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Impact Response and Injury of the Pelvis

Guy S. Nusholtz, Nabih M. Alem, and John W. Melvin

Proceedings of the 26th Stapp Car Crash Conference, Paper No. 821160

SAE, Inc., 1982.

ABSTRACT

Multipie axial knee impacts and/or a single

lateral pelvis impact were performea on a total
of 19 cadavers. The impacting surface was
padded with various materials te produce
different force=time and load distributicn

cnaracteristics. Impac: load and skeletal
acceieration data are presented as functions of
poth time and freguency in the form of
mechanical impedance. Injury descriptions based
on gross autopsy are given.

The kinematic response of the pelvis during
and after impact is presanted to indicate tne
simiiarities and differences in response of the
peivis for variocus load levels. While the
impact response gata cannot prescribe a specific
toierance leve! for the pelvis, they do indicate
variaples which must be considered and some
potential problems in aeveloping an accurate
injury criterion.

INTRODUCTION

varying type and
found to occur in a
significant number of automotive accidents
(1=5) . investigations of trauma of the pelvis
resulting from impact in an automotive
environment have been documented primarily
through accident investigation methods. There
have oniy been a |imited number of biomechanical
studies attempting to research pelvis impact
trauma under laboratory conditions. One of the
earliest of these studies was conducted by Evans
and Lissner in 1955 (6), and consisted of

Pelvis injuries of
severity nave been

impacts to the denuded pelvis in the inferior-
super ior direction, Al though no fracture
tolerance data were obtained, it was concluded

from this study that
elastic benavior and failed due to tensile
stresses in various structural mempers. Ten
years later a study of the behavior of the knee-
femur-pelvis compiex in an automotive impact
environment was reported by Patrick et al. (7)
In this series of tests, an impact sied was used
to apply femorai-axis impacts to the knee of

the pelvis exhibited

embaimed cadavers. The lowest applied load
found to cause pelvis injury was 7.] kN, and
loads ranging from 8.5 kN to 17 kN were found to
cause multipie fractures of the pelvis. It

was suggested that a maximum force criterion (of
about 6.2 kN) shouid be the threshoid level for
injury for the pateila/femur/pelvis compiex. A
simiiar study using unempalmed cadavers was
reported by Melvin and Nusholtz in 1980. A
single pelvis fracture was found to occur at an
applied locad of about 20 kN, however loads udp to

26 kN were applied with no resulting pelvis
injury.

A recent biomechanical study of pelvis
impact in an automotive environment was

documented first in 1973 (S) ang more completely
in 1980 (10) by Cesari and Ramet. The goal of
this research was to supply data for design of
side door padding by impacting cadavers
laterally in the pelvis and recording the force/
injury relationships observed. [t was suggested
from this study that the response to impact is
characterized by velocity of impacts, maximum
force, and impuise. Admissibie force tolerance
for females was documented as 5-7 kN (1100-1600
Ib) and for males as 7-13 kN (1600-2900 Ib).
These studies essentially characterize pelvis
injury tolerance using maximum force and impulse
indicators.

To further investigate the kinematic and
injury response of the pelvis in automotive-

environment impacts, a series of tests involving
indirect impacts to the pelvis have been

Guy S. Nusholtz
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congucted by the Siomecnanics Depriment at HSRI.
The tests were conductead using unembalimed
cadavers anc two types of impact facilities: a
penduium impactor and a pneumatic impactor.
Indirect loaas were delivered to the acetabulum
of the pelvis by impacting the femur either
axially or laterally. This allowed loads to be
delivered to the acetabulum in either anterior-
to-posterior or right-to-ieft directions. The
cacavers were instrumented o measure pelvic
riaxial
some tests three-dimensional motion of the
peivis was recorgec with nine acceierometers.
Additionally, triaxial accelerations of the
femur and the thoracic vertebrae (T8) were
measured. Photograpnic targets on the pelvis
anc ‘emur were used for pnotokinemetric analysis
of motion due to the impact.

ANATOM!ICAL OVERVIEW

The bony pelvis (Figure 1) consists of two
large, flat irregular shaped hip {coxal) bones
that join one another at the pubic symphysis on
the anterior midline. Posteriorly the wedge
snaped sacrum completes the pelvic ring forming
a relatively rigid structure.

in the aduilt, each hip bone is formed by

the fusion of three separate bones, the ilium,
ischium, and pubis, which join at the
acetabulum. The ilium forms the broad upper

lateral part of the hip bone and the upper
portion of the acetabulum. | ts upper curved

edge is the iliac crest. The most commonly
refered to prominence on this crest is the
anterior-superior iliac spine. Posteriorly the
crest  ends in the posterior iliac spine,

adjacent to its articulation with the sacrum,
the sacroiliac joint. The ischium forms part of
the acetabulum ana has a superior ramus that
ends below in the ischial tuberosity. From
there the inferior ramus ascends to join with
the inferior ramus of the pubic bone. Together
this bar of bone is freguently referred to as
the ischio=pubic ramus or inferior pubic ramus.
The bedy of the pubic bone forms the anterior
part of the acetabulum. From here the superior
pubic ramus passes tc the midline where it joins
its fellow of the opposite side through the
pubic symphysis. Below the inferior pubic ramus
joins  the inferior ischial ramus. The
posterior-lateral bony peivis is covered by
multiple muscle layers, buttock fat and skin.
The iliac crest is reiatively free cf heavy
musculature. The rounded head of the femur
articulates wih the acetabulum and is heid
within the socket by ligaments. Laterally, on
the upper femyr is a large bony prominence, the
greater trochanter, for the attachment of
muscles.

B2

accelerations in all tests, while in

METHODOLGGY

SUBJECT PREPARATION

Following transfer to HSRI, the cadaveric
subjects were stored at 4° C until subseguent
use. The cadavers were sanitarily prepared and
were examined radiologically prior to the
installation of acceierometer nardware and after
the test.

IMPACT TESTING

Impact tests were conducted wusing HSRi's
pendulum ana pneumatic impacting devices. A
total of 19 cadavers were used in three series
of tests. Muitipie left knee impacts (aescribed
below) and a single lateral impact were
performed on a group of eight cadavers,
instrumented with triaxial acczelerometer
clusters on the peivis and right trochanter of
the femur. A second group of eight cadavers was
subjected to knee impacts along the direction of
the femoral axis of each side. Of these eight
subjects, four had triaxial accelerometer
clusters on  both trochanters, one  was
instrumented with a nine-accelerometer plate on
the pelvis, and three had no instrumentation.
Finally, three cadavers were subject to left-
side lateral impacts, each instrumented with a
pelvic nine-accelerometer plate.

Acceleration Measurement =-- Accelerations
were measured in three orthogonal directions at
two different sites (trochanter ang peivis) with
Engeveo 2264~-2000 piezoresistive accelerometers
by securing a triaxial accelerometer cluster to
a mounting platform at each site. Three-
dimensional motion determination was made
possible by affixing three triaxial clusters of
accelerometers to a lightweight magnesium plate
which was in turn rigidly attached to the
pelvis. The location of the center of gravity,
the coordinate system of the triaxial clusters,
and the nine accelerometer array are shown in
Figure 2. The figure is divided into four
sections. The top half of the figure shows the
location of the instrumentation for those tests
in which the response of both trochanters were
obtained. The lower left hand corner shows the
location of triaxial clusters in those tests in
which both trochanter and peivis response were
measured. The lower right hand corner shows the
location of the triaxial cluster or nine
accelerometer array for those tests in which
only peivis response was messured. The location
and mounting of the accelerometer platforms were
as follows:

Trochanter: An incision was made below the
greater trochanter and several snort self-

Guy S. Nusholtz
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tapping screws using a multi-point attachment

scheme secured the mounting platform to the
femur. The platform was then anchored wizth
acrylic to insure rigidity.

Pelvis 9-Acceierometer: Four lag boits were
screwed into the pelvis near the posterior-
superior iliac spines. Acrylic was applied,
encasing both the bolts and the mounting plate,
with the C3 of the instrumentation plate midway
bpetween the posterior-superior iliac spines.

Pelvis Triax: Two lag bolts with tapped
heads were screwed intc the posterior-superior
iliac spines. A lightweight magnesium plate
spanned the bolits and was secured by two Sscrews
anchored into the tapped heads of the lag bolts.

Penduium Impacts == The pendulum impact
device consists of a free-falling pendulum as
an energy source whicn strikes either a 25 kg or
2 56 kg impact piston. The impactor, guided by
2 set of Thompson Iinear bal!l bushings, was
brought to impact velocity prior to impact and
traveled up to 25 cm before being arrested.
Axial loads were measured with either a GSE
biaxial load cell or a Setra model 111

accelerometer. Shear loads were measured (when
relevant) with the GSE biaxial load cell.
Impact conditions between tests were controiled

by varying impact velocity (up to 8.5 m/s), and
the type and depth of padding on the impact
piston surface. The piston excursion and the
distance the piston traveled from the point of
contact to the point of arrest ranged from 3 to
20 em. The velocity of the piston was measured
by timing the pulses from a magnetic probe which
sensed the motion of targets on the piston at
0.89 cm intervals. A specially designed timer
box was wused to control and synchronize the
events of a test, such as the release of the
penduium and activation and deactivation of
lights and high speed cameras.

For tests conducted with this device, the
subject was placed in a restraint harness and
suspended in a seated position. Indirect
impacts to the acetabulum in the anterior-to-
posterior direction were delivered by impacting
the knee along the direction of the femoral
shaft axis ("axial knee impacts"). Indirect
lateral impacts to the acetabulum were delivered
by impacting the trochanteric region of the
femur, along the axis of the neck of the femur.

Pneumatic Impacts -~ The pneumatic impact
device consists of an air reservoir which is
connected to a honed steel cylinder. A driver
piston is propelled down the cylinder by the
pressurized air in the reservoir. The driver
piston contacts a striker piston which is fitted
with a piezoelectric accelerometer (Kistler
904A) and a piezoelectric load washer (Kistler

BS

8054) to  aliow the getermination of
acceieration-compensated contact loads appliea
to the ‘test supject. The mass, velocity, and
stroke of the striker piston can be controllied
to provide the agesired impact congitions for a
particular test. The velocity of the impactor
is measured by timing the pulses from a magnetic
probe which senses the motion of targets on the
impactor at 1.3 cm intervals.

For the pneumatic impactor tests, the
subject was suspended by a body harness and an
overhead pulley system and in addition was
seated on a block of balsa wood. Impacts were
deliverea indirectly to the pelvis through
loading of the femur at the knee, as described
above.

THREE-DIMENSIONAL MOTION DETERMINATION

The HSR| methoa used for measuring the
three-dimensional motion of the pelvis is based
on a technique used to measure the general
motion of a vehicle in a simulated crash (11).
in the current application, three triaxial
clusters of fndevco 2264-2000 accelerometers are
affixed to a light-weight magnesium plate wnich
is then rigidly attached to the peivis. With
this method it is possible to take advantage of
the physical and geometrical properties of the
test subject as well as the site of impact in
the design of a system for measurements of 3-)
motion.

The nine acceleration signals obtained from
the three triaxial clusters are used for the
computation of the peivis motion using a least-
squares technique, the detaiis of which are
described eisewhere (12,13). The method takes
advantage of the redundancy of nine independent
acceleration measurements to minimize the effect
of experimental error.

PHOTOKINEMETRICS

fach subject underwent two radioclogic
examinations, one porior to and one following the

test. High-speed photographic coverage of the
test consisted of two lateral views. A Hycam
camera operating at 3000 frames per second

provided a close-up view of the pelvis, while a
Photosonics 1B camera operating at 1000 frames
per second was used tc obtain an overall view of
the test subject. The motion of the subject was
determined from the film by following the
motions of five-point phototargets. The targets
were affixed to the rigid accelerometer mounts
located on the pelvis, trochanter, and spine.
Since the resulting film provided a lateral view

of the test, the motion observed was two-
dimensional and restricted to the plane of the
flim,

Guy S. Nusholtz
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INITIAL CONDITIONS AND POSITIONING

for all tests, the supject was placed in a
restraint harness which was in turn suspended
from the ceiiing. Ffor the axial knee impacts,
the subject was positioned as in Figure 3 with
the impactor initially 8 to 10 e¢m from the knee.
These tests used as padding either 2.5 em of
Ensolite, 2.5 cm of styrofcam, or a combination
of 2.5 cm Ensolite and 2.5 cm styrofoam. The
lateral pelvis impacts required that the subject
be positioned as in Figure 4, with the impactor
initially centered § cm anterior to the greater
trochanter, For these tests, the impactor was
either rigia, padded with 2.5 cm Ensolite, or a
combination of 2.5 cm Ensolite and 2.5 cm
styrofoam.

PELVIS IMPACT RESPONSE

One method for analyzing the motion of a
material body is to analyze the motion of a
point on that body. In the case of the tests
performed in this study, the point chosen is
midway between posterior-superior iliac spines
(PSIS). The motion is then analyzed using the
concept of a moving frame discussed elsewnere
{13) and briefly summarized here.

A vector field is a function which assigns
a uniquely defined vector to each point along
the path generated by the moving point.
Simiiarly, any collection of three mutually
orthegonal wunit vectors emanating from each
point on the path is a frame field. Thus any
vector defined on the path (for example,
acceieration) may be resolved into three
orthogonal components of any well defined frame
field.

in biomechanics research, frame fields
wnich are frequently used are defined based on
anatomical reference frames. The anatomical
reference frames used here are shown in Figure
2. The frames are based on the anatomical
orientation of a standing test subject.
Therefore, the |-S direction of the trochanter
is roughly equivalent to the minus A-P direction
of the peivis for a seatea subject. Qther frame
fields such as the Principal Direction Triad
(14) or frenet-Serret frame (13), which contain
information about the motion embedded in the
frame field, have also been used to describe
motion resulting from impact.

The Frenet-Serret frame consists of three
mutually orthogonal vectors T, N, B. At any
point in time a unit vector can be constructed
that is co-directional with the velocity vector.
This normailizea velocity vector defines the

tangent direction T. A second unit vector N is

B6

constructed by forming a wunit vector co-
directional with the time aerivative of the
tangent vector T (the derivative of a unit
vector is normal to the vector). To compiete
the orthogonal frame, a third unit vector B (the
unit binormal) can be defined as the cross
product T x N. This then defines a frame at
each point along the path and resoives the
acceleration into twe distinct types. The
tangent acceleration (Tan(T)) is always the rate
of change of speed (absolute velocity) and the
normal acceieration (Nor (N)) contains
acceleration information about the change in
direction of the velocity vector. The binormal
direction contains no acceleration.

in the case of a single triaxial
accelerometer, the use of the Ffrenet-Serret
frame is impractical but it has been found (14)
that in many cases during direct impacts it is
possible to find the most significant component
of acceleration, therefore the principal
direction of motion can be obtained.

One method of determining the principal
direction of motion and constructing the
Principal Direction Triad is to determine the
direction of the acceleration vector in the
moving frame of the triaxial acceierometer
cluster and then prescribe the transformation
necessary to obtain a new moving frame that
would have one of its axes in the principal
direction. A single point in time at which the
acceleration is a maximum was chosen tc define
the directional cosines for transforming from
the triax frame ¢o 2 new frame in such a way
that the resultant acceleration vector (AR) and
“"principal unit vector (&1) were  co-
dir2ctional. This then can be used to construct
a naw frame rigidly fixed to the <triax, but
differing from the original one by an initia!
rotation. After completing the necessary

transformation, a comparison between the
magnitude of the principal direction and the
resuitant acceleration is performed. In the

case of the impacts presented here, there was
only a slight difference between the two
guantities during the most significant part of
the impact. However, for responses occurring
after impact this was not always the case.

FORCE-TIME DURATION OETERMINATION

In order to define the pulse duration, a
standard procedure was adopted which determines
the beginning and end of the pulse. The
procedure is to determine first the peak and the
time at which it occurs. Next, theé left half of
the pulse, defined from the point where the
pulse starts to rise to the time of the peak, is

Guy S. Nusholtz
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least-squares fitted with a straight line. This
rise iine intersects the time axis at a point
which is taken as the formal beginning of the
pulse. For those tests which exhibit
multimodal signals, the least-squares line is
fitted from where the puise starts to the time
of the first significant peak. A similar
procedure is followed for the right half of the
puilse, i.e., a least squares line is fitted to
the fall section of the pulse which is defined
from the peak to the point where the first pulse
minimum occurs. The formal end of the pulse is
defined then as the point where the fall line
intersects the time axis. In many cases,
however, the formal end of the pulse (as defined
above) is not the end of contact between the
impactor and the subject. In these instances,
two durations are used; one to indicate the end
of the most significant aspect of the force-time
history and one to indicate the end of the
contact.

IMPACT TRANSFER FUNCTION ANALYSIS

" With blunt impacts, the rejationship
between impact force and the motion resuiting at
various points of the impacted system can be
expressed in the frequency domain through the
use of a transfer function. A fast fourier
transformation of simul taneously monitored
transducer time histories can be used to obtain
the frequency response functions of impact force
and accelerations of remote points. Once
obtained a transfer function of the form

FiFn)
Ban

can be calculated from the transformed
quantities where (W is the given frequency, and

Flrmi and FA®  are the Fourier transforms
of the impact forces and acceleration of the
point of interest, at the given freguency. This
particular transfer function is closely related
to mechanial transfer impedance which is defined
as the ratio between simple harmonic driving
force and corresponding velocity of the point of
interest. Mechanical transfer impedance (15) is
a complex valued function which for the purpose
of presentation will be described by its
magnitude and its phase angle.

Z(iw) = we

RESULTS

The tables and graphs presented on the
following pages represent the data considered
most pertinent in discussing the test results.
Table | contains biometric data of all test
subjects, as  well as the test numbers
corresponding to each subject (since  most

B9

subjects received multiple knee impacts as well
as a lateral pelvis impact, one subject will
have several corresponding test numbers). The
initial conditions for all knee impact tests and
all lateral impact tests are presented in Tables
2 and 3, respectively.

A summary of gross autcpsy results for the
lateral impact tests is presented in Table 4.
The series of knee impacts produced only one
injury. All pelvic injuries were sustained on
the impacted side of the pelvis.

Impact test summaries containing force and
three-dimensional motion information for axial
knee impacts to each cadaver appear in Table 5,
and in Table 6 for lateral pelvis impacts.
Summaries for force and triaxial acceleration
are presented in Tables 7 and 8 for the axial
knee impacts, and in Table 9 for the lateral
impacts.

DISCUSSION

The results presented in this paper have
been obtained from a series of pelvis injury
research programs conducted during the past five
years. The data is presented in abbreviated
form to represent the trends which are felt to
be important factors in pelvis impact response.

PELVIS RESPONSE FROM AXIAL XNEE IMPACTS

The response of the pelvis as characterized
by the time history of various accelerations and
velocities (both angular and linear) in addition
to the force time history, is dependent on the
impactor surface padding, mass and initial
velocity as well as variations between
individual test subjects. This is arrived at
from analysis of three dimensional motion
obtained from nine accelercmeters, triaxial
accelerometer clusters (affixed to the pelvis,
the impacted femur and the femur opposite the
impactor), as well as high speed photokinemetric
documentation.

Three-Dimensional Motion -- Tests
79A243-79A248 represent six impacts to a single
test subject. The six tests are divided into
three groups with similar impacts on each knee.
The three groups are: low veiocity (3.5 m/s and
2.5 cm Ensolite impactor surface padding),
medium velocity (5.0 m/s with 2.5 cm Ensolite
impactor surface padding), and high velocity
(8.5 m/s with rigid impactor surfaces). The
time history of the three dimensional motion of
the pelvis obtained from the nine accelerometer
array is summarized in Table 5. The maximum
impact force ranged from 4LkN to 20kN with the
duration of impact ranging from 12 ms to 30 ms.

Guy S. Nusholtz



Table 1. Biometrics

Cadaver |Height |Weignt

No. {em) (Kg) |Age Cause of Death
1 173 29.0 | 6L|Differentiated !ymphoma

2 160 57.2 | 73|Pneumonia

3 175 99.5 | 76|Cardiac arrest

b 178 106 | 63|Myocardial infarction

5 176 35.3 | 67)Cardiac resp. arrest intractible congestion
6 169 65.9 | 89|Cardiac arrest

7 176 68.1 | 76|{Coronary occlusion

8 174 91.7 | 76|Myocardial infarction

9 179 k1.6 | 66|Amyotrophic lateral sclerosis
10 174 61.9 | 73{Terminal pneumonia

" 180 91.2 | 56|Cardiac arrest

12 175 100 | 62|Cardiac arrest

13 -- 88.0 | 61|Cardiac arrest

14 - --| 52|Cardiac arres:

15 184 52.0 | 60|Cardiac arrest

16 180 76.9 | 67|Cardiac arrest

17 169 86.5 | 65|Myocardial infarction

18 -- --| ==|Cardiac arrest

19 174 68.3| LO|Cardiac arrest

Guy S. Nusholtz
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Table 2: Summary of Initial Conditions for Knee Impacts

Test Cadaver Impactor Impactor
No. No. Velocity (m/s) | Mass (Kg) Padding
774204 18 15.2 10 10 em Ensolite
774205 13 12.2 10 10 em Ensolite
774206 13 15.2 10 10 em Ensolite
774207 12 18.3 10 10 em Ensolite
774208 12 21.3 10 10 ecm Ensolite
794243 1h 3.k 25 2.5 cm Ensolite
79A244 % 3.k 25 2.5 cm Ensolite
79A245 4 5.0 25 2.5 cm Ensolite
794246 4 5.0 25 2.5 cm Ensolite
79A247 4 8.6 25 Rigid
79A248 k4 8.5 25 Rigid
79L081 1 5.5 56 2.5 cm Ensolite+
2.5 cm Styrofoam
79L082 1 5.5 56 2.5 cm Ensolite+
2.5 em Styrofocam
79L085 2 5.5 56 2.5 cm Ensolite+
2.5 em Styrofoam
79L086 2 5.5 56 2.5 cm Ensolitet
2.5 cm Styrofoam
79L089 3 5.5 56 2.5 cm Ensolite+
2.5 cm Styrofoam
79L090 3 5.5 56 2.5 cm Ensolitet
2.5 em Styrofoam
80L094 4 5.9 56 2.5 cm Ensolite
80L097 5 5.5 56 2.5 cm Ensolite
80L098 5 5.9 56 Rigid

Guy S. Nusholtz
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Taple 2: Summary of Initial Conditions for Knee Impacts (continued)
Test Cadaver impactor impactor
No. No. Velocity (m/s) | Mass (Kg) Padding

8oL102 6 5.5 56 2.5 cm Ensolite
80L103 6 5.8 56 Rigid

8oL109 bi 5.5 56 2.5 cm Ensolite
goL110 7 5.9 56 Rigid

S_OLHh 8 5.9 56 2.5 em Ensolite
8oL115 8 5.8 56 Rigid

8oL118 9 [ 56 Rigid

80L11§ 9 ) 56 Rigid

8oL120 9 5.9 56 Rigid

80L124 10 b, 56 Rigid

8oL125 10 5.9 56 Rigid

8oL 129 n 4.0 56 Rigid

8oL130 1 5.9 56 Rigid

80L135 19 - k.0 56 .. | Rigid

80L135 19 6.0 56 Rigid

80L135 19 4.0 56 Rigid

8oL136 19 6.0 56 Rigid

B12
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Table 3.

Summary of Initial Conditions for Lateral Impacts

impactor Impactor
Test Cadaver Velocity Mass Padding
No. No. {m/s) (Kg)
80L095 b 5.1 56 2.5 cm Ensolite
80L099 2 5.7 56 2.5 cm Ensolite
8oL104 6 5.8 56 Rigie
goLiit 7 5.8 56 Rigic
8oL116 8 5.7 56 Rigid
8oL121 9 5.9 56 Rigid
8oL126 10 5.8 56 Rigid
80L131 1 5.5 56 Rigid
8oL137 19 5.9 56 Rigid
2.5 cm Ensolite+
82E008 5 8.4 25 1.3 cm Styrofoam
82£028 16 8.4 25 0.5 cm Ensolite
2.5 cm Ensolite+
82E049 17 8.6 25 2.5 e¢m Styrofoam
B13 Guy S. Nusholtz
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Table 7: Knee Impacts

Force Acceleration velocity
Test Troch. Peivis Troch. Pelvis
No. 15t Peak Maximum | Duration Impulse Energy

(N) (N) (ms) (N=9) (Nem) Maximum | Maximum | Maximum | Maximum

(g's) (g's) (m/s) (m/s)
80L0s4 5850 27 88 69 80 60 3.7 3.4
® mse 8 (73) 8 12 22 15
80L097 3950 20 45 18 118 8c 6.2 5.2
o mss 9 (5) 9 8 16 1
80L098 2478 12 21 3.9 450 250 5.5 6.2
o mse 2 (36) 1 2 4 [
80L 102 7000 24 100 88.8 140 95 4.8 1.0
® ms= 8 (46) 7 3 1" 10
80L 103 7850 15 56 28.4 400 120 5.9 3.2
e mss 3 (40) 2 4 3 5
80L 109 8100 28 98 8s.2 200 70 5.3 3.4
® ms= 9 (61) 9 8 8 9
80L 110 9500 20 89 0.9 700 180 §.7 3.7
o ms= 3 (44) 2 3 € S
80L114 10000 35 107 102 230 6.2 3.1
e mss 7 (58) [ 7 28
80L 115 12000 24 100 82 67% .9 3.4
@ mss 2 (34) 2 3 16
80L118 5200 6000 12 36 1.6 220 118 3.8 3.2
* mg= 1 < (66) 1 1.5 8 7
8oL 118 4500 37%0 13 45.7 18.7 300 185 4.2 3.2
e ms= 1 2 (70) 2 3 4 8
80L120 5250 8300 15 3500 150 4.8 4.0
® mse 1 3 (55) 3 (3.5) 3 10
80L 124 7%00 20 46.9 19.6 380 115 4.4 3.0
& mss 1 2 (77) 2 4 4 7
8soL12% $600 9700 20 88 70 400 178 5.2 1.5
® ms= 1 3 (57) 2 4 3 6
80L 129 8750 20 74.4 49.5 208 140 a1 3.5
& ms= 3 (27) 1 2 6 15
80L 130 8900 9750 16 105 100 680 188 5.6 5.1
¢ mse 2 3 (29) 2 2 6 14
80L 135 S000 8700 17 78 Si 1750 135 3.9 3.4
e mse 2 4 (28) 1 2 7 10
80L 136 8700 11800 i6 108 101 800 240 S.4 4.1
® mss [ 6 (58) 2 3 8 9
B17 Guy S. Nusholtz
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Table 8.

Lateral Pelvis Impact

Force Acceleration Velocity
Test
Numper Max imum Duration Ist Max i mum Max i mum
(N) {ms) Peak (g's) (m/s)
80L095 10700 bl 38 b.b
@ ms= 10 10 L
80L099 3200 L2 23 50 L.6
€ ms= 5 1 38
80L 104 5900 L9 40 4.7
Q@ ms= 9 1 42
8oLi 7600 50 100 4.7
@ ms= &4 40
8oL116 7700 _ 51 57 L.3
@ ms= 9 " 48
goL121 3300 30 105 110 5.3
@ ms= 15 2 4 56
8oL126 7400 i 50 135 L.3
@ ms= 5 4 11 40
8oL131 8500 4o 50 135 4.3
@ ms= 7 6 11 52
8oL137 5200 22 Lo L8 4.8
@ ms= 5 3 3 50
Table 5. Lateral Impacts
Peak Linear Peak Angular
Peak Acceleration Acceleration
Test Force Impulse | Ouration (m/s/s) (raa/s/s)
No. (N) (N=3) (ms)
P=a R={ I-8s Tan PeA R-L I-S Res
82E008 | 14000 190 29 300 | 840 | -340 | 831 | -2270 | -6910 | -4600 6010
* ms= 13 18 1 14 14 18 14 16 11
82E028 | 13000 190 21 350 | 710 550 | 650 3620 | 10100 8190 | 102%0
e mge 7 6 & 1 6 a 3 5 8
82E049 | 14000 206 26 127 | 360 | -100 | 370 2700 | -3480 | -1990 37%0
© mss 14 15 14 14 14 13 13 16 16
Guy S. Nusholtz
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Several distinct events occurred in all the
force time histories and could be used as event
markers. They are: the beginning of impact
noted as El, the peak force noted 2s £2, and the
end of impact noted as E3. Both angular and
linear accelerations begin at the £l event and
reach maximums at or before the E2 event. Even
though there is significant angular acceleration
during this interval, the primary acceleration
is in the tangent direction (with a smaller
component in thne normal direction) indicating
that the direction of motion changes slowiy with
time. In addition, the angular acceleration
during this interval differs in maegnitude and
direction for each of the three sets of tests.

For tests 79A243 and 79A24k (Figures 5 and 6)
the angular acceieration was found to Dbe
primarily in the |-5 direction (although lesser
components occurred in the R-L and P=A

directions). In tests 7J9A245 and 79A246, the
magni tude of the angular acceleration is greater
and is to a greater degree in the R-L and P-A
direction. In tests 79A24L7 and 79A248 (Figures
7 and §), the magnitude of the angular
acceieration in the R-L and P-A direction is
similar in magnitude to that of the -5
direction. Along with the changes in magnitude
and direction of the angular acceleration with
changing impact velocity, there is an increasing
ratiec of anguiar acceieration to peak force as
well as a change in the relative phasing of the
angular acceieration time history to force time
history during the £1-E2 interval. |In addition

to  changes in angular acceleration with
increasing impactor velocity, there were also
changes in the linear acceleration; its

magni tude, direction, and phasing with respect
to the £2 events. For tests 79A243 and 79A24L,
the linear acceleration was primarily in the RL-
PA plane during the £1-£2 event interval. As
the magnitude of the loading increased (as in
tests 79A245 through 79A248), a significant
component of linear acceleration in the |=§
direction developed.

Physically, this implies that the response
of the pelvis can be interpreted as the response
of one material body (the pelvis) in contact
with other material bodies (the femur, spine,
abdominal organs, and soft tissue). The degree
to which each of the material bodies interacts
with the peivis is dependent upon the amount of
available impactor energy and how it is
transmitted to the pelvis.

Triaxial Bitrochanteric Response
~- Although the padding on the impactor surface
was different, the loading in tests 79L081
through 79L090 (Table 7) is similar to that of
the the previous tests. The response is
measured with two triaxial accelerometer
clusters located near each trochanter. Using
the same event markers on the force time history

B19

as in the previous tests, some information about
the response of the pelvis from the trochanteric
response may be obtained. Near the E! event
the acceleration of the trochanter of the
impacted side begins, however the accelerometer
of the opposite trochanter displays little or no
motion wuntil near or after the E2 event.
Acceleration of the impacted side peaks before
the E2 event, whereas the acceleration response
of the other trochanter reaches a maximum near
the £3 event. The motion indicated by this type
of response is somewhat similar to test 79A243
and 79A24k (for the pelvis) with the greatest
rotation in the |-S direction. However, it is
clear from the accelerometer data and high-speed
movies that although the peivis seems to behave
as it were rotating about a fixed point near the
trochanter of the opposite femur during the El-
£2 interval, motion after the E2 event is
considerably more complex, . with the peak
vejocity of the opposite femur more than half of
that of the impacted femur.

Peivis and Trochanteric Response -~ Tests
80LO94 to BOLI36 (Table 8) represent similar
loading to that of the previously mentioned
tests (79A243-248 and 79L0B1-090). The response
is measured by the use of triaxial
accelerometers located on the pelvis and
trochanter on the side of impact, as well as
photokinemetric documentation. The peak forces
range from 6 to 12 kN.

In some of these tests, the force time
history is similar to that of 79L081 through
79L030 with one peak and a well defined

beginning and end, however a few of the tests
have a more complex force time history. They
exhibit several local maxima and/or continuing
impactor contact after the initial part of the
pulse occurs. Although the response of the
trochanter as interpreted by the principal
direction acceleration and resulting
acceleration time-history waveforms is similar
to some of the previous heavily-padded tests,
others display damped oscillatory motion (Figure
Y). This response is generally observed during
the first section of the pulse and unobservable
shortly after the E2 event. In addition the
peak acceleration generally occurs around the
time of the first significant maximum of the
force time history. Other researchers using
finite element modeling of the femur (16) have
shown that various modes of bending and torsion
can occur. Potentially both the oscillatory
nature of the trochanteric response and the
multimodal nature of the force time histories
for these tests are a result of the bending of
the femur.

Although in these tests only
acceleration is measured and the
history varies from test to test

triaxial
force time
in a very

Guy S. Nusholtz
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general way the response Of the peivis, as
interpreted oy the principal direction
accelerations, is similar in these tests to that
of the response interpreted by tangential
acceleration in tests 79A247 and 79A24L8. Tabie
8 compares the acceleration time history of the
pelvis to that of the force time history and
accelieration time history of the trochanter. In
generail, the peak acceleration of the peivis s
less than  and tags behind that of peak
trocnanteric acceierations. In asdition, the
resultant peak velocity of the trochanter is
greater than and preceades the pelvis peak
velocity, and is primarily in the |=-S direction
(of the femur).

Transfer functions =- The transfer function

formed from the impact force and acceleration
includes the effects of padding and subject
response. A corridor for transfer functions
formed from the impact force and tangent

acceleration for tests 79A243-79A248 is shown in
Figureil,

for tests 79A243 and 79A244 the transfer
function is included in the corridor to 100 Hz.
For test 79AZL5 and 79A246 the transfer function
is incluaed te 150 Hz, and for tests 794247 and
794248, it is included frem 10 to 400 Hz. The
corridor representing pelvis response
(interpreted by mechanical impedance for force
and resulting velocity) shows that all six tests
are similar to 100 Hz. Ffour tests are similar
to 150 Hz and two are similar to 40O Hz. This
seems to be true despite the different impact
conditions (different padding, different initial
velocity, opposite sige impacts), and different
time history responses. This wouid seem to
indicate that the responses for this subject are
repeatable, symmetric¢ (same response for
opposite sides) and linear to at ieast 100 Hz.

The mechanical impedance for tests 79A081 -
79A090 (Figure 1) is generated from force and
principal direction acceleration, and is
considered valid between 10 and 100 Hz. In the
freguency range between 10 and 30 Hz it s

somewnat similar to the impedance of tests
794243 through 794248. Above this range,
however, there is a continual decline in the

value of the impedance. This is believed to be
a result of the styrofoam padding used in these
tests.

for pelvis tests 80LO94 - 80L136, the
mechanical impedance obtained from the principal
direction acceleration was significantly less
than those calculated from the accelerations in
the two directions normal to it above 25 Hz in
all tests. For the trochanter, the mechanical
impedance was valid for regions pelow this range
however for comparison purposes it is presented
aown to 25 Hz. The upper limit for the validity

B25

of tne pelvis impeagance was 400 Hz anc therefore
the trocnanteric upper limit is chosen as LOO
Hz. To obtain information about the
repeatability of the response of different test
subjects, multiple impacts (at a subinjurious
level) were performed on each subject (Table 8)
with each subject in the same initial postural
configuration while the impactor surface padding
and veiocity were varied. The transfer function
formed from the principal direction acceleration
and force-time history for poth the peivis and
trochanter are shown in Figures (2 and 2 for
tests 80L1i4 and 80L115, respectively, and in
Figures 14 and |5 for tests 30L!35 ana B80L136,
respectively.

It was observed that the accelieration
response of the trochanter is primarily in the
same direction as that of the force whiie the
accejeration of the pelvis is not. Despite this
and the fact that impact conditions varied
between impacts to the same side, observation of
these transfer function waveforms (and cthers
not presented) show that the transfer functions
for repeated tests on the same side are similar
for both the pelvis and trochanter. The
transfer function for the pelvis and the
trochanter of the same subject are similar in
waveform up to 200 Hz, although they giffer in
magni tude =-- values for the mechanical impedance
of the pelvis are generally two to four times
that of those for the trochanter. The amount of
scatter between subjects is addressed in Figures
16 and 17, which represent the corridor for
impacts that did not result in injury for both
the pelvis and trochanter, respectively.
Although the two corridors 1 ook similar
(differing only in magnitude beiow 100 Hz), they
cover a wide range of possible responses,
particularly above 200 Hz. This  magnitude
indicates that although the response of a single
subject is similar for repeated impacts, there
is wide scatter between subjects.

In addition to the above observations on
the transfer functions, in some of the tests
(e.g., 80L135 and B80L136) a resonance was
observed between 180 and 280 Hz, which is within

the band in which others have observed 2
resonance (16,17). This resonance (which s
observed in both the pelvis ana trochanter,

although it is more pronounced in the trochanter
transfer function) is potentially related to the
oscillatory behavior mentioned above and also to
the predicted first mode bending (16). Although
most of the test subjects did not dispiay this
resonance, it does occur in a few of the tests
which may help to explain some of the scatter
observed.

Damage to the Pelvis and Ffemur -- Many of

the tests involved loads above 10 kN, with only
one resulting injury (test 80L103 resulteg in a

Guy S. Nusholtz
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commutec fracture of tne femeral conayies). in
this regard, tests 794204 to 79A208, with loads
from 20 to 37 kN, resulted in no injury to the
femur or pelvis. Therefore, with respect to
setting tolerance levels, the indication is that
either much nigher impact velocities (for a
given mass) than have been used in these tests
must be considered, or eise other factors not
addressed in this study influence the injury
response of the pelvis. In these tests, the
subject's initia: configuration was held
constant and the impactor padding, mass, and
initial contact velocity were varieg. Possibiy,
the tolerance level could be infiuenced by the
orientation of the peivis and/or femur before
contact. in addition, no consideration was
given to the interaction of the pelvis with a
seat, which couild be an important factor given
the complexity of the pelvis response shown in
this study. Therefore, the information
generated in these knee impact tests cannot be
used to set tolerance levels in and of
themselves. The complex nature of the response
and the scatter between test subjects emphasize
the difficulty of this task.

LATERAL IMPACTS

The response of the pelvis under dynamic
lateral loads requires the description of
several material bodies: the impactor, the
femur, the soft tissue and the pelvis. The ball
and socket nature of the interface of the
acetabulum ang the head of the femur as well as
the difficulty of impacting through the
effective center of mass of the pelvis-femur
compiex suggest that in general an instability
will resulit as asymmetric loading of the
acetabulum occurs during impact. This type of
interaction as well as the effects of damage
produced during loading can lead to a wide range
of responses. In this regard the accelerometer
mounting platform, which is anchored to the
pelvis through the use of lag bolts, may add to
the lateral stiffness of the peivis by reducing
the differential movement between the two coxal

bones during impact, and consequently
simplifying the gross whole body motion of the
peivis. However, aithough the degree to which

the acceleromter plate stiffens the pelvis is
undetermined. No damage was observed as a
result of the lag bolts indicating that the
accelerometer piatform was not a significant
load path. The tests represented in Tables 6
and 9 describe the results of lateral acetabulum
loadings through the trochanteric area. Only in
test 80L12] was the pelvis loaded directly near
the iliac crest. The force time-history from
these tests can be described in a manner similar
to that of tests 79A243 through 794248 (Table 5)
and 79L081 through 79L090 (Table 7) wusing the
same event markers, The peak forces for the
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tests ranged from 3 to 19 kN with aurations from
30 to 50 ms.

Table 6 summarizes the three-dimensional

motion for the pelvis of 82£008, B82E028, and
82E0LS. In these tests the direction,
magni tude, phasing, and waveform of the motion

descriptors obtained from the nine accelerometer
analysis did not follow a consistent pattern.
These differences ocgur primarily in both
angular acceleration and linear accelerations in
those directions perpendicular to the impactor
motion. Examples are Figures 13 and !2 for
82E0L4Y, and Figures 20 and 2] for B2EG28. Both
the linear and angular variables differ
significantly during the E! to E2 interval even
though the gross overall motion as obtained from
both the nine accelerometer analysis and the
high-speed movies are the same. Variables
representing this trend are the reiative
magnitude and phasing of the resultant and
principal direction acceleration for tests
80L095 to BOL!37 (depicted in Table 9), with no
clear relation between peak force and
acceleration as well as when it will occur in
the force time history. This is consistent with
the results from the acceieration data presented
in (0. Figure 22 depicts some of the
waveforms observed in these tests.

The response of the pelvis to impact s
complicated not only by dynamic instabilities of
the femur-peivis complex, but also by the
variability between subjects. Since load s
distributed to the pelvis through both sof¢
tissue and the femur, variations in these
physical aspects between subjects can lead to
varied stress levels on the acetabulum for a
given impact force. Ffor those subjects with
large amounts of soft tissue, a longer £1 to E2
interval was observed.

Because of the complex nature of the
response of the pelvis to lateral impacts, it
becomes difficult t0 generate a transfer
function for these experiments. However, for
some tests in which a triax was used a transfer
function could be obtained that generated
mechanical impedance values significantly less
than those calculated for the two directions
normal to the principal direction above 10 Hz.
In aadition a transfer function was generated
from the tangental acceleration for those tests
in which the nine accelerometer plate was used
(Figure 23). The transfer function shows that
in these tests for low frequencies (from 10 to
40 Hz) the peivis behaves as a mass of about 25
kg indicating that the gross overall motion of
the peivis may be simpiy modeied.

Damage -- The peivic bone damages observed

in these tests are similar to those observed in
the autcmotive environment as reported in (1-5):

Guy S. Nusholtz
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Fun ID: B2E028 H7
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Run ID: 82E028 H7
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nowever, no pilateral fractures occurred. The

compiex nature of the response of the pelvis to
lateral loads may preclude the aetermination of
a single tolerance criterion. This is arrived

at by comparing the results in Tables b and § as
well as the above discussion. In this regard,
peak force does not relate to the damage
produced. This is believed to be a result of
the interactions of the padding, impactor
surface shape, and/or the soft tissue between
the impactor and the pelvis. With additional
paading and soft tissue the locad can be
distriputed over a larger area of the pelvis,
and therefore less of the available impact
energy is concentrated on the acetabulum. The
maximum force tolerabie seems to increase with
an increase in load-distributing paading for
similar available impact energy.

in the initial
the tests performed at HSR! and
in (10}, it is not readily

peak force and impulse are
accurate pelvis injury criteria. The test
methods described in (10) employed a subject
seated in an upright position and impacted by an
unpadded 17.3 kg impactor with a hemispherical
surface. It was found in this series of tests
performed at HSRI (which employed an
unconstrained subject and flat impactor surface)
that variations in impactor padding, mass, and
load path may result in large differences in the
peak force and impulse of the impact which do
not necessarily correspond to the injuries
produced. Additional test parameters, such as
subject configuration, also affect comparisons
between test series results in an  unknown
manner. for example, the fact that in one
research program the suybject is seated in a
fixed position may result in subject-seat
interactions thus producing different injuries
for an otherwise similar impact.

Based on differences
conditions of
those gescribed

verifiable that

CONCLUSIONS

This has been a limited preliminary study
of some important kinematic factors and damage
modes associated with indirect loading of the
pelvis through the femur.

Because of the compiex nature of the
pelvis-femur interaction during an impact event,
more work is necessary before these kinematic
factors can be generalized to describe pelvis
response. However, the following conclusions
can be drawn:

(1) The <complete description of three=~
dimensional motion is invaluable to the
understanding of peivis response.

(2) The response of the pelvis of a single test

B41

supject to axial knee impacts as given by
mechanical impedance is linear from 10 to
100 Hz, repeataole, and symmetric (the same
for each sige).

(3) The complex nature of the response of the
femur/pelvis/soft tissue system, between=
supjects variability, and damage patterns
produced may preclude the determination of
a single tolerance criterion such as
max i mum force or peak acceleration
response.

(k) Energy-absorping and load~distributing
materials are effective methods of
transmitting greater amounts of energy to
the pelvis without adamage being produced in
lateral impacts.

(5) The nature of the impactor/femur/pelvis
interaction as wei! as the bHiometrics of
tne population at large are critical
factors in understanding the response of

the pelvis to impact and subseguent damage
patterns.
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INTRODUCTION

The dascription of the impact responsa oF the human bedy and its
surrogates requires that the xinematic quantities measured axperimentally
be described in referenca frames which vary from one instrumentation
. method ts another. |

In order to assure precise comparison of mechanical responses
‘between subjects, it is necassary to refer all results to a "standard"
anatomical frame which may be easily identified. On the other hand,
it is impractical to require that transducasrs be aligned with this
snatsmical frame, since this would create problems which may not be
satisfactarily solved.

An alternative is to mount transducers in an arbitrary and con-
venient reference {rame, then describe the transformation necsssary to
convert the data from this frame to the desired anatomical one (1)*.

We now have three reference frames }n which to describe the kinematic
quantities: the instrumentation frame, the anatomical frame and the iner-
tial’ (or taboratory) frame. An additional method for describing the kine-
matic quantities of a test is that of frame fields. One such frame field,
introduced by Frenet in 1847 and independently by Serrst in 1857, has
been adoptad for use in head motion analysis at HSRI.

_INSTRUMENTATION REFERENCE FRAME

The methed used at HSRI to measure the 3-D motion of the head em-
ploys nine accelerometers mounted on the head in three clusters. Ezch
. cluster is a triaxial unit which measures the components of the accalera-
tion vector at its center in three orthogonal directions, which are the
same for the other two clusters. These orthogonal instrumentation direc-
tions are arbitrarily chosen for convenience of mounting and are such that
the centers qQ1, QZ and Q3 of the three triaxial clustars will lie on the
axes ET E. and £3 of the instrumentation frame, at known distancas,
Rl, RZ2 and A3 frem the omgm ?, as shown in Figura 1.

Given the coordtnates of the origin P, and thosa of =wo paints

* Number in parﬂntheses indicate refsrence at end of paper.
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3

Q1 and Q2, the unit vec=ars I1 and E2 are detarmined by normalizing

the diéténces PQ1 and PQ2. Tne third unit vector €3 is then obtained
by cross-multiplying Q by 2. However, it is experimentally more
practical to supply the csordinatas of all three points Q1, Q2 and

Q3, as well as the distancas {rom them to the origin P, then computz
the coordinatas of other points necassary to define the instrumentation
frame completaly in the 3-0 spacea.

The anatcmical i-axis is defined along the intarsection of the
.Frankfort and midsagittal planes in the posterior-te-anterior (P-A)
direction.” The 3-axis is defined along the Tine joining the two superior
edges of the auditary meati, in the right-to-left (R-L) directicn. This
J-ax1s, which lies in the Frankfor: plane, is perrendicular to the
midsagittal plane at the "anatomical centar,” wh1ch is taken as the
origin of the anatamical frame (Figure 2). Finally, the k-axis is
defined as the cross-product of the unit vectors of i- and E-axes,
and therefore, will 1ie in the midsagittal plane perpendicular to the
Frankfort plane, and will be in the inferior-ta-superior (I-S)
direction. '

“Thus, the anatomical reference frame (?, 3, i) can be complataly
defined once the four anatsmtcal 1andmarks are Spe*if Ted.

LABORATORY REFERENCE FRAME

It is desired to describe.the instrumentation (1, £2, E3) in
terms of the anatomical (i, j, k) unit vectors:.
2)- @ (3 ; B¢}
k - ‘

where [E] is an orthogonal transformation matrix made up with the nine
unknown direction casines. This matrix may be detarmined by first
expressing each of the (ET, £2, £3) and (3, 3, i) in tarms of an ar-
bitrary frame (I ):

El i i f
. E2) = I {J] ad (i} = (v {J (2)
E AK k X
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then eliminating the (I, J, K} between the two expressions to obtain
the matrix [£]:

£ - o o (3)

Since [U] and [V] are det.rmxned frem coordinatas of saveral
pomts the arbitrary frame (I ) will simply be the laboratory
frame in which these coord1nates are measured. The x-ray method usad

at HSRI to measure these points automatically defines the laboratory
frame.

FRENET SERRET TRIAD

For any moving point, such as the anatomical cantar of the hezd,
the absolute position, velocity and acceleration vectors are given in
the laboratory referencs frame as: ‘

-lp

Raxa)f+yu)3+dﬂﬁ

L
-in

R=x(e) f+9(t) 3+ 2t)

7<)

(4]

78

(t)

N

T=x(t) T+ 5(8) 3+

As the point moves in space, it travels along a curve  defined by
x(t), y(t) and z(t). This ~curve  may be thought of as a skewed

"one-way track® wnich is fixed in the laberatory (f, J, X) referencs
frame.

The distance ¢ raveled along the curve is a function of time,
s(t). This function detarmines the positicn of any point on the
curve, and the tangent to the curve at this point is defined as a unit

vector
Y dR
s (3)
> _ &R
but sincg ﬁ. o

L4
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then

R

[}
I
.
l
|
I
-
"
<
~
t
S
—t»

(6)

The quantity v (t) is called the spead of the paint, and is
equal to the derivative of s(t) with respect to time. It is clear
that v(t) is precisaly the resultant of the velacity vector, i.e., -

o(t) =/ %+ 2 2 o

Since the derivative of a vector is normal to the vector, the

principle normal of the curve is defined as:

a5

= L
K

-

s x;ﬂ _ - {(8)

where :4 is perpendicular i3 and < chasan so that N is a unit vectar.
Finally,, the cross product T T x N defines a third vector, perpendicular
ta both the tangent and principal normal, and is called the binormal:

.--‘.

T BN

Any line perpendicular to the tangent T is called a normal line and the
plane containing all the normal lines is called the normal plane. The plane

containing both the tangent f and principle normal N is called the osculating
plane.

The three orthogonal unit vectars (T, N 3) shown in figure 3 form
a right-hand triad, called the Frenet triad. As the rigid “ody moves
in 3-0 space, each body point maves aleng 'a ‘space curve; '; there-
fore, each point of the rigid body leaves benrind a unique track charac-
tarizad by individual Frenet triads attached to that curve. For
a given curve the collection of its tr1ads js oftan called a
"field," which is stationary in 2-0 spacz.
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CURVATURE_AND TORSION OF A CURVE

It is often useful %o studv. in 3-0 scace, the turning and twisting

of the curve of a noint on a rigid bodv. For head motion, one such point is the

anatomical center. The Frenet formulas provide mathematical measurements of the
turning and twisting, when the inertial cgmponents of the positionm,

velacity and acceleration vectars of the point of intarest are given.
Let P be a point on a given curve and Pl a neighboring
point shown in Figure 3, such that: - )

are (P ,P') = 4S | (10)

and Tet T and T' be the tangent vectors to the curve at P and P,
respectively, such that the angle between T and T is:

(? s ?') = Aa - ' (11

- e - i - o (] -a * *
The definitien of a derivative of T is given by:

«lw

dT ic

and that of the nermal unit vector N is given by
al ‘Id-;' ‘
But‘ﬁ is a unit vector, < must be the resuyltant (absalute value)
¢f the tangent, s¢ that

a7 l . Ac
¢ = | 2| 2im &,
95 | peeg O (14)

Therefore, as P approaéhes * , the above limit {s dafined as the

curvature of the curve at peint P . The radius of curvaturs s
is defined as the inversa of x:

= l = '.E
9 3 ds (15)
’ dZR 2 ;‘i 2 . y = T 4
Esl_z s = A > N (16)

A slow turn of the curve is characterized by a small curvature
9



{or large radiuso), while large curvature (small p) indicates a sharp
turn of the curve. A numerical value oF the curvaturs < is therefore

extremely usaful in quantitatively describing the sharpness of the
turns in =he curve of interest.

In order to calculats the curvature <, consider the
velocity vector of a point along the curve,

4R _ds 2 (17)
R = —t- ‘d';E T _
-

The acceleration vector may be obtained by differentiating R:

- . 2

R 3 dR = is. . .d_T. + _d_S_ I ‘ 18

R= = : il (18)
but

df -' gi . Q—s_ 3 ° ds = \. 19

€ & ;& Neg e (19)
so that .

Roe @R s &7 i @D (20)

Thus, the acceleraticn vector may be resolved into two arthogonal

<emgonents, one along the tancent (called tangential accsleration) and
one along the principal normal (c2lled the normal acceleration), B8y
cross multiplying the above equation by the unit T vector, we have:

-~ ol 2 .A .

TxR = @ Txd (21)
but since T and R are defined by the components of the absolute velocity
and acceleration vector, it is possible to exprass all terms in the

above equation as functions of (X, v, z) and (x, ¥, z) to abtain the
curvature «¢:

pell

T xR Ex
ve v3

I

14

—
n
"~

~—

Next, we turn our attenticn to the binormal vector 3 defined
eariier. The derivative of B with raspect to s may be shown to te:

10



déad:.?:.df{ |
= * =0 X (23)

Thus, in additien to being pergendicular to B8, the darivative is
alse per~end1cul=r ta T and, SUDS&QUEHL]], must te alang the normal
direction ‘l, i.a.,

B _ & | .

ey =N . (24)
where T is called the forsion of the  Ccurve, and may be either nosi-
tive or negative. The radius of torsion X is defined as the inversa of

the torsion t, and, in a manner similar to the curv@uur= may be shcwn
to be

1 ds As ,
k LD eam I aw= s ".‘Im — 25
T & A5~ a8 ’ . (25)
where 43 is the angle betwesn two adjacent binormals ts the curve at
two points separatzd by 4s.

It 1s possible to show that the torsvon T may be cal-

culatzd frem the valocity R(x, ¥, z) accaleration R (%, ¥, 2) and jerk
3 (X, ¥, 2) ‘veetars first by forming the mixed (triple) product

- = .. : 8

ns (}, 0)-F--5E - (25)

so that v . is calculatsd by

(ﬁ X R)-
Bl &)

T =

Fna11y, we turn our attention to the normal vector, the derivative
of N ith respect to s may be shown to be

i L BxT _ @xT , §xdl =,
ds 7 ds BTy * Xa':_,-‘" -xT + 8B (28)

c
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Collecting the three formulas for-%g , %g ,-%% we obtain the following

equations (Frenet equations):

. - ~
dT ) T
-a-s- Q K Q
%g = =K 0 T & (29)
& o -t o B
“ o
and
- - r 3
4T _dT ds o o o T
th ds dt
%!‘E- =.g_§:%% = =V 0 ™ l:‘ (30)
i%. =%%g—i 0 -1V o] é
g J |

Examination of equation (30) shows that «v and tv can be interpreted as
components of the angular velocity (w) of the triad as it moves along the
curve; in fact setting

w = rvf + KVé (31)
the frenet equation. becomes:

I

%%=mxﬁ (32)

6 . o xi

dt

The vector w is sometimes called the Darboux vector after the
inventor of this interpretation of the meaning of curvature and torsjon.
The equation (32) states that the torsion measuras the rate at which the
osculating plane turns about the tangent vector to the curve while the
curvature measures the rate at which the normal plane turns about the
binormal vector.

C12
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EXAMPLES OF HEAD RIGID BODY MOTION DUE TO DIRECT IMPACT

In principle, every gecmetric problem invalving motion aleng 2
curved path can be solved by means of the Frenet formulas. For simple
cases, it may be sufficient to record the acceleration data and express

i+ in a convenient faorm.

For example, the following can be shown to be true:

Geometrical Quantity Motion of a Point
<=0 straignt line
k>0, =0 planar

k >0, ¢ = constant v =0 circular

The use of the Frenet frame field can be an important tool in understanding
.éhe“curve of the nead aé a rigid body as it moves through space. Some examples of
the way this frame field can be used follow. These examples come from a series of
direct head impacts in which the subject was positioned in front of the HSRI
pneumatic cannon with the head surface to be impacted approximately normal to the
cannon impacting surface, and the centerline of the impact approximately through the

head center of gravity (2).

Padded rear impact

Examination of the tangential and normal component in Figure 4 shows that
during impact the anatomical center's motion is essentially a straight line until
near the end of impact. At this point not only does it move off the line of
impact (normal acceleration) but there is also a negative acceleration along the

tangent, indicating a force acting on the skull other than that caused by the
impactor.

Rigid impact

Figure 5 shows a rigid impact in which the skull was fractured (depression
under the impactor). The skull is loaded very rapidly. The force then drops,
during which the tangent acceleration drops to zero; the normal acceleration
increases rapidly, indicating that the large unfractured portion of the skull is
not in complete contact with the impactor and that the only acceleration is from
the change in T. This short-lived change of T (rotation) ends when the impactor
comes in complete contact with the skull, as evidenced by a rapid increase of the g
angular velocity. Onca the unfractured portion of the skull is back in complete '

contact with the impactor, the angular velocity drons and the tangential

acceleration increases. C13
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