed, the accelerations were used to calculate the resultant pelvis
acceleration and show how the pelvis moved along the x- and z-axes.

The axial force and moment about the y-axis are used to calculate response corridors
using the methodology outlined by Lessley 2004. Axial force-displacement corridors were also
calculated using the pelvis Fz force, and from doubly integrated acceleration data from the seat
and carriage. The resulting slopes of the force-displacement plots yielded an axial stiffness
value.

EXPERIMENTAL RESULTS

Test fixture input

Telemachus proved to be very repeatable as shown by the seat acceleration traces in
Figure 13. Figure 14 shows acceleration of the seat versus displacement. The consistency
amongst all the tests shows that the input was not affected by the pelvis that it was impacting.
Table 7 shows that this acceleration was equivalent to an average seat velocity of 5.9 0.3 m/s in
6.6 £0.2 ms.

Seat Acceleration
200

100
—Test 001
—Test 002

Test_003

Test_004
—Test_005
—Test_006
—Test_007
—Test 008
—Test_009
—Test 010

(=}

-100

Acceleration [g]

-200

Avg. failure time, 4ms

-300

400 )
Time [s]

Figure 13 — Seat acceleration response of all tests. Telemachus proved to be very repeatable. Sharp peaks with short
duration at the beginning of the trace were not included in the 150 g in 3 ms assessment. The sharp spikes in the
acceleration data can be attributed to the seat platen flexing upon impact from the transfer piston.
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Acceleration vs. Displacement
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Figure 14 — Acceleration vs. displacement plot up to time of failure. Test 005 was omitted from this plot due to excessive
acceleration ringing. The consistent acceleration from test to test shows that the input was not affected by the pelvis.

Table 7 — Peak seat velocities integrated from seat accelerations.

Peak Seat Time to
Test# Velocity peak (ms)
(m/s)

UVA PELVIS 001 -5.3 6.9
UVA PELVIS 002 -5.8 6.5
UVA PELVIS 003 -5.8 6.4
UVA PELVIS 004 -6.0 6.3
UVA PELVIS 005 -5.7 6.2
UVA PELVIS 006 -5.9 6.6
UVA PELVIS 007 -6.3 6.8
UVA PELVIS 008 -5.9 6.8
UVA PELVIS 009 -5.9 6.5
UVA PELVIS 010 -6.5 6.7
average -5.9 6.6
standard deviation 0.3 0.2

Injuries

Each specimen sustained a sacrum injury near the interface with the FastCast and screws
used for potting. The majority of the injuries did not destroy the integrity of the pelvic ring;
however, there was one test where there was a complete disruption of the posterior arch of the
pelvic ring. The pubic symphysis remained intact for all tests, and there were no full disruptions
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of the sacroiliac joints. Injury descriptions and images are listed below for each test. A
representative CT image of a sacral fracture is shown in Figure 15.

The majority of the injuries were located on the sacrum or at the potting interface. The
fractures around the pot are artifactual due to the rigid boundary and not characteristic of injuries
seen in theater. The distal sacrum/coccyx injuries are likely not artifactual, but rather were
caused by the high-rate loading from the seat platen.

=

£

4
S1 fractuke

Figure 15 - Test 004: Sagittal CT image of the pelvis, post-test, at the midline of the sacrum. Also in view are the potted
L4 and L5 vertebral bodies. The yellow arrow indicates the fracture that was sustained during testing. This image is
oriented to show the sacrum in a testing position even though the imaging was done in a hospital CT machine. The hip is
extended because of how the specimen is positioned for scanning.

Pelvis and Sacrum Response

In the plots below, Fx is the pelvis force along the x-axis. Fy and Fz are the pelvis forces
along the y- and z-axis, respectively. Ax is the sacrum acceleration along the pelvis x-axis. Ay
and Az are the sacrum accelerations along the pelvis y- and z-axis, respectively. The angular
rate sensor measured sacrum rotations about the pelvis y-axis, and My is the pelvis moment
about the y-axis. The seat and carriage acceleration and displacements are measured along the
global Z-axis.

Since all of the specimens fractured at the potting interface, only data up to time of
fracture is reported. Time of fracture was determined for nine of the ten tests using the acoustic
emission sensors in a similar manner as previous studies conducted by Salzar and Funk (Salzar
2006; Funk 2002). When the acoustic data recorded an amplified, near instantaneous response,
the time corresponding to the initiation of the response was considered the failure time. Test one
did not have acoustic sensors employed. Figure 16 depicts acoustic signals plotted with lumbar
Fz to determine fracture time and force at failure. Table 8 summarizes times of failure, as well
as axial forces and moments about the y-axis at the fracture time. The average axial force when
the potting failed for tests 2-10 was -5949 + 1777 N and the average moment about the y-axis at
fracture was 311 £ 157 Nm. The average shear force was -1845 + 825 N. The average failure
time was 4 £ 0.6 ms.
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Figure 16 — Acoustic emission signals plotted with a force trace to determine fracture timing and force at fracture. The
dotted line indicates the point at which the acoustic signal significantly increases (greater than 1 order of magnitude of the
base signal), indicating there was a fracture.

Table 8 — Summary of failure time, axial and shear force at failure, and moment about the y-axis at failure.

Failure Fx at Fz at Pl\c/)lt)f[i?]g
Test # Time Eotting Eotting Eailure
(ms) Failure (N) | Failure (N) (Nm)
UVA PELVIS 001 - - - -
UVA PELVIS 002 3.9 -2549 -3872 269
UVA PELVIS 003 4.3 -922 -8167 302
UVA PELVIS 004 4.2 -3327 -6353 627
UVA_PELVIS_005 4.6 -1950 -7809 496
UVA PELVIS 006 3.9 -2197 -6590 239
UVA_ PELVIS 007 2.9 -351 -2540 -
UVA_ PELVIS 008 3.7 -1851 -5873 256
UVA PELVIS 009 4.9 -2038 -7563 159
UVA=PELVIS=010 3.6 -1422 -4842 137
average 4.0 -1845 -5949 311
standard deviation 0.6 825 1777 157

Sacrum angular rate about the y-axis is plotted in Figure 17. Angular rates at fracture
range from about 250-1400 deg/s. The positive trend in the kinematics is in agreement with the

positive moments about the y-axis.
Resultant sacrum acceleration is plotted in Figure 18. The two primary accelerations of

the resultant are the x- and z-accelerations (Figure 19 & Figure 20). The x-accelerations all
follow a negative trend, while the z-accelerations start with a negative trend and then turn

positive.
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Figure 19 - Sacrum acceleration along the pelvis x-axis. All tests followed a similar negative trend.
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Figure 18 - Sacrum resultant accelerations.
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Figure 17 — Sacrum angular rate data about the y-axis. All tests exhibited a positive rotation about the y-axis.
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Figure 20 - Sacrum acceleration along the pelvis z-axis. All tests followed a negative and then positive trend.

Detailed results for each test

Below are detailed plots of all sensor data recorded. Since rosette strain gauges were used
throughout the pelvis, it should be noted that only the ‘B’ gauges are plotted below since they
were the gauges used for alignment when applying to the bone. Gauges ‘A’ and ‘C’ appear in
Appendix B.

Pelvis 001
Since Pelvis 001 did not have any acoustic sensors, fracture timing could not be determined.

Notes from the post-test dissection:

Non-displaced, linear fracture with small comminuted bony fragment was noted extending
laterally through the entire sacrum at the level of the most cephalad sacral foramen. Figure 21
shows a picture from the dissection of a fracture.

Figure 21 - Injury picture for test 001. Non-displaced, linear fracture with small comminuted bony fragment was noted
extending laterally through the entire sacrum at the level of the most cephalad sacral foramen.
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Pelvis 002
Figure 22 shows the strain in the pelvis up to failure. The data indicate that the pelvis underwent

compression bilaterally at the Sl joints, as well as on the ilium (denoted as ‘wings’ in the plots).
The left inferior pubis, left acetabulum, and left superior pubis all measured tension. The right
acetabulum measured tension and then went into compression, while the right inferior and
superior pubis gauges started in compression and then went into tension.

Pelvis Strain - 002
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00t Time [s]
----R Wing B ----RS.I.B ====R Sup. Pubis B
R Inf. Pubis B —L Wing B —LS.I.B
——L Sup. Pubis B —L Inf. Pubis B --=--R Acetabulum

Figure 22 — Pelvis strains for test 002. The left and right S.I. gauges experienced the largest compressive strains.

Figure 23 shows the pelvis forces and moment about the y-axis with strain data as gray dotted
lines. Additionally, the angular rate data from the sacrum is plotted. While the primary force
was Fz, there was also a significant shear response in Fx. My and the angular rate sensor both
had a positive trend. Fy experienced a low force response indicating that the off-axis loading
was minimal. This is also confirmed in Figure 24 with the sacrum Ay acceleration. The two
dominant accelerations were along the z- and x-axes, and both had a predominantly negative
response but then trended toward a positive slope at about 3ms.

Figure 25 and Figure 26 show the comparison between the seat and carriage accelerations, as
well as the differences in overall displacements. The total distance that the seat moved before

failure, as indicated by the acoustic sensor, was about 8.5 mm.
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Figure 23 -— Pelvis forces and moments, as well as sacrum angular rate for test 002. The gray dotted lines are the strains
from the previous figure. Fz was the dominant force. My and the angular rate sensor both had positive trends.
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Figure 24 — Sacrum accelerations, angular rate, and pelvis moment about the y-axis for test 002. The two dominant
accelerations are along the z- and x-axes and both have a predominantly negative response but then trend with a positive
slope at about 3ms.
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Figure 25 — Seat and carriage accelerations for test 002. The carriage does not start to accelerate until ~1.75ms.
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Figure 26 — Seat and carriage displacements for test 002. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~8.5mm.

Notes from post-test dissection:

Mobile fragment ~5mm at the most inferior portion of the ischium on the left and right. An 8cm
fracture was noted extending from the coccyx to the level of S3 on the left lateral sacrum.
Coccyx was noted to have a comminuted fracture. Figure 27 shows a picture from the dissection
of a fracture.
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Figure 27 - Injury picture for test 002. An 8cm fracture was noted etedin from the coccyx to the level of S3 on the left
lateral sacrum.

Pelvis 003

Figure 28 shows the strain in the pelvis up to failure. The left inferior pubis gauge failed and
yielded no usable data. The left and right SI gauges both underwent similar compressive
loading. Similarly, the left acetabulum and left wing both experienced similar compressive
strain. The right inferior pubis gauge was put into tension and peaked before failure.
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Figure 28 - Pelvis strains for test 003. The left and right S.I. gauges experienced the largest compressive strains.

Figure 29 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was a small shear contribution of
about 1 kN along Fx and very little lateral loading along Fy. My and the angular rate sensor both
followed a positive trend. In Figure 30, the dominant Az acceleration, as well as the angular

rate, have a steep positive rise up to a peak just after 4 ms, which corresponds to the peak in the
Fz load. Given the nature of the fractures, these data suggest that the fractures could have been
initiating just after 4 ms (in line with the peaks), followed by catastrophic failure at the end of the
trace. The positive Az accelerations can be attributed to sacrum rotation about the fixed superior
end despite the loading from the seat along the negative z-axis.
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Figure 31 and Figure 32 show the comparison between the seat and carriage accelerations, and

the differences in overall displacements. The total distance that the seat moved before failure, as

indicated by the acoustic sensor, was about 11 mm.
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Figure 29 - Pelvis forces and moments, as well as sacrum angular rate for test 003. The dominant Az acceleration has a

steep positive rise up to a peak just after 4 ms. The time corresponds to the peak in Fz load.
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Figure 30 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 003. The dominant Az

acceleration has a steep positive rise up to a peak just after 4 ms. The time corresponds to the peak in Fz load.
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Seat and Carriage Acceleration - 003
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Figure 31 - Seat and carriage accelerations for test 003. The carriage does not start to accelerate until ~2ms.
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Figure 32 - Seat and carriage displacements for test 003. The displacements were calculated from double integrating the

seat and carriage accelerometers. The total seat displacement was ~11mm.

Notes from post-test dissection:

Transverse fracture of the medial sacrum ~1cm below the superior aspect of the sacrum.

Fracture continued to the S1 foramen bilaterally then between the S1 foramen. This produced a
large mobile fragment of the superior medial portion of the sacrum. Comminuted fracture of the

coccyx. Figure 33 shows a picture from the dissection of a fracture.
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Figure 33 — Injury picture for test 003. Transverse fracture of the medial sacrum ~1cm below the superior aspect of the
sacrum.

Pelvis 004

Figure 34 shows the strain in the pelvis up to failure. The left and right SI gauges both
underwent similar compressive loading. Similarly, the left wing and right acetabulum both
experienced similar compressive strain. The left acetabulum underwent tensile loading while the
left superior and inferior pubis gauges experienced a compressive load.

Pelvis Strain - 004

1500

1000

500

i e LT

0.000 —-0.09 003" 0.005
-500 <

Strain [ps)

-1000

-1500

-2000

Time [s]
----R Wing B --==-R'S.I. B -=-=-R Sup. Pubis B R Inf. Pubis B
—L Wing B —LS.1LB ——L Sup. Pubis B —L Inf. Pubis B
-==-R Acetabulum —L Acetabulum

Figure 34 - Pelvis strains for test 004. The left and right S.1. gauges experienced the largest compressive strains.

Figure 35 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was a significant shear response
along Fx. Lateral loading along Fy was minimal. Both the angular rate sensor and My
experienced positive trends, but only the angular rate sensor reached a peak before failure.

Figure 36 shows the negative and then positive acceleration response recorded by Az. AXx
experienced acceleration in the negative direction and reached a minimum just before the angular
rate sensor reached its peak. A minimal response from Ay suggested that there was minimal
lateral loading.

26



Figure 37 and Figure 38 show the comparison between the seat and carriage accelerations, as
well as the differences in overall displacements. The total distance that the seat moved before

failure, as indicated by the acoustic sensor, was about 10 mm, but the carriage had moved about

3 mm by the same time.
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Figure 35 - Pelvis forces and moments, as well as sacrum angular rate for test 004. The gray dotted lines are the strains

from the previous figure. Fz was the dominant force, and My and the angular rate sensor both had positive trends.
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Figure 36 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 004. Az was negative until
~1.5ms and then turned to a positive trend before switching back to a negative trend at 3ms. Ax experienced acceleration

in the negative direction and reached a minimum just before the angular rate sensor reached its peak.
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Seat and Carriage Acceleration - 004
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Figure 37 - Seat and carriage accelerations for test 004. The carriage does not start to accelerate until ~1.5ms.
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Figure 38 - Seat and carriage displacements for test 004. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~10mm.

Notes from post-test dissection:
Transverse fracture extending the length of the sacrum at the level of the inferior edge of the first

sacral foramen. A vertical fracture beginning medial to the S1 vertebral body extending through
the first sacral foramen to the left lateral edge of the sacrum at the level of the second foramen.
Coccyx was noted to have two transverse fractures. Figure 39 shows a picture from the
dissection of a fracture.
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Figure 39 — Injury picture for test 004. The view of the posterior sacrum. Transverse fracture extending the length of the
sacrum at the level of the inferior edge of the first sacral foramen.

Pelvis 005

Figure 40 shows the strain in the pelvis up to failure. The left SI gauge experienced the most
compression. Its change in slope between 3.5 and 4 ms corresponds to a peak in angular rate and
My in Figure 41. At about the same time, Fz exhibited unloading and then reloading. Ax, Ay,
and Az all experienced peaks just after 4 ms (Figure 42), which correspond to the reloading in
Fz. After the peaks, the angular rate sensor recorded a faster change in rotation until failure was
detected by the acoustic sensors.
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Figure 40 - Pelvis strains for test 005. The left and right S.1. gauges experienced the largest compressive strains.

Figure 43 and Figure 44 show the comparison between the seat and carriage accelerations, as
well as the differences in overall displacements. The total distance that the seat moved before
failure, as indicated by the acoustic sensor, was about 12 mm.
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Figure 41 - Pelvis forces and moments, as well as sacrum angular rate for test 005. The gray dotted lines are the strains

from the previous figure. Fz was the dominant force, and My and the angular rate sensor both had positive trends.
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Figure 42 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 005. Ax, Ay, and Az all

experienced peaks just after 4 ms, which correspond to the reloading in Fz. After the peaks, the angular rate sensor
recorded a faster change in rotation until failure was detected by the acoustic sensors.
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Seat and Carriage Acceleration - 005
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Figure 43 - Seat and carriage accelerations for test 005. The carriage does not start to accelerate until ~3ms. There is
significant ringing in the seat accelerometer.
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Figure 44 - Seat and carriage displacements for test 005. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~12mm.
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Notes from post-test dissection:
Non-displaced right and left ischial spine fractures. Coccyx was noted to have two transverse
fractures. Figure 45 shows a picture from the dissection of a fracture.

¢ s ",
Figure 45 — Injury picture for test 005. Non-displaced right and left ischial spine fractures

Pelvis 006

Figure 46 shows the strain in the pelvis up to failure. The left SI gauge experienced the most
compression. The right SI gauge experienced a compressive force too, but at a lesser magnitude
than the left side. The left acetabulum experienced the most tension. The remainder of the
gauges recorded primarily compressive strain.
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Figure 46 - Pelvis strains for test 006. The left S.I. gauge experienced the largest compressive strain.

Figure 47 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was a significant shear response
along Fx. Lateral loading in Fy was minimal. The angular rate sensor peaked at about 3ms,
which corresponds to an increase in the slope of My. Both the angular rate sensor and My had
positive trends.
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Figure 48 shows the negative and then positive acceleration response recorded by Az. Ax

experienced acceleration in the negative direction and reached a minimum just after the angular
rate sensor reached its peak. Minimal response from Ay suggests that there was minimal lateral

loading.

Figure 49 and Figure 50 show the comparison between the seat and carriage accelerations, as
well as the differences in overall displacements. The total distance that the seat moved before
failure, as indicated by the acoustic sensor, was about 8 mm.
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Figure 47 - Pelvis forces and moments, as well as sacrum angular rate for test 006. The gray dotted lines are the strains

from the previous figure. Fz was the dominant force, and My and the angular rate sensor both had positive trends.
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Figure 48 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 006. Az was negative until

~2.25ms and then turned to a positive trend before switching back to a negative trend at 3.5ms. Ax experienced
acceleration in the negative direction and reached a minimum just after the angular rate sensor reached its peak.
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Figure 49 - Seat and carriage accelerations for test 006. The carriage does not start to accelerate until ~2ms.
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Figure 50 - Seat and carriage displacements for test 006. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~8mm.

Notes from post-test dissection:

Two vertical fractures of the right anteriosuperior sacrum. The first followed the right Sl joint,
the second coursed medial of the S1 vertebral body through the medial aspect of the right first
foramen. There was a fracture of the left superior Sl joint extending inferiorly to the level of the
second foramen. A transverse fracture extended across the entire anterior sacrum at the level of
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the second foramen. Comminuted coccyx fracture. Figure 51 shows a picture from the
dissection of a fracture.

Figure 51 — Injury picture for test 006. A transverse fracture extended across the entire anterior sacrum at the level of
the second foramen.

Pelvis 007
Figure 52 shows the strain in the pelvis up to failure. The left and right SI gauges experienced
the most compression. The left superior pubis and right inferior pubis experienced the most
tension, with the left acetabulum experiencing a lesser degree of tension. The remainder of the
gauges recorded primarily compressive strain.
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Figure 52 - Pelvis strains for test 007. The left and right S.1. gauges experienced the largest compressive strains.

Figure 53 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was a slight shear response along
Fx. Fy, My, and the sacrum data were unsuccessfully recorded on this test.

Figure 54 and Figure 55 show the comparison between the seat and carriage accelerations, as

well as the differences in overall displacements. The total distance that the seat moved before
failure, as indicated by the acoustic sensor, was about 5 mm.
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Figure 53 - Pelvis Fx and Fz for test 007. The gray dotted lines are the strains from the previous figure. Fz was the
dominant force and reached over 2.5kN before failure.
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Figure 54 - Seat and carriage accelerations for test 007. The carriage does not start to accelerate until ~1.75ms.

36



Seat and Carriage displacement - 007
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Figure 55 - Seat and carriage displacements for test 007. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~5mm.

Notes from post-test dissection:

Vertical fracture that followed the right Sl joint which then coursed medially through the lateral
aspect of the first foramen then the medial aspect of the second foramen. A second vertical
fracture began approximately midway between the S1 vertebral body and the left Sl joint.
Transverse fracture between the first foramen. Transverse fracture between the second foramen.
Figure 56 shows a picture from the dissection of a fracture.

Figure 56 — Injury picture for test 007. Transverse fracture between the first foramen.

Pelvis 008

Figure 57 shows the strain in the pelvis up to failure. The left and right SI gauges experienced
the most compression. The left acetabulum and right superior pubis experienced the most
tension. The left and right superior pubis gauges reached their peak magnitudes between 3 and
3.5ms, which corresponds to an increase in loading rate as well as an increase in moment rate.
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Figure 58 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was a significant shear response
from Fx. Lateral loading in Fy was minimal. Both the angular rate sensor and My had positive
trends.

Figure 59 shows the negative and then positive acceleration response recorded by Az. AX
experienced acceleration in the negative direction and reached a minimum at about 3.5 ms. A
minimal response in Ay suggests that there was minimal lateral loading.

Figure 60 and Figure 61 show the comparison between the seat and carriage accelerations, as
well as the differences in overall displacements. The total distance that the seat moved before
failure, as indicated by the acoustic sensor, was about 8 mm.
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Figure 57 - Pelvis strains for test 008. The left and right S.I. gauges experienced the largest compressive strains.
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Figure 58 - Pelvis forces and moments, as well as sacrum angular rate for test 008. The gray dotted lines are the strains
from the previous figure. Fz was the dominant force, and My and the angular rate sensor both had positive trends.
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Sacrum accelerations, angular rate, and lumbar moment- 008

30 900

20 600 —

Ei

10 300 =

)

o 0 E

1] —_—

= 0.000 0.003 0.004 -

£-10 300 E

£ E

£ 20 600 =

S ]

<30 900 £

™

=

40 -1200 =

[=1]

=

-50 -1500 <
60 -1800

Time [s]

Ax —Ay —Az —My —Ang. Rate

Figure 59 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 008. Az was negative until
~1.5ms. Ax experienced acceleration in the negative direction and reached a minimum just before the angular rate sensor

reached its peak.
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Figure 60 - Seat and carriage accelerations for test 008. The carriage does not start to accelerate until ~1.5ms.
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Figure 61 - Seat and carriage displacements for test 008. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~8mm.

Notes from post-test dissection:

Two vertical fractures extending both lateral aspects of the vertebral column inferior to the first
ipsolateral sacral foramen. There was transverse fracture extending between the first sacral
foramen. Coccyx was noted to have two transverse fractures. Figure 62 shows a picture from
the dissection of a fracture.

Figure 62 — Injury picture for test 008. There was transverse fracture extending between the first sacral foramen.

Pelvis 009

Figure 63 shows the strain in the pelvis up to failure. The left and right SI gauges experienced
nearly identical compression, as well as the left and right wings. The right inferior pubis gauge
measured a large tensile strain at about 3.75 ms.
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Pelvis Strain - 009
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Figure 63 - Pelvis strains for test 009. The left and right S.I. gauges experienced the largest compressive strains. The
large peak measured by the right inferior pubis gauge is attributed to a localized fracture diagnosed in the post-test
dissection.

Figure 64 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was about a 2 kN shear load in Fx.
Lateral loading in Fy was minimal. Both the angular rate sensor and My had positive trends. Fz
experienced a loading phase up to about 3.75 ms before it unloaded and reloaded just after 4ms.
The initial unloading corresponds to the peak in the strain at the right inferior pubis gauge. The
injury note below indicates that the ischial tuberosities were fractured, thus the axial unloading
and peak in strain can be attributed to this injury before the sacrum experiences its significant

failure at 4.9 ms.

Figure 65 shows the negative and then positive acceleration response recorded by Az. AXx
experienced acceleration in the negative direction and reached a minimum at about 4.5 ms.
Minimal response from Ay suggests that there was minimal lateral loading. The peaks in angular
rate, Ay, and Az after 4 ms likely reflect the sacrum starting to fail.

Figure 66 and Figure 67 show the comparison between the seat and carriage accelerations, as

well as the differences in overall displacements. The total distance that the seat moved before
failure, as indicated by the acoustic sensor, was about 14 mm.
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Figure 64 - Pelvis forces and moments, as well as sacrum angular rate for test 009. The gray dotted lines are the strains
from the previous figure. As the dominant force, experienced a loading phase up to about 3.75 ms before it unloaded and
reloaded, which corresponds to the peak in the right inferior pubis gauge and reflects fracture in the ischial tuberosities.

My and the angular rate sensor both had positive trends.
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Figure 65 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 009. Ax, Ay, and Az all
experienced peaks just after 4 ms, which correspond to the reloading in Fz and likely represent failure in the sacrum.
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Figure 66 - Seat and carriage accelerations for test 009. The carriage does not start to accelerate until ~1.5ms.
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Figure 67 - Seat and carriage displacements for test 009. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~14mm.

Notes from post-test dissection:

Fracture extending inferiorly from the medial aspect of the superior sacrum. The fracture line
passed through the first and second sacral foramen then traveled to the left anterior edge of the
sacrum at the level of the forth foramen. Comminuted fracture bilateral ischial tuberosities.
Comminuted fracture of coccyx. Figure 68 shows a picture from the dissection of a fracture.
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Figure 68 — Injury picture for test 009. The fracture line passed through the first and second sacral foramen then
traveled to the left anterior edge of the sacrum at the level of the forth foramen.
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Pelvis 010

Figure 69 shows the strain in the pelvis up to failure. The left inferior pubis gauge failed and no
data is presented. The left SI gauge experienced the most compression, followed by the right Sl
gauge. The left acetabulum experienced the most tension, followed by the left superior pubis
and right inferior pubis. There were no dramatic shifts in the strain responses to suggest failures
or load shifting.

Figure 70 shows the strain data as gray dotted lines with the pelvis forces and moment about the
y-axis plotted in color. Fz was the dominant force, but there was a 1.5 kN shear force along Fx.

Lateral loading in Fy was minimal. Both the angular rate sensor and My had positive trends, but
the angular rate sensor reached a peak before the end of the trace at about 3.4 ms.

Figure 71 shows the negative and then positive acceleration response recorded by Az. AXx
experienced acceleration in the negative direction and then peaked with positive acceleration at
the time of failure. A minimal response from Ay suggests that there was minimal lateral loading
up to failure.

Figure 72 and Figure 73 show the comparison between the seat and carriage accelerations, as

well as the differences in overall displacements. The total distance that the seat moved before
failure, as indicated by the acoustic sensor, was about 8 mm.
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Figure 69 - Pelvis strains for test 010. The left and right S.1. gauges experienced the largest compressive strains.
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Figure 70 - Pelvis forces and moments, as well as sacrum angular rate for test 010. The gray dotted lines are the strains
from the previous figure. Fz was the dominant force, and My and the angular rate sensor both had positive trends.
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Sacrum accelerations, angular rate, and lumbar moment- 010
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Figure 71 - Sacrum accelerations and angular rate, and pelvis moment about the y-axis for test 010. Az was negative until
~2.5ms and then turned to a positive trend before switching back to a negative trend at 3.25ms. Ax experienced
acceleration in the negative direction and reached a minimum just before the angular rate sensor reached its peak.
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Figure 72 - Seat and carriage accelerations for test 010. The carriage does not accelerate until ~1.75ms.
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Figure 73 - Seat and carriage displacements for test 010. The displacements were calculated from double integrating the
seat and carriage accelerometers. The total seat displacement was ~8mm.

Notes from post-test dissection:

Transverse fracture at the level of the inferior edge of the first sacral foramen. Vertical fracture
extended to the level of the first foramen bilaterally. Coccyx was noted to have two transverse
fractures of the proximal segment. Figure 74 shows a picture from the dissection of a fracture.

Figure 74 — Injury picture for test 010. Transverse fracture at the level of the inferior edge of the first sacral foramen.

DISCUSSION

Boundary Conditions

The boundary conditions on Telemachus were designed to be rigid and constrained to
move along a single axis. Although the specimens failed at the potting interface, the data up to
the point of failure is reliable. The simplified single-axis loading condition was necessary in
order to gain a basic understanding of the pelvic response along the axial direction before trying
to understand a complex, unconstrained input force. Additionally, the rigid boundary at the
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superior side of the pelvis takes the place of a flexible lumbar spine and compliant vertebral
discs. The rigidity introduced stress concentrations and led to failure at the potting interface.
Future testing should explore alternative methods for holding on to the pelvis.

Future testing should also consider evaluating the sensitivity of force response to the
carriage mass by varying or eliminating the carriage mass or fixing the superior boundary. Since
mass is recruited dynamically, the fixed carriage mass used in this study was only representative
of the mass at the peak pelvis acceleration in the MADY MO model.

Force-Response Corridors

Figure 75 and Figure 76 show the resulting response corridors calculated for Pelvis Fz
and Pelvis My. The characteristic average trace is a red line and the response corridor
boundaries are dashed black lines. The traces from the tests are grayed out within the corridor.

Pelvis Fz Response Corridor
0

0 0.001 = Ny, 0, .0.003 0.004 0.005

-2000
— -4000
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S \
g
~ -6000
-8000 '
-10000 .
Time [s]
—Characteristic average  ----- Corridor boundary

Figure 75 — Response corridor of Fz forces. The red line is the calculated characteristic average and the dotted black lines
are the bounds of the corridor. The light gray lines are the data traces that Fz data traces that are terminated at time of
failure.
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Figure 76 - Response corridor of My moments. The red line is the calculated characteristic average and the dotted black
lines are the bounds of the corridor. The light gray lines are the data traces that My data traces that are terminated at
time of failure.

Axial Force-Displacement

The seat and carriage accelerations (global coordinate system) at the inferior and superior
boundary of the pelvis were double integrated to calculate displacements. Figure 77 shows the
resulting response corridor for the force-displacement data.

A linear relationship was assumed to calculate the axial stiffness for each specimen. The
stiffness was calculated by taking the slope between the point representing 80% of the fracture
force and 20% of the fracture force. Table 9 summarizes the axial stiffness values for each test.

49



Axial Force-Displacement Corridor
-0.01 -0.015

-2000

-4000

Force [N]

-6000

-----

-8000

-10000 :
Displacement [m]

— Characteristic average - Corridor boundary

Figure 77 — Axial force-displacement plots up to fracture. A linear relationship was assumed for the stiffness calculation.
The light gray lines are force-displacement traces that are terminated at time of failure.

Table 9 — Summary of calculated axial stiffness values.

Calculated
Axial
Stiffness
(kN/m)
UVA PELVIS 001 -
UVA PELVIS 002 547
UVA PELVIS 003 1144
UVA PELVIS 004 756
UVA PELVIS 005 1094
UVA PELVIS 006 1042
UVA PELVIS 007 1054
UVA PELVIS 008 1133
UVA PELVIS 009 991
UVA PELVIS 010 744
average (003-010) 995
standard deviation 159

Test #

Pelvis/Sacrum Response

The test starts as the seat begins to load the inferior pelvis (Figure 78). Immediately
after, strains are observed throughout the pelvis, as well as an axial and shear force response
along the z- and x-axis, followed by rotation and acceleration on the sacrum. The strain data
show that the load causes a shear force at the Sl joints, as evidenced by the compression recorded
along the joints (Figure 79). The resulting fractures indicate that there are two primary load
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paths through the pelvis. Coccyx fractures indicate distal sacrum loading, while ischial
tuberosity and ischial spine fractures indicate distal ischium loading. Table 10 organizes the
tests into categories based on distal fractures and shows that a majority of the specimens
experienced a distal sacrum fracture, while a smaller number experience both an ischium and
distal sacrum fracture. It should be noted that even though the ischium were not fractured in all
cases, the strain data proves that loading occurred. Also, the majority of the specimens sustained
a proximal sacrum fracture that could have been initiated by either load path. Since there is no
way to discern how the load is distributed between the two paths in these tests, the calculated
stiffness values in Table 9 may be a combined representation of both paths.

Table 10 — Distal pelvis fractures categorized to show two primary load paths.

Distal Fracture Location Test number
Distal sacrum (e.g. coccyx) only 003, 004, 006, 008, 010
Ischium & distal sacrum 002, 005, 009

The increase in compression rate of Fz can be attributed to the sacrum nearing the limit of
its range of motion in bending, thus causing more resistance and an increase in compressive
force as well as an increase in shear and moment.

rpc.,-% .

Force
from seat

Figure 78 — Schematic of the pelvis being loaded by the seat.

Flexing is seen in the ilium and pubic regions, but the fractures occur in the sacrum. The
compressed soft tissue between the seat and sacrum, continues to load the sacrum until there is a
failure. The curved geometry of the sacrum, together with its initial position facing the incoming
load, can explain the positive trend of the angular rate and moments (Figure 80).

Figure 79 — Schematic of the pelvis indicating the areas of high compressive strain adjacent to the Sl joints.

The strain elements recorded a wide range of strains throughout the pelvis. The left and
right SI gauges always experienced compressive strains and usually were the largest in
magnitude. It should be noted that the variance in response amongst some of the other gauges,
especially the acetabulum and pubis gauges (inferior and superior), can be attributed to
alignment/positioning challenges due to accessibility constraints.
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Force
from seat

Figure 80 — Schematic of the axial and shear forces experienced by the pelvis, as well as the positive moment about the y-
axis.

Fractures and Stiffness

As mentioned, the fractures seen in the pelves were likely caused by the stress
concentrations introduced by the mounting hardware (screws and rigid FastCast). While a few
of the injuries reported are representative of realistic injuries seen in combat theater (i.e. coccyx
fractures and localized ischial tuberosity fractures), the majority of the injuries sustained in this
study are not.

Since failure force and time were determined using the accoustic sensors in this study, the
response of the pelvis up to that point is usable data for ATD and model development. Test 009
proved to be unique in that a local ischial tuberosity fracture was detected on a strain gauge
before the acoustic sensors detected fracture (Figure 63 and Figure 64). This was atypical is in
this study since no other failures were detected by strain gauges.

The loading rate and the pelvis kinematic response are important results that ATD
developers and modelers alike can use for model development. The strain gauge data proved
that the pelvis was being deformed during the loading phase and not just being pushed down the
track as a rigid body.

The boundary data were used to calcuate axial stiffness. A linear response was assumed
for the calculations, and it is acknowledged that there is an inertial component in the force
response data that cannot be eliminated with the data collected in this study. The development of
a lumped-mass model of the pelvis would help determine the sensitivity to the distributed mass
and its effect on force response. The stiffness values calculated do reveal a more rigid response
than previous studies that loaded the pelvis in the lateral and frontal directions.. Specifically,
Chamouard reported a 300 KN/m dynamic stiffness value for the pelvis, which is about one-third
of the sitffness calculated in this study. The force at failure recorded in this study tends to agree
with the static fracture forces reported by Chamouard and the dynamic force reported by Salzar
(Chamouard 1993; Salzar 2006), but could merely be a coincidence. Future studies that
eliminate the failure at the pot will be able to report more reliable forces at fracture.

Similarly to axial stiffness, a calculated rotational stiffness was explored. However, it
was determined that the rotational data from the sacrum was not representative of the rest of the
pelvis and therefore could not be used for a reliable calculation. Therefore, use of the additional
gauges listed in the limitations section is warranted for future studies to quantify the rotational
stiffness of the pelvis. The addition of the gauges will also help separate axial and bending
stiffnesses due to the ability to calculate axial translations as a result of the rotations.

Axial and shear moment arms
Because the load cell and seat positions are fixed along the X-axis, except for slight
adjustments that can be made at the load cell to accommodate varying anatomical geometries,
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the distance between their respective centers is known. Since the relationship between the pelvis
coordinate system and the load cell center is known, it was determined that the calculated Fz
moment arm, dX, was approximately in line with the center of the seat. Since the failure
occurred during the loading phase of the seat accelerometer, the primary force vector should still
be coming from the center of the seat.

Limitations

While this study was the first of its kind, future studies should improve the method for
rigidly holding onto the pelvis. Specifically, an alternative method to eliminate the compliance
of the vertebral discs and not introduce a stress concentration needs to be developed. The rigid
potting method used in this study proved to cause local stress concentrations in the sacrum and
resulted in failure at the interface in each test.

The calculated axial stiffness for the second test (potted at a -45° angle) is less than the
stiffness calculated at a -22° angle and has a greater moment about the y-axis at failure. While
this is only one case, it may suggest that the stiffness values depend on pelvis position. More
tests are needed to further prove or disprove that notion. Additional loading rates should also be
investigated so that there is a better understanding of the pelvis response across a wider spectrum
of loading rates.

Additional strain gauges should be used on the sacrum to measure local deformations and
quantify flexing in that region. Six-axis motion blocks should be used on both the sacrum and
pubic symphysis. The addition of these gauges will help quantify the sacroilliac joint flexion
during loading, and will help better define load distribution through the pelvis. The joint
compliance coupled with the axial and rotational stiffness would be important for ATD
development.

Finally, an acoustic sensor should be adhered to the sacrum to ensure accurate timing
differences if the sacrum and other parts of the pelvis fail during a test. Additional sensors may
help determine timing of distal fractures, and give additional response data for the complex
geometry of the pelvis.

THESIS SUMMARY AND CONCLUSIONS

The primary focus of this research thesis was to investigate the failure tolerance of the
component pelvis subjected to a high-rate vertical loading event, and calculate the axial stiffness.
This thesis provides axial stiffness and response corridors up to failure. It also identifies two
primary load paths through the pelvis, but cannot discern how the load is distributed between the
two paths.

In this study, a test rig to accommodate the component pelvis, was built based on design
principles from U.Va.’s whole body blast rig. The rig was constrained for Z-axis translation only
and employed a six-axis load cell as well as accelerometers to quantify the boundary conditions
prescribed to a test specimen. While the effective mass was an integral part of the test rig design,
future testing may want to investigate whether having a non-fixed boundary on the superior side
of the sacrum would be beneficial.

A total of 10 PMHS component pelves were instrumented and tested once at the same
input condition. In each test, there was a failure at the interface with the rigid potting medium.
The average force at failure was calculated to be -5949 + 1777 N and the average moment at
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failure was 311 £ 157 Nm. They both occurred at 4 + 0.6 ms. The force-deflection data revealed
the pelvis had an axial stiffness of 995 £ 159 kN/m. The kinematic and moment response data
both showed that the pelvis rotated in the positive direction about the y-axis. The distal pelvis
fractures revealed two primary load paths, but the data collected cannot discern how the load was
distributed between the sacrum and ischium.

These experimental results offer a first look at the response of the pelvis when subjected
to high-rate vertical loading under the prescribed boundary conditions. Only the data up to
failure should be considered reliable response data, but it can be used to help further develop
ATDs or computer models used in blast loading conditions.

For future testing, additional loading rates and postures need to be explored in order to
develop a more thorough understanding of the response of the pelvis. Isolating load paths should
be considered in order to evaluate the effects on pelvis response when loaded only through the
ischium or sacrum. The addition of more instrumentation will help quantify kinematic and
deformation differences between the sacrum and the rest of the pelvis. Additionally, to minimize
the likelihood of a failure at the pot, alternate potting techniques should be explored to hold on to
the pelvis.
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APPENDIX A: ‘A’ and ‘C’ strain gauge data from rosette strain gauges.
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Figure A-1: Strain gauge data from the ‘A’ gauges for test 002.
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Figure A-2: Strain gauge data from the ‘C’ gauges for test 002.

57



Pelvis 003

Pelvis Strain - 003

1000

500

0.000 . . . . 0.005

Strain |ps]|
n
=
=

-1000
-1500
-2000 .
Time [s]
----R Wing A ----RS.I.L A ----R Sup. Pubis A R Inf. Pubis A
—L Wing A —LSILA ——L Sup. Pubis A ——L Inf. Pubis A
===-R Acetabulum ——L Acetabulum
Figure A-3: Strain gauge data from the ‘A’ gauges for test 003.
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Figure A-4: Strain gauge data from the ‘C’ gauges for test 003.



Pelvis 004
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Figure A-5: Strain gauge data from the ‘A’ gauges for test 004.
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Figure A-6: Strain gauge data from the ‘C’ gauges for test 004.
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Figure A-7: Strain gauge data from the ‘A’ gauges for test 005.
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Figure A-8: Strain gauge data from the ‘C’ gauges for test 005.
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Figure A-9: Strain gauge data from the ‘A’ gauges for test 006.
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Figure A-10: Strain gauge data from the ‘C’ gauges for test 006.
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Pelvis 007
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Figure A-11: Strain gauge data from the ‘A’ gauges for test 007.
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Figure A-12: Strain gauge data from the ‘C’ gauges for test 007.
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Figure A-13: Strain gauge data from the ‘A’ gauges for test 008.
Pelvis Strain - 008
1500
1000
500
Z 0
= 0.000
=
£ -500
@»n
-1000
-1500
-2000
Time [s]
-==-R Wing C ===<R S.I.C ===-R Sup. Pubis C R Inf. Pubis C
—L Wing C ——tlN.1.C ——L Sup. Pubis C ——L Inf. Pubis C

----R Acetabulum  ——L Acetabulum

Figure A-14: Strain gauge data from the ‘C’ gauges for test 008.
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Figure A-15: Strain gauge data from the ‘A’ gauges for test 009.
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Figure A-16: Strain gauge data from the ‘C’ gauges for test 009.
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Figure A-17: Strain gauge data from the ‘A’ gauges for test 010.
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Figure A-18: Strain gauge data from the ‘C’ gauges for test 010.
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