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American Society of Biomechanics

The American Society of Biomechanics was formed in 1977. The
purpose of the Society is to provide a forum for interaction among the
diverse disciplines in biomechanics research and applications. The term
biomechanics in this context refers to the study of structure and function of
biological systems using the methods of mechanics. The active membership
of the Society includes scientists who conduct research in the biological
sciences, engineering and applied sciences, ergonomics and human factors,
exercise and sports sciences, and the health sciences.

The principle activity of the Society is an annual scientific meeting.
The meeting 1s held over a three-day period, and consists of keynote
addresses, tutorial sessions, podium and poster presentations and student
member functions. In keeping with the objectives of the Society, the
papers address a wide range of topics and broad interests.

The Executive Committee of the Society during the past year is
represented by the following individuals:

President: _ Robert J. Gregor, Georgia Institute of Technology
Past President: Kai-Nan An, Mayo Clinic
President Elect: Mark D. Grabiner, Cleveland Clinic Foundation
Secretary-Treasurer: Joan E. Bechtold, Orthopaedic Biomaterials Lab
Meeting Chairperson: Vasanti M. Gharpurary, Clemson University
Meeting Chairperson Elect: M. Melissa Gross, University of Michigan
Program Chairperson: Mary M. Rogers, University of Maryland
Membership Committee Chairperson: J. Trey Crisco, Brown University
Education Committee Chairperson: Suzanne D. Smith, Armstrong Laboratory
Newsletter Editor: Joseph E. Hale, University of Virginia

Student Representative: Sheila S. Stevens, Stanford University
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BIOMECHANICS OF LOW BACK INJURY: THE CONTRIBUTION OF
BIOMECHANICS FOR PREVENTION AND REHABILITATION

Stuart M. McGill

Occupational Biomechanics and Safety Laboratories, Department of Kinesiology,
Faculty of Applied Health Sciences, University of Waterloo, Waterloo, ON, Canada, N2L 3G1

OVERVIEW

How can a person hurt their back picking up a
pencil from the floor after lifting safely all day?
How does low back injury occur from sitting?
Why do we pressurize the abdominal cavity upon
exertion? Is it betier to stoop or squat during
liting? Should the spine be in a flexed posture
or in a neutral posture upon exertion? Is
compression the most important loading variable
when considering injury? What are the best
training exercises for rehabilitation of the back
injured? These are all important and fascinating
questions related to mechanics of normal low
back function and of injury. This lecture will
review causes of low back injury considering
anatomical, biomechanical and motor controi
perspectives. Applications of this science will be
demonstrated with several examples relating to
occupational injury risk reduction, and in
designing better rehabilitation programs for
specific types of back injury. The purpose of
this keynote lecture Is to update
delegates, who are experts In a varlety
of areas In blomechanics, on some of
the Issues assoclated with the
biomechanics of low back injury. While
several issues will be discussed in the lecture
only a few will be introduced here.

What really causes Jnjury? Injury occurs
when the magnitude of load applied to a tissue
exceeds the failure tolerance. Despite the
tendency for many people to cite a single event
that caused their injury, in reality their injury was
more likely the result of cumulative microtramma
associated with repeated and prolonged
loading. Furthermore, very specific loading
scenarios result in very specific injuries. For
example, overload in a compressive mode
produces endplate fractures, overload in anterior
shear and repeated flexion-extension strain
reversals damages components of the neural
arch, while overload with the spine in full flexion
increases the risk of disc herniation (McGill,
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1997). This information forms the basis for the
development of powerful injury avoidance
strategies and rehabilitation activities for the
already injured.

The anatomical design of the various
tissues of the low back contain many
subtletles that both work to support
ioads in a safe way bui may iead to
tissue overload Iif the advantages In
design go unrecognized. For example,
some have implicated anterior-posterior shear
forces as a potential injury mechanism (e.g.,
Troup, 1976). ltis interesting that the major
lumbar extensors create large posterior shear
forces upon activation while the interspinous
ligament causes anterior shear forces when
stretched in fully flexed postures (Heylings,
1978). This is one example where spine posture
determines the interplay between passive
tissues and muscles which ultimately modulates
the risk of several types of injury. This wouid
suggest that it is important to consider the
curvature of the spine which must be separated
from hip rotation when discussing "trunk angle”.

AN APPROACH TO INJURY ANALYSIS

Reasonable interpretation and assessment of
injury mechanisms requires the acquisition of
tissue load-time histories in vivo. The approach
that i took with my coiieague Bob Norman severai
years ago was to develop a model that
incorporated sufficient anatomical detail and that
used a biologically based strategy of obtaining
tissue loads that was sensitive to the individual
ways people support their spines (e.g., McGill et
al., 1986; McGill, 1992). Measurement of 3D
spine displacement is used to obtain passive
tissue loads once the range of motion/passive
resistance has been calibrated and multichannel
EMG is used to assist in assigning muscle forces.
In this way, full credit is given to muscle co-
contraction during complex tasks together with
enabling analysis of the subtle differences that
lead to overload and injury of a particular tissue.



A major assumption with this approach has been
to use surface electrodes to represent deep
muscle activity. Recently we have attempted to
justify this assumption and have concluded that
deep muscles appear to have synergists that are
myoelectrically accessible on the surface. This
has enabled us to investigate some traditional
rehabilitation exercises for the back injured with
the objective of challenging muscles but
minimizing the spine load penalty--several
examples will be presented.

SOME INTERESTING PROBLEMS

Explaining injuries when forceful exertions are
required have been attempted to varying
degrees of success - but at least it follows
intuition that high loads can cause injury. Far
more curious Is the case where one
*throws his back out" when picking up a
pencil. Recent work by my former graduate
student and colleague Jacek Cholewicki,
demonstrated that when the reaction moments
are small, and muscle forces are correspondingly
low, the risk of instability and short column
buckling is much higher (Cholewicki et al. 1996).
It would appear that it is much more likely that a
motor control error, resulting in an inappropriate,
but small and temporary change in muscle force
could cause local buckling joint motion sufficient
to create overload in a single tissue.

The spine has a memory. Its viscoelastic
structures react to load in a way that depends on
the previous loading history. For example,
prolonged sitting in a flexed posture stretches
the posterior passive tissues which require up to
half an hour to restore normal joint stiffness
(McGill et al., 1992), suggesting that focus on
events prior to the demanding task is warranted.
Several other biomechanically justifiable
guidelines to minimize the risk of injury at work
will be introduced in this lecture.

ISSUES FOR THE FUTURE

What are the major "hot" issues for the
immediate future? Certainly the currently
used, single values for occupational spine load
exposure are woefully inadequate in the field of
reducing the risk of injury. A load-time integral,
that is sensitive to the direction and mode of
loading, age, gender, load repetition, load
duration, number and duration of rest breaks,
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etc. is needed. As well, the field of rehabilitation
requires better mechanically based diagnoses of
low back injury. Only then will clinicians be better
able to optimize programs to heal and
strengthen tissues without exacerbating the real
injury or structural weakness.

The spine is a wonderfully complex structure that
will continue to cause sufficient problems which
in turn will motivate clever minds. This will
enhance efforts to examine injury mechanisms in
a wide variety of activities including materials
handling, sitting, impact, etc. to determine how it
works and how to minimize the risk of injury.
Much remains to be done.
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Dynamics of Effortful Touch and Interlimb Coordination

M. T. Turvey
Center for the Ecological Study of Perception and Action
University of Connecticut, Storrs, CT. 06269-1020
and
Haskins Laboratories, New Haven, CT. 06510

Overview. The haptic perceptual system is the system by which one knows the body, and
objects adjacent to or attached to the body, by means of the body. Its sensory basis is provided by
mechanoreceptors and its loss severely limits a person to a few purposeful movements that can
only be conducted with considerable concentration and intellectual effort (e.g., sneezing when
standing, and note taking while sitting, result in a complete loss of balance). The intimate
connection between this perceptual system and movement coordination defines the level of
muscular-articular links or synergies, a functional level of the nervous system responsible for
stable and reproducible spatio-temporal relations among body segments. Thorough information
about muscle and joint states places this level in a unique position. Only it is able to control the
large-scale movement patterns (e.g., running). Higher functional levels must rely on the level of
muscular-articular links’ ability when many muscles are involved. A person with peripheral
neuropathy (loss of haptic perception) tends to limit visual control to one muscle at a time; when
many are involved simultaneously, they are simply co-contracted, not orchestrated. The production
of coordination patterns is no longer available to patients with peripheral neuropathy. Standing,
walking, reaching and the manipulation of objects are challenging if not impossible tasks and the
ability of these patients to perceive by eye proves to be a poor substitute for their inability to
perceive by muscle. The purpose of this keynote lecture is to summarize investigations into
the rhythmic coordinations of contralateral limbs and the nonvisible perception of the
properties of handheld wielded objects, two major achievements of the level of muscular-
articular links. Understanding the bases for these achievements requires both classical
dynamics and contemporary nonlinear, qualitative dynamics.

Effortful or Dynamic Touch. Among the subsystems of haptic perception, that which is
almost exclusively anchored in the mass action of the muscle and tendon mechanoreceptors—
referred to as effortful or dynamic touch—is of largest significance to the level of muscular-articu-
lar links. In manual activity, this subsystem is functioning whenever one takes hold of something
firmly and moves it (e.g., when one lifts a cup, turns a door handle, carries a briefcase, stacks a
plate, hefts a ball, wields a stick, and so on) or uses one object to probe another, more distal
object. Many spatial and other perceptual capabilities of effortful touch arise from the sensitivity of
the body’s tissues to the inertia tensor and attitude spinor, quantities of rotational dynamics about a
fixed point that do not vary with variation in the rotational forces (torques) and motions.
Specifically, research on the wielding of occluded handheld objects has shown that perceived
length, width, and shape, and perceived heaviness, are functions of the magnitudes (eigenvalues)
of the eigenvectors of the inertia tensor. Further, the research has shown that the perception of ob-
ject-to-hand relations and hand-to-object relations, are functions of the directions of the tensor’s
eigenvectors and, additionally, of the object’s attitude spinor when attention must be directed to
one of two oppositely directed object segments. These lessons learned from wielding attachments
to the body (handheld objects) apply to the body. The nested body segments can be interpreted as a
nesting of inertia tensors. If the normal relation between an arm’s spatial axes and the arm’s inertial
eigenvectors is broken by means of an attached splint, the positioning of the occluded arm is
systematically altered relative to visual targets. People point with the arm’s eigenvectors rather
than the arm’s longitudinal axis. When the position of one forearm is matched nonvisually with
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that of the other, under conditions in which splints have rotated the eigenvectors relative to the limb
segment’s spatial axes, the matching is in terms of the respective forearm eigenvectors rather than
elbow angles.

Rhythmic coordination. Oscillations of two or more body segments at the same frequency is a
common feature of the movement patterns of most animals. Despite its elementary nature, each
instance of 1:1 frequency locking involves a large number of components at very many levels.
Despite the internal complexity of two limbs sharing a temporally repeating pattern, at their own
level they seem to follow a relatively uncomplicated coordination law. Theory and experiments
show that the collective dynamics can be modeled by a first order motion equation in relative
phase. The equation successfully predicts interlimb coordination equilibria and their bifurcations
as a function of movement speed and differences between limbs in natural frequency. The body’s
functional asymmetry shows up as a modification of the fundamental coupling function and
attentional effects in bimanual coordination are revealed as parameterizations of the modified
coupling function. For any thythmic bimanual coordination, the collective variable at the pattern
level is formed from the cooperative activity of a number of subsystems each expressible as a first-
order, autonomous, ordinary differential equation identifying an active degree of freedom (DF). A
reproducible, stable coordination pattern implies an attractor—a geometric object to which the
(longer term) motions composing the pattern are confined. Because all variables are generically
connected in a nonlinear process, measurement of a single scalar, such as the amplitude of one
hand, can suffice to reconstruct the vector space of the attractor and to determine the number of
active DFs governing motion on the attractor. Application of the phase-space reconstruction
method reveals that the dynamics of single-joint rhythmic behavior contain more than the two
active DFs expected from limit cycle dynamics. Observed positive Lyapunov exponents and fractal
attractor dimensions suggests that the gross variability of thythmic movement stems largely from
low-dimensional chaotic motion on strange attractors.
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Abstract

NEW FINDINGS ABOUT THE MECHANISM OF WHIPLASH INJURY

Manohar M Panjabi, PhD, Dr. Tech.

Yale University School of Medicin

o

Whiplash injuries are on the rise as reported in several recent studies. Fifty percent of car to car
traffic accidents in Japan result in neck injuries. Reports from several European countries indicate
an alarming increase in the annual number of neck injuries in recent years due to the increased
traffic density. The National Highway Traffic Safety Administration in the USA estimates that
84% of all neck injuries are classified as AISI, i.e. soft tissue injuries. Whiplash injuries are soft
tissue injuries.

Whiplash has been loosely defined as an acceleration injury and most commonly involves an
unaware victim in a stationary vehicle being struck from behind. Resulting symptoms, including
neck pain, dizziness, and headaches, are non-specific and are reported up to months or years
after accidents. Whiplash investigations have ranged from reviews of clinical data to a number of
different biomechanical laboratory approaches. The relatively recent Quebec Task Force on
Whiplash-Associated Disorders found the need for further biomechanical studies.

Several attempts have been made to define the mechanism of whiplash injuries. A better
understanding of injury mechanism will help in injury prevention, diagnosis and treatment.
MacNab, realizing the difficulties of clinical studies, turned to experimental trauma of
anesthetized monkeys. He found a predominance of anterior element injuries. He hypothesized
that it is the hyper-extension of the cervical spine that caused the injuries. Based upon the
MacNab theory of hyper-extension as the injury mechanism in whiplash, the head-restraint was
designed to prevent neck injuries in rear-end collisions by blocking the hyper-extension of the
neck. Although the head-restraint has decreased the injuries, it did not eliminate them. In a study
from Sweden, Nygren and co-workers found only a 20% decrease in neck injuries after the
introduction of the head-restraint. This would suggest that the hyper-extension injury
mechanism, needs to be re-examined.
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Mechanism of Whiplash Injury 2

We hypothesized that there is another injury mechanism, different from the hyper-extension.
The goals of our research were: to quantitatively document the intervertebral rotations during
experimental whiplash trauma; to quantify the functional injuries to each intervertebral level after
the trauma; to image the actual injuries that occurred; and, based upon the findings, to propose
an injury mechanism for whiplash trauma.

Eight fresh cadaveric cervical spine specimens including the occiput were used. Functional
radiographs and multidirectional flexibility studies documented and quantified mechanical
properties of the specimens. Each specimen was provided with a metal head surrogate, and was
subjected to simulated whiplash trauma, starting with sled acceleration of 2.5g and ending with
10.5g, in 2g increments. During the trauma the specimen was filmed at high speed. Head rotation
and translations were recorded by attached potentionmeters. The entire experiment was
conducted via a computer. The functional radiographs.and multi-directional flexibility tests were
repeated after each trauma to quantify the injury. Finally, the injury was visualized by CT-scan,
MRI and cryomicrotomy.

Our findings did not support the hyper-extension hypothesis of whiplash injury mechanism. We
found distinct bi-phasic kinematic response of the cervical spine to whiplash trauma. In the first
phase (50-75ms after the impact), the spine formed an S-shaped curve with flexion at the upper
levels and hyper-extension at the lower levels. In the second phase (starting at 100-125ms), all
levels of the cervical spine were extended-but within the physiological limits. The occurrence of
anterior injuries in the lower levels in the first phase was confirmed by functional radiography,
flexibility test and imaging modalities. Based upon the experimental findings, we propose a new
hypothesis: the lower cervical spine is injured when the spine forms an S-shaped curve,
significantly before the neck is fully extended; and the full extension of the neck does not cause
cervical spine injuries.
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GREYHOUND LOCOMOTION ANALYSIS VIA WAVELET TRANSFORM

Dan B. Marghitu!, Prasad Nalluri®, Paul F. Rumph?, Janet E. Steiss *
1College of Engineering, Auburn University, Auburn, AL 36849
2College of Veterinary Medicine, Auburn University, Auburn, AL 36849

INTRODUCTION

in this paper we present a method of analyzing
animal gait using wavelets. Time series data such
as joint trajectories can be decomposed by the
discrete wavelet transform to represent components
of different frequency bandwidth. Differences
between two similar trajectories were detected by
comparing the components of the same bandwidth.
Hind limb function of three clinically normal
Greyhound dogs was evaluated prior to and 10 days
after inducing Wallerian degeneration in the tibial
nerve. A discrete wavelet transform was used to
decompose each joint trajectory into components of
different frequency bandwidth from which mean
square maps and modified scalegrams were
constructed. Alterations in the gait patterns during
tibial nerve dysfunction were identified and
described by comparing the mean square maps and
modified scalegrams.

REVIEW AND THEORY

A common method to identify gait abnormalities
was to compare profiles of joint rotations of normal
and pathological individuais.? Aithough such
techniques are simple to implement, they do not
allow for an accurate quantitative measure of the
discrepancies or deviations in the kinematic
quantity when comparing profiles that are very
similar in nature. Borrowing from the techniques of
signal analysis, researchers in the biomechanics area
have used the Fourier transform to break down the
kinematic time series data into components of
different frequency bandwidths. The coefficients
associated with these components were then
compared to detect discrepancies between normal
and pathological subjects.?? One significant
disadvantage in using this method is that the
frequency information cannot be correlated to time.
This is a consequence of evaluating the Fourier
transform integral from —co to +oo and the
frequency information obtained is an average over
the entire length of the signal. This disadvantage is
overcome by the wavelet analysis which provides an

alternative method of analyzing the signal. The
wavelet transform is an expansion of compactly
supported functions (i.e, they equal zero
everywhere except within a specific interval). These
functions are referred to as wavelets and are used
to decompose the signal into its constituent
components.? The original signal may be regained
by adding all the wavelet components together.
The purpose of the study reported here was to
utilize the discrete wavelet transform and the
associated mean square maps to analyze
two-dimensional kinematic data obtained from the
hind limbs of three normal Greyhound dogs. The
analysis was repeated on data collected from the
dogs during an episode of tibial nerve dysfunction.
We hypothesized that by comparing the energy
distribution in different components of the
transform, we could identify and specifically locate
the discrepancies between the patterns of normal
and abnormal gaits.

PROCEDURES

The opportunity to study kinematic data from dogs
during an episode of tibial nerve damage arose as

an adjunct to the development of a model of nerve
regeneration. Three conditioned female Greyhound
dogs, weighing between 22 and 35 kg were studied.

A few days after acquiring the kinematic data from
the dogs at the trot, they were clinically induced
with Wallerian degeneration of the tibial nerve
fibers on the left hind limb. On the tenth day
following surgery, kinematic data were collected for
the 3 dogs. Nerve regeneration typically resulted in

functional recovery within 3 months.
RESULTS

Traditional graphs of flexion/extension movements
for both conditions of gait were comparad along
with their corresponding mean square maps to
distinguish abnormalities. From visual comparison
of the fiexion/extension angle graphs, we could not
distinguish any dramatic pattern differences before
and after surgery in the coxofemoral and



femorotibial angles. Several recognizable differences
were noted in the tarsal joint angles.

The coefficients obtained after applying the discrete
wavelet transform were arranged in eight levels
(since the length of each dataset was 27 i.e. 128
points) with the index of each level indicating the
wavelet scale. The energy distribution by
components at different levels were computed by
summing the squares of the wavelet coefficients at
each level and expressed as a percentage of the
total signal energy. When we compared the energy
distribution patterns of two similar trajectories for
each dog, the lower level components were very
similar. Differences in the trajectories were
distributed in the higher frequency components
(higher levels). Therefore, trajectories of the same
joints were assumed to be built on the same basic
component, with differences in individual gait
patterns being embedded in the higher frequency
components. To magnify the discrepancies in the
energy distribution at the higher levels, we excluded
the components at levels -1 and 0 and computed
the energy distribution for the remaining levels.
The most obvious differences were observed in the
energy distribution patterns for the tarsal joint. For
dog 1 after surgery, the energy distribution at level
1 was lesser by 20 percent and level 2 indicated an
increase of 20 percent. Energy distribution levels for
the tarsal joint angles of dog Z exhibited a reduction
of about 10 percent after surgery. The energy
contribution for the tarsal joint angles of dog 3 had
dropped by almost 40 percent at level 1 and at the
same time, the energy contribution at level 2 had
increased by 37 percent after surgery (Figure 1).
The results of visual evaluation of the energy
patterns shown in the levels of the mean square
maps of the tarsal joints (Figure 2) were most
dramatic, easily recognized and consistent among
dogs. After surgery, the maps for each dog had a
notable increase in energy at level 1 during the
stance phase of the gait cycle. At the other two
joints, the patterns were inconsistent.
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METHOD TO PREPARE CUSTOM IMPACTORS FOR IV VIVO IMPACTS TO RABBIT FEMORAL
CARTILAGE

R.V. Baratta, M.S. Vrahas, D.M. Rosler, G.A. Smith
Bioengineering Laboratory, Louisiana State University Medical Center, Department of Orthopaedic Surgery,
2025 Gravier Street, New Orleans, LA 70112

INTRODUCTION

Post-traumatic arthritis (PTA) is a debilitating joint
disease which occurs as a result of direct trauma to a
joint. The pathological changes throughout the
process have been well documented, but the initiating
factors remain unknown. One theory suggests that
upon impact, the cartilage is irreversibly damaged,
initiating the cascade of destruction leading
uitimately to PTA. It is conceivabie that impact
stresses over a given threshold initiate the PTA
cascade. This possible eticlogy has not been studied
extensively, partly because no adequate animal model
exists.

REVIEW AND THEORY

One of the difficulties in applying an impact of given
stress is that a fundamental assumption must be made:
-the stress over the given area must be uniform.
Given that joint surfaces are of complex shapes, it is
necessary to apply impacts with a device which
contours precisely to the shape of the area to be
impacted. The purpose of this research was to
develop a methodology to impact femoral condyles
with blows of uniform, quantifiable siress.
Furthermore, a method to estimate the impact area
was developed and tested.

PROCEDURES

. .
Impactors were developed using dead adult New

Zealand White rabbits. The rabbit femur was
mounted on an impaction i, with exposing the
medial femoral condyle. Polymethy! methacrylate
(PMMA) bone cement was mixed and used to fill
cups of 7 mm diameter and 5 mm depth when the
PMMA achieved a doughy consistency. Then, the
exposed medial femoral condyle was pressed into the
impactor cup, leaving a contoured imprint on the
curing PMMA.. After the PMMA hardened, Fuji®
pressure sensitive film was placed between the
impactor and condyle. The impactor was pressed
against the condyle with a 425 g weight, imprinting
the pressure sensitive film. The uniformity of contact
pressure between the impactor and condyle was
assessed visually. The impact area was estimated by

painting the impactor contour with a wax marker,
then transferring the mark onto paper. The area
imprinted on the paper was measured using a
Digitizing tablet (GTCO, MD) with Research Metrics
Software. The validity of this area measurement
technique was validated by making 10 impressions of
a 12 mm marble on impactor cups in the same
manner that the femoral condyles were imprinted.
The 10 imprints were made at different depths, to
give a range of areas. These areas were measured in
the same manner as the femoral condyles. The depth
and diameter of the imprints was measured by
micrometer, and these measurements plugged into the
analytical expression for the surface area of a
spherical base.

RESULTS

Figure 1 shows the comparison between the
indentation area as estimated through the marker and
calculated through the above equation. The mean
difference between estimated and calculated areas
was 0.007 cm?, which amounted to 2% deviation. The
maximum difference was 0.04 cm?, which was 12%
of that specific area. The excellent fit between these
shows that the marker technique gives accurate
determinations of the imprint area, despite the small
distortions caused by representing a three-
dimensional area on a two dimensional surface.
Similarly, the pressure sensitive film shows that
relatively uniform pressure is found throughout the
impact area, ag all of the film is uniformly developed,

with no saturation within the imprinted area.
DISCUSSION

The technique developed to produce this custom
impactor produces a contour which closely matches
the condyle surface. Impacts are delivered after the
PMMA hardens fully, which ensures that the
impactor surface does not change during the course of
the impact. The bone cement is also sterile, which
makes it particularly well suited for survival
experiments. Following the surgical procedure, the
impactor can be removed, imprinted with a wax
marker, and its area measured post-operatively. The
excellent relationship given by comparing imprints of



a known area with that measured by the digitizing
tablet enables us to accurately measure the area
impacted in the surgical procedure. Given this
technique, and an impactor cup holder instrumented
with force sensing strain gages, it is possible to
deliver blows of quantifiable stress to ther femoral
condyles of live rabbits. Consequently, a live animal
model of the development of post-traumatic arthritis
can be developed.

REFERENCES
Moskowitz, st al., “Osteoarthritis Diagnosis and
Management,” W.B. Sanders, Philadelphia, 1984.

Repo, R.U., Finley, I.B. JBJS, 59A:1068-1076, 1975.

ACKNOWLEDGEMENTS

Supported by a Grant from the AO Foundation

~~

N

&
3

Area Estimated by Marker (

0.8
0.7 4
0.6 -
0.5
0.4 —
0.3
0.2
0.1
0.0

b[0]=6.19e-3
b[1]=0.978
r 2=0.9965
| | | I
00 02 04 06 08

Measured Area of Spherical Base (cm2)
Figure 1



METHODS FOR ACCURATE EMG POWER SPECTRUM ASSESSMENT FOR
BIOMECHANICAL APPLICATIONS

M. Solomonow and R. Baratta
Bioengineering Laboratory, Department of Orthopaedic Surgery
Louisiana State University Medical Center, New Orleans, Louisiana 70112

INTRODUCTION

The Power Density Spectrum (PDS) of the
EMG was shown to provide important
information on various muscle properties such
as fatigue, force production process (motor
unit recruitment), fiber composition and
changes with skill acquisition. While the PDS
is based on statistical analysis which has its
inherent variability, other factors such as
power line, environmental and system noises
were responsible for introduction of additional
variability which prevents scientists from
developing logical conclusions as to the
muscles mechanical properties. For example,
during low level contractions, typically in the
0 - 30% maximal voluntary contraction
{MVC) force, the signal to noise ratio is very
low, and the noises PDS is dominant,
introducing significant artifacts into the
conclusion.

Furthermore, the production of MVC can not
be taken at its face value since most subjects
generate only 70 - 80% MVC without
training. Calculations of PDS when
considering the “untrained” MVC as true
MVC, further creates an environment for
additionai artifactuai conciusions which are
not correct or logical.

The objectives of this report is to describe
three methods that can significantly increase
the reliability of PDS data, and restore the
confidence in this analytical tool.

METHODS

The first methods consists of
recording a short segment of the EMG at rest
(e.g. 0% MVC), calculating the PDS of this
segment which mostly includes noises of
various sources. The PDS of the rest period
is then subtracted from the PDS of each EMG

epoch during active contraction, such that
the resulting PDS excludes any components
due to noise of any sources.

The second method consists of
estimating the amplitude and phase of a noisy
periodic waveform that may contaminate the
EMG baseline during rest (e.g. 0% MVC).

Tha narindi aviant e H H
The periodic waveform, e.g. a sinuscid, could

be than subtracted from the active EMG to
obtain a clean signal from analysis.

Training subjects to obtain their true MVC
consists of first asking a subject to produce
his maximal force contraction while displaying
it on the monitor as a moving line on a scale.
The experimenter than sets a new line, 10%
higher than the last obtained by the subject,
than asking him to exceed it. The procedure
is repeated until the subject can not exceed
the new goal, and his last (highest obtained)
force level is set as MVC.

RESULTS

Figure 1 shows the Median Frequency (MF) of
the PDS of a subject performing linearly
increasing isometric force contraction from O
to 100% MVC over 3 seconds. The curve
consisting of the circle data points is from
calculations of the MF of the PDS without
eliminating the noise, whereas the curve
consisting of the square data points is from
calculations in which the noises PDS was
subtracted from each epoch of the EMG’s
PDS. Clearly, one can see that the “clean”
MF trace has a near linear increase up to
about 80% MVC whereas the unclean MF
curve is erratic, showing decrease in the low
force range of 0 -25% MVC, and then an
increase.

Figure 2 shows the EMG, PDS and MF of the
EMG obtained in a mild isometric elbow



flexion immediately after a rest (0% MVC).
The left column shows a low level cyclic
noise prior to the contraction, and the
associated MF of the PDS at 57 Hz. The
right column shows the EMG after subtracting
the power line noise according to Method 2,
and the associated MF of the PDS at 52 Hz.
Clearly, the noise resulted in an erroneous
increase of 5 Hz in the estimation of the MF.

The MF of the PDS as a function of force
before and after training a subject to generate
his true MVC shows that nearly 37%
additional force was obtained with a
completely different curve of MF progression
during the force increase.

DISCUSSION

Three Methods were described, with an
example for each, that could significantly
reduce the variability and components of the
PDS of the EMG during force production of a
muscle. The Methods allow scientist to use
the PDS as an analytical tool to provide
precise insights into the force production
mechanism of a skeletal muscle free of
artifactual inputs from environmental noise
and subject/experimenter error. It is
conceived that the described techniques will
restore lost confidence in the PDS as a tool to
assess muscle properties.
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VALIDATION OF EMG SPECTRAL INDEX CHANGES DURING
ISOINERTIAL BACK ENDURANCE TEST

M.Kankaanpaa'?, S.Taimela®, C.L. Webber Jr*, O.Airaksinen', and O.Hanninen?.

'Kuopio University Hospital, 2Kuopio University, Kuopio, Finland
°DBC International,Vantaa, Finland
“Loyola University Chicago, Chicago, USA

INTRODUCTION

Our group has recently developed an
isoinertial back endurance test utilizing EMG
spectral index calculations as an objective
measure of paraspinal muscle fatigue. The
validity of spectral index calculations in
isoinertial loading has been questioned. This
study examined the validity of EMG spectral
changes in isoinertial back endurance test by
comparing them to EMG spectral changes
obtained with validated isometric contractions
performed before and immediately after the
isoinertial loading.

REVIEW AND THEORY

Reduced endurance capacity of lumbar
paraspinal muscies is related to chronic low
back pain. Isometric endurance tests based on
measurements of maximal endurance (time)
are often used to assess paraspinal muscle
fatigability and monitoring functional
restoration. However, isometric conditions with
high levels of loading are seldom related to
everyday function of the back muscles, since
the trunk loading is mostly dynamic and
isoinertial. In addition, measurement of
endurance time is dependent of subject
qualities, e.g. motivation. We have recently
developed an submaximal (90 sec) isoinertial
back endurance test simuiating the daily use of
the back muscles (Kankaanpaé et al. 1997). In
the test, paraspinal EMG spectral indices are
used as an objective estimate of fatigue. in the
study the short term stationarity and therefore
acceptability for Fourier transform calculation
was confirmed by novel Recurrence Plot
Analysis (Webber et al., 1995). Still the validity
of EMG spectrum results obtained from
isoinertial endurance run has been questioned.
The aim of the present study was to assess
the validity of EMG spectral decreases in
isoinertial back endurance test by comparing
them to EMG spectral indices obtained during
validated isometric contractions performed
before and immediately after the isoinertial
loading.

PROCEDURES

31 middle aged females participated the study.

Age (y) 450+56
Height (cm) 164.4£54
Weight (kg) 701 £ 11.2

Table 1: Subject characteristics

Subijects performed submaximal 90 sec
isoinertial upper trunk extensions (30
repetitions / min) in a specially designed
testing unit where vertebral columns below L3
were guided not to move. The movement
amplitude was adjusted between 25 degrees
flexion and 5 degrees extension and the load
level was calculated on the basis of upper
body weight, sex and age. 10 sec isometric
contractions were performed before and
immediately after the isoinertial endurance test
with the target load that was related to the
isoinertial test load. Continuous surface EMG
recordings were made bilateraily over the
paraspinal muscles at L5-S1 level during the
entire protocol. The guided movement
procedures minimize the movement of
paraspinal muscles in relation to the measuring
electrodes and minimize artefact
nonstationarities.

Mean power frequency (MPF) was calculated
by using Fast Fourier Transformation.
Isometric contractions: The mean MPF was
calculated for the first 5 sec of the contractions
obtained before (MPF,,) and after (MPF ..,
the isoinertial endurance test. Relative
decrease (MPF,,,, %/min) from MPF_, to
MPF,,, was calculated.

Isoinertial endurance test: Relative slope
(%/min) of MPF (MPF,,,,,) was calculated by
using the linear fitting. In addition, mean of
MPF values were calculated for the first
(MPF,,) and last (MPF,,,.) 5 sec of the

MPF .06, For statistical analysis {-test and
Pearson correlation procedures were used.
The statistical significance was set at p<0.05.
All values are expressed as mean + SD.



RESULTS

Isometric contraction MPF (MPF ) (obtained
before endurance test) and isoinertial
endurance test initial MPF (MPF,,,) were
similar (p>0.05), and correlated highly (Table
2).

Left Right
MPF,.(Hz) 81.3x145 80.0%15.0
MPF,.(Hz) 82.0+16.3 81.9+16.3
Correlation 0.84 0.85

p<0.001 p<0.001

Table 2: Comparison of MPF in test
contraction (before isoinertial test) and in initial
5 sec of isoinertial test, and their correlation
coefficients.

MPF .. was higher than MPF .., however, they
correlated very highly (Table 3).

Left Right
MPF . (Hz) 658+ 134 6471123
MPF . (Hz) 618147 612+145
Correlation 0.92 0.92

p<0.001 p<0.001

Table 3. Comparison of MPF in isometric
contraction (after isoinertial test) and in last 5
sec of isoinertial test, and their correlation
coefficients.

Similar lumbar paraspinal muscle MPF
decreases were observed between isometric
contractions (MPF ) and during isoinertial
endurance test (MPF ), indicating similar
results in both testing procedures. Correlation
coefficients between MPF,,,, and MPF,,,, were
high (Table 4).

Left Right
MPF,.,, -132+7.3 -13.3%18.0
MPF 0. -19.6+10.8 -20.1+115
Correlation 0.79 0.76

p<0.001 p<0.001

Table 4. Comparison of MPF slopes in test
contractions (MPF ) and in isoinertial test
(MPF..), and their correlation coefficients.

DISCUSSION

Since the MPF values and their decrease over
time were similar in both isometric contractions
and during the isoinertial endurance test, it is
concluded that EMG spectral index
calculations can be used for signal analysis
obtained during the isoinertial back endurance
test. The use of EMG frequency alteration
measurements in isometric contractions as an
assessment tool for muscle fatigue has been
validated in earlier studies (Hagg et al., 1991).
In the present study MPF ., was higher than
MPF .. This could be explained by the fact
that there was approximately 5 sec time period
between the end of repetitive endurance test
and test contraction allowing sufficient time for
the partial recovery.
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Validation of An Algorithm for Calenlating Gravity Line Displacement while Standing

D.L. Kingand V.M. Zatsiorsky

Department of Kinesiology. The Pennsylvania State University, University Park, PA 16802

INTRODUCTION

Over the past few vears several algorithms have
been proposed to estimate gravity line
displacement (GLP) directly from force platform
data during quiet standing tasks (Shimba, 1984,
Benda, er al., 1994; King and Zatsiorsky.
1997). Few of these methods, however, have
been validated against standard methods of
determiring gravity line displacement such as
videography. In this study a validation of one
algonithm, zero-crossing algorithm, was
performed using optical techniques.

REVIEW AND THEORY

Graviry line displacement provides a direct
measure of body sway, but due to difficulties in
measuring gravity line displacement during
standing tasks, center of pressure (COP)
migration is often used as an indirect measure of
body sway. »

The horizontal displacement of the gravity line
can be determined from the double integration
of the horizontal acceleration of the center of
gravity. Algorithms proposed by Shimba (1984)
and King and Zatsiorsky (1997) utilized
different techniques for estimating the two
unknown constants of integration which appear
during the double integration. An aigorithm,
introduced by Benda, et al. (1994), involved
filtering center of pressure displacement data to
estimate gravity line displacement. This method
does not require the knowledge of integration
constants and is based on the presumption that
the COP fluctuates about the GLP.

During quiet standing it is not apparent that
videography is an acceptable technique for
determining gravity line location. The
magnitude of gravity line migration is typically
of the same order as errors in estimating
segment masses and center of mass iocations.
However, during one legged standing the gravity
line displacements are on the order of

magnirude of centimeters. The purpose of this
study was to validate the zero-crossing
algorithm proposed by King and Zatsiorsky
(1597) for determining gravity line location
from force platform daia using optical
t=chniques during one legged standing,

PROCEDURES

Five subjects gave their informed consent to
participate in this study. The subjects were
instructed to stand on their preferred leg for 43
seconds with their eves closed. The subjects
stood with their hands on their hip with no
specific instructions given as to the position of
the nox-supporting leg

A force platiorm operating at 30 samples per
second was used 1o record the ground reaction
forces (GRF). The horizontal accelerations
along the medial lateral axis of the subjects were
calculated form the medial lateral GRF force,
These accelerations were then integrated twice
using the zero-crossing algorithm proposed by
King and Zatsiorsky (1997).

Step 1. Determine the locations of the COP
rigration at the instances when the horizontal
ground reaction force is zero, F (1) = 0.

A threshold range, =8, around zero was used to
determine the zero crossing, -6 < F, (1) < 8.

Step 2. Calculate the second integral of
X (1) = F (t)/m starting at tol-8 <F (1) <3

and ending at 1{-8 <F(t) <8. Use
Neop (t0)'=8 <Fy(t) <3 as the first initial

constant of integration, initial position, and
X(ty) = 0 as a temporary value for the second
constamnt of integration, initial velocity.

Step 3. Compare the experimentally recorded
value of center of pressure. X¢qp(ty), and the

calculated value, x(t;)|-8 <F, (1) <8. The



difference divided by At =t, -ty is equal to the
actual initial velocity, X(tg).

Step 4. Repeat Step 2 with the actual initial
velocity integration constant, X(tq) calculated
in Step 3.

Step 5. Continue Steps 2 through 4. integraung
from t,]-8 <F (1) <8 to t,-8 <F (1) <3
for the entire curve, X, (t) = F, (1)/m.

A video recorder was used to record the frontal
plane of the subjects during the one legged
standing task. Retro-reflective markers were
used to define an 11 segment model of the
human body. Segment mass characteristics
(Zatsiorsky and Seluyanov, 1983) were used to
calculate whole body center of mass
displacements with a Peak5 motion analysis
system.

Summary statistics of the gravity line
displacement as calculated with the zero-
crossing algorithm (GLPz) were compared with
the horizontal displacement as determined from
the video recordings (GLPv). Additionally a
cross correlation analysis was performed
between these two parameters.

RESULTS AND DISCUSSION

The Figure contains representative data of the
GLPz and GLPv results from one subject.
Notice that the GLPz and GLPv are of similar
magnitude and phase. The observed GLP
magnitudes indicate that one legged standing is
appropriate for using optical methods to validate
the GLPz algorithm.
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Figure. GLPz and GLPv curves for 1 subject.
Cross correlation is 0.94.

The average RMS and range values for GLPz
and GLPv over all subjects are presented in
Table 1. The results indicate that the zero
crossing algorithm is a valid technique for
determining GLP during standing tasks.

Table 1. Average ranges and RMS values.

! GLPz (mm) . GLPv (mm)

Range* L 468+17.7 41.8x21.7

RMS 19284297 19.04+4.22

* al]l values are mean = SD

Table 2 presents the cross correlation results
between GLPz and GLPv. These cross
correlations further substantiate the use of the
zero crossing algorithm for determining GLP
during standing tasks.

Table 2. Cross correlations for GLPz and GLPv.

Subject | correlation
1 ; 0.94
2 | 0.83
3 2 0.88
4 0.96
5 I 0.79

Due to smalil gravity line displacements during
quiet standing tasks, optical methods may not be
acceptable for determining GLP. During the
more dynamic one legged standing tasks where
LP migration is several times greater than in
quiet standing the optical method was
appropriate for validating the zero-crossing
algorithm. The high cross correlation values
indicate the validity of the zero-crossing
algorithm. Thus for quiet standing tasks where
optical methods are inappropriate the zero-
crossing algorithm is a valid alternative for
determining gravity line migration.
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WAVELET ANALYSIS OF EMG SIGNALS

W.M. Sloboda, V.M. Zatsiorsky

Department of Kinesiology, Pennsylvania State University, University Park, PA 16802

INTRODUCTION

The correlation of spectral changes in
electromyographic (EMG) recordings with
corresponding force production has shown
promise in recent years (2,3). Previous
studies have used calculations based on
Fast Fourier Transforms (FFT) to
accomplish this work. This research
alternatively applies wavelet transforms to
surface EMG'’s recorded during isometric
ramped force production. This mathematical
technique is shown to have promise in
unraveling the physiologic phenomena
underlying the EMG spectral changes.

REVIEW AND THEORY

Basmaijian and De Luca (1) have shown
how the affects of superposition and tissue
filtering join to produce a single Motor Unit
Action Potential (MUAP) detected by
electrodes. In additional work both

De Luca (3) and Solomonow (2) have
reported overall spectral shifts in the surface
EMG. These shifts are attributed to the type
of muscle fibers activated and may therefore
be used for characterization of motor unit
recruitment and muscle composition.
Investigation of these shifts have been
limited to changes in the median frequency
of the power spectrum derived using
windowed FFT. These methods, however,
try to capture time varying spectral shifts,
that are due to changes in the underlying
irregular discrete waveforms, using
continuous regular sine waves.

Wavelet analysis allows investigation of
these changes using irreguiar discrete “little
waves”. These are functions whose shape
and duration are much more similar to an
actual MUAP. By scaling and translating
these “little waves” the resulting
decomposition may produce information
about the recruitment of the motor units of
different type.

PROCEDURES

Subjects were asked to produce ramped
isometric elbow flexion. A maximal force
value was obtained by averaging three
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attempts. Jsing the max force value several
ramps were constructed of one, three, and
five second duration that ended in 25%
50%, 75%. and 100% of maximal force. The
subject was then asked to match his force
output with that of the prescribed ramp.
Force and EMG signals were collected at
1000 Hz. Surface EMG was collected using
Delsys Inc. Differential Electrode DE-02.3H,
Typical results are shown in figure 1.
Wavelet Analysis was performed using the
‘db3’ Daubechies wavelet shown in figure 2.

¢

e ety

Figure 1: Ramp Force and EMG vs Time

.5 . -

Figure 2: The Daubechies ‘db3’ Wavelet

The analysis is based on a decomposition of
the EMG signal using the following scaled
and translated function :

C(a,b) = EMG(t)-—l-‘db3'(~x—;£]dt

Ja



The scales 4 were chosen in conjunction
with the sampling rate to give wavelets with
a period in the 3-20 ms range. This range is
reported for single human muscle action
potentials. The ‘db3' wavelet was chosen
because of it's similarity to the MUAP,
described by Basmajian and De Luca (1).
The magnitude of C(a,b) is a measure of the
matching of the original with the ‘db3’ scaled
and translated wavelet. Results of the
decomposition are shown in figure 3.
Analysis was performed using the Matlab 5
(The Math Works, Inc.) Wavelet Toolbox.
This is a gray scale plot with greater
blackness reflecting increases in the
coefficients absolute value. A force tracing is
also provided as a reference.

been explained by the changes in types of
motor unis recruited. Fast moter units have
larger propagation velocities and also
appear to posses different membrane
qualities that iead to the changes in spectral
characteristics. While similar changes are
noted using a windowed FFT approach they
are more clearly and realistically
documented using the wavelet approach.
This is due to the wavelets ability to mimic a
MUAP, the underlying building block of
EMG, as opposed to the continuous sine
waves utilized by FFT's. The wavelet
analysis promises to be a useful tool in
explaining the underiying muscle recruitment
strategies that make up the EMG signal.

Wavelet Coetficients

hy

Seale

Time (sec)

Figure 3: Wavelet decomposition of EMG.

RESULTS

As the force increases neariy linearly with
time, scales containing higher bands of
frequency become activated. Near 50% of
the maximum force all bands that will be
activated have been. This is consistent with
the findings of both Solomonow(2) and De
Luca(3) who found that between 50 to 75%
of MVC the spectral shifts they observed
also reached an upper limit.

DISCUSSION

The spectral shifts that take place during
changes in force producticn have generally
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WAVELET TRANSFORMS FOR SMOOTHING KINESIOLOGICAL DATA

M. Wachowiak®, G. Rash¥, A. Desoky”, P. Quesada’
*Depariment of Computer Science, University of Louisville, Louisville, KY
¥Gait and Biomechanics Lab, Frazier Rehab Center, Louisville, KY
$Department of Mechanical Engineering, University of Louisville, Louisville, KY

INTRODUCTION

An important problem in the analysis of biomedical
data is the filtering (smoothing) of signals which have
sharp spikes and/or discontinuities. This problem is
particularly evident in biomechanical and
kinesiological data, where recorded measurcments
corresponding to impacts (for example, foot strikes)
appear as spikes in graphical representations. These
spikes are short-duration high frequency components,
which ar¢ normally treated as noise in traditional
filtering methodologies. Thus, standard filters, such as
Butterworth and spline filters, perform well in smooth-
ing the noise from the data, but have the unwanted
effect of attenuating the impact signals. Additionally,
smoothing kinesiological data with standard tech-
niques underscore the problem of edge effects, or errors
in filtered data which occur at the beginning and end
of measurements, and between areas of abrupt fre-
quency changes. It is proposed that wavelet transforms
may be useful in smoothing noise from kinesiological
data, while at the same time leaving the impact signals
intact, and avoiding undesirable side effects.

REVIEW AND THEQRY

Wavelet theory is a relatively new branch of applied
mathematics which has applications in such areas as
numerical analysis, mathematical modeling, and
especially in image and signal processing. Wavelet
transforms have been successfully used to analyze a
wide variety of biomedical data. The most attractive
feature of wavelets transforms is their good localiza-
tion in both the frequency and time/spatial domains.
Because wavelet decompositions produce signal
representations with good time resolution at high
frequencies and good frequency resolution at low
frequencies, different window sizes can be used to
analyze the signals

The two constraints on wavelet functions are: (1) It
must decay with respect to time/space (providing time
localization), and (2) its integral must vanish over all
values of time/space (providing oscillation). Addition-
ally, unlike the Fourier transform, which is based on
sine and cosine functions, there are an infinite number
of wavelets. Thus, a great number of wavelet functions
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exist which can be used to analyze signals with
differing characteristics. The existence of fast trans-
form algorithms add to the attractiveness of applying
wavelet techniques to biomedical data. However, very
little work has been done to specifically use wavelet
transforms for analyzing and filtering biomechanical
and kinesiological data.

For the present study, the Haar wavelet was used. This
simple wavelet function is based on the square wave.
The Haar wavelet, although useful for analyzing
piecewise continuous functions, is not ideal for smooth
or differentiable functions. However, it was used as a
first step in determining the validity of applying
wavelet techniques to data with sharp spikes.

METHODS

A simple “ball drop” experiment was performed to
study the validity of applying wavelet techniques to
kinesiological signals with impact components. A
sturdy metal wire was tightly drawn over a metal
frame. This served as a vertical guide for freefall of a
metal cylinder. Haif of a rubber bail was aitached io
the base of the frame to allow the cylinder to bounce.
The cylinder, which was designed so that an acceler-
ometer could be attached, was wrapped with reflective
tape to allow the collection of positional (video) data.
Accelerometer data (1200 Hz) and positional measure-
ments (120 Hz) were recorded from ten ball drop trials.
A MotionAnalysis™ EVA Hi-Res, Version 3.65
system, running on a Sun SparcStation, was used for
the collections. The accelerometer data, although not
analyzed in the present abstract, will be used in
comparisons with positional data to which the wavelet
transform is applied.

Four seconds of positional data, or 480 frames, were
collected, and padded with zeros to 512 clements. The
acceleration for a representative trial was derived from
the z-component of the position data using the central
difference formuia. A personal computer C-langnage
program was written to apply the Haar wavelet
transform and its inverse to the z-component, using a
user-defined cutoff frequency value which was applied
to the entire transform.



DEVELOPMENT OF A THREE-DIMENSIONAL ARM STRENGTH
PREDICTION MODEL

Richard E. Hughes, Andrew Westreich, Michael G. Rock, and Kai-Nan An
Mayo Clinic/Mayo Foundation, Rochester, MN 55905

INTRODUCTION

Sometimes muscles are resected during
oncologic reconstructions of the shoulder,
which can have profound affects on arm
strength. The purpose of this study was to
develop a three-dimensional biomechanical
model for predicting arm strength (e.g. push,
pull, lift, etc.) from musculoskeletal geometry
and muscle physiology. Such a model could
be used to pre-operatively evaluate effects of
tissue resection.

REVIEW AND THEORY

Three-dimensional biomechanical models of
the upper extremity have been developed (van
der Helm, 1994; Hogfors etal., 1987,
Karlsson and Peterson, 1992, Nieminen et
d., 1995). These models have used
optimization methods to compute muscle
forces. Nieminen etal. (1995) used a 3D
model to predict maximal arm strength.

All of these models used an idealized
representation of musculoskeletal geometry to
determine the moments produced by
individual muscles. Specifically, it was
assumed that each muscle took the shortest
distance between origin and insertion subject
to the constraint that the path did not pass
through a bone. Hughes etal. (1996) found
that this method produces moment arm
estimates that can be substantially different
from moment arms determined by using the
relationship between tendon excursion and
joint angle measured in in vitro experiments.

PROCEDURES

A 3D static biomechanical model of the upper
extremity (glenohumeral joint, elbow, and
wrist) was formulated. The glenohumeral,
ulnohumeral, and radiohumeral joints were
modeled as ball-and-socket, revolute, and
revolute joints, respectively. The wrist was
modeled as a universal joint. Coordinate
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systems on the hand, ulna, humerus, scapula,
and torso were used to specify upper
extremity posture. Body segment masses and
center of gravity locations were taken from
the literature (Chaffin and Andersson, 1984)
and scaled to stature and weight. Muscle
moment arms were taken from studies that
used the tendon excursion-joint angle method:
glenohumeral joint (Kuechle, 1994), elbow
(Murray et al., 1995; Schuind etal., 1994),
and wrist (Horii eral., 1993). Maximum
muscle force was modeled as the product of
specific tension (Ikai and Fukunaga, 1968)
and physiological cross sectional area (An et
al., 1981; Veeger etal., 1991; Karlsson and
Peterson, 1992). Two external forces were
allowed in the model (radial and ulnar side of
palm), and the directions were specified. The
model was formulated as a linear program,
were the objective to be maximized was the
sum of the reaction forces acting on the palm
of the hand.

Isometric arm strength measurements were
made on ten subjects (5 male; 5 female) ages
23 to 66 (median 34) in order to evaluate
model predictions. Strength measurements
were made using a cylindrical grip attached to
500 1b load cell via a nylon cord. Three
repetitions of each test condition were
performed, and subjects were given rest
between exertions. Each test consisted of a
three second exertion, and the middle two
seconds were averaged and stored. Three

upper arm postures (neutral, flexed 45°,

abducted 45°) were tested, and an 85° elbow
angle was used in each condition. Maximal
1ift up and push down forces were measured
with the upper arm in neutral (posture 1). Lift
up, push down, pull medially, and pull
laterally were measured in the flexed posture
(posture 2). Lift up, push down, push and
pull forces were measured in the abducted
posture (posture 3). The order of postures
tested were randomized, and the order of
exertion directions was randomized within
each posture. Anthropometric



measurements were taken and used as input
for the biomechanical model.

Inter-subject variability was reduced by
normalizing strength test data by maximal
forces measured in the opposite direction
(e.g. ratio of push to pull forces). Wilcoxon
signed rank tests were used to test for
differences between predicted and measured
strength ratios.

RESULTS

The model predicted the ratio of pull up to
push down strength when the humerus was in
a neutral posture. Statistically significant
differences between measured values and
model predictions were found in all other test
conditions (Figure 1). The largest difference
was found in the push/pull forces with the
arm abducted 45 degrees.

B Measured

24 [7] Predicted

—_
o
|

STRENGTH RATIO
O
=
i |

O
]

Posture 1 up:down
Posture 2 up:down
Posture 2 lateral:medial
Posture 3 posterior:anterior
Posture 3 up:down

Figure 1. Measured and predicted hand force
exertion ratios. * denotes statistically
significant difference (P<0.05) between
measured and predicted values.
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DISCUSSION

The biomechanical model predicted the ratio
of 1ift up to push down forces when the upper
arm was in a neutral posture. However, the
model did not predict forces well when the
arm was flexed or abducted. The
discrepancies between predictions and
measurements may be due to not including the
length-tension property of muscle, because
the largest differences occurred in flexed or
abducted postures. The inability of model to
predict push and pull forces in an abducted
arm posture may be caused by the
representation of the glenchumeral joint,
which did not include shear forces and the
need for active stabilization by the muscles.
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AN OPTIMIZATION-BASED DIFFERENTIAL INVERSE KINEMATICS APPROACH FOR
MODELING THREE-DIMENSIONAL DYNAMIC SEATED REACHING POSTURES

Xudong Zhang and Don B. Chaffin
Center for Ergonomics, The University of Michigan, Ann Arbor, MI 48109

INTRODUCTION

Although optimization techniques have been
extensively utilized to model human postures and
movements, the implementation of three-dimensional
(3D) dynamic models with a desirable level of
sophistication remains a challenge. Existing
optimization-based models for posture prediction or
motion simulation are either static, or dynamic but
restricted in the scale or dimension of the
biomechanical systems. Static models, 2D or 3D,
usually rely on static optimization to resolve the
postural indeterminacy for only one stance. Such
models can be used in a sequential fashion to emulate
movements (Ryan, 1970; Kilpatrick, 1970) but incur
laborious computation, as every time instant
corresponds to a fairly sizable and often non-linear
optimization problem. For dynamic movement
modeling, many have resorted to and advocated
dynamic programming (Ayoub et al., 1974; Hsiang,
1992; Yamaguchi, 1990). Because the use of
dynamic programming places a stringent limit on the
number of model variables, either the dimension of or
the number of body segments included in a model has
to be compromised.

This paper describes a new optimization-based
differential inverse kinematics approach for modeling
three-dimensional dynamic postures. It has the
potential of being computationally very efficient, and
can accommodate a reasonable number of degrees of
freedom (DOF). Specifically, this approach was
applied to the modeling of right-handed seated
reaching movements, wherein both torso and right
arm motions were involved.

METHODS

Differential kinematics (Whitney, 1969) has been
primarily used in the robotics field for trajectory
planning. It considers the differential relationships
between the end-effector motions and joint motions.
In the context of human posture modeling, such a
relationship can be described as:

P=f©)=J(©)0 o
where P is the hand velocity (P as hand position), ©
is the angular velocity, and J is the Jacobian matrix.
Establishment of the above relationship is based on a
biomechanical linkage representation of the human
body. In the present modeling effort, a 4-segment 7-
DOF linkage is employed to describe the kinematics
of the torso and right arm in 3D (Figure 1). Thus,
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P=(x y #1T.0=06, 6, 6,17, and J is
a 3x7 matrix. The seven joint angles 0, ; represent
torso flexion, torso lateral bending, torso twisting
(clavicle rotation), shoulder extension, shoulder
abduction, humeral rotation, and elbow extension.

Right Hand &
Forearm

Right Elbo,fit }
/

\c
Right ASIS O 6,49, 425(,:0 ASIS

Figure 1. A 4-segment 7-DOF linkage in reference to
surface markers to represents the torso and right arm.

By taking a weighted pseudoinverse of (1), the joint
angular ve}ocity can be derived as

6 =wyw*p ©)
where # symbolizes the pseudoinverse, and W is a
weighting matrix as W =15 e[w; w; w—,]T
(I;:a7x7 identity matrix). The solution by (2)
minimizes the instantaneous weighted system kinetic
energy -%—G)TWTWG Given the initial angle set and
hand path, the weights w_; are the only variables
that influence the movement profiles.

We proposed a four-weight W configuration as
W=I e[w; w; wy w3z w3 wy w4]T
where w/ is designated to 0, & 0,, wy to 03, w5 to 9,
& 85, and w for 05 & 6,. We further postulated that

the weights remain time-invariant for a movement.
Therefore, W quantifies an inter-segment allocation
strategy for postural control during a movement—a
smaller weight value indicates the corresponding
segment is relatively more involved in the movement.

With the above hypothesized setting, the modeling

approach was applied to a real data set to assess the
best fitting accuracy achievabie, and to identify the
weight values resulting in the best emulation of the



measured profiles (i.e., |© - ©*| minimized). This
fitting process was accomplished by optimization
procedures based on simulated annealing.

The data set contained three-types of seated reaching
movements performed by six subjects. The
movements were distinguished by the direction of
hand motions: anterior-posterior (AP), medial-lateral
(ML), and up-down (UD). Each type was performed
at four hand path locations formed by varying height,
distance to the body, and asymmetry of the torso.
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Figure 2. Predicted (thirk) vs. measured (thin)
profiles for one particular trial with a 3.3-degree
modeling error (averaged across the movements).
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Figure 3. Weight values are normalized as
percentages and averaged with respect to three types
of reaching movements. Whiskers represent SD
values.
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RESULTS

The average error in modeling a total of 504
measured angle profiles (7 anglesx12 movementsx6
subjects) was 3.3 degrees (SD: 2.7, median: 2.4).
Figure 2 illustrates the predicted vs. measured
profiles for one particular trial with which a modeling
error close to the overall average was achieved.
Weight values, as statistically summarized and
presented in Figure 3, demonstrate a distinctive
difference between but some congruence within types
of movements.

DISCUSSION

The proposed approach offers a potential means for
modeling 3D dynamic complex postures without
extreme computational demand. Once the weight
values are specified, the movement profiles can be
delivered via simple integrations. Qur current effort
is focused on empirical test of the approach against a
population database containing a large variety of
movements. The intention is to be able to estimate
the weight values a priori for most common seated
reaches so that we can fully enjoy the computational
advantage for real time motion simulation, and
achieve a robust predictive model.

The general success of this modeling approach with
the specific parameter setting also leads to several
important interpretations. First, the fact that the
weights are time-invariant suggests the movements
are being pre-organized. Second, the success of the
four-weight scheme which represents an inter-
segment allocation strategy indicates a segmental
level coordination for specific motions considered.
Third, the advantages (e.g., computational efficiency)
offered by this velocity-domain approach may
support the notion that rate contro! mechanism plays
a primary role in organizing human movements.
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A MUI TIPLE DEGREE-OF-FREEDOM VISUAL SIMULATION FOR THE UPPER EXTREMITY
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INTRODUCTION

Kinematic modeling workstations and/or
software are enduring continuous development. This
project defines an interactive, three-dimensional,
computer graphical, hierarchical simulation of the
upper extremity that provides for the study of
hypothetical models of joint motion (by providing
for the adjustment of up to three arbitrary axes of
motion at each joint).

REVIEW AND THEORY

Buford, et al., developed an interactive kinematic
simulation on Evans and Sutherland systems which
are no longer available. Lin., et al, developed a three
dimensional kinematic simulation using PHIGS
(Programmer’s Hierarchical Interactive Graphics
System 1988 ISO Graphics Standard) programming
software. Since PHIGS is no longer the accepted
standard for graphics software, this simulation is no
longer portable.

Other biomechanics simulation packages are
currently under development. The works of Delp, et
al., and Chao, et al., are commercial systems which
provide certain kinematic animation and anatomic
visualization capability. The simulation described
here is a research tool with multi-degree of freedom
joint axis adjustment capability written within a
flexible programming environment.

PROCEDURES

Upon acquisition of a fresh (unembalmed) aduit
cadaver, the upper extremity was imaged using a
G.E. Model 9800 Computerized Tomography
scanner. Using Imm thick slices for the wrist, elbow,
and shoulder joints, and Smm thick slices for
remaining sections of the arm, 490 consecutive slices
were produced. From these images, UTMB-
developed software was used to construct the three-
dimensional bone structures, consisting of over
160,000 triangular polygons.

To begin software development, these three-
dimensional polygonal images were transferred to a
Sun UltraSparc 170 workstation with an Evans and
Sutherland Freedom™ 3200 graphics accelerator.
With the capability of processing 600,000 polygons
per second, the Evans and Sutherland graphics
accelerator allows for a real-time interactive
simulation of the upper extremity. The program was
written using C++, OpenGl, and Motif software
within the UNIX X (Solaris) Window environment.
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RESULTS

The present simulation provides for the
interactive control and visualization of the upper
extremity bony structures, the three-dimensional
adjustment of each axis of rotation for each joint, and
the rotation of each segment about the defined axes.
The defined axes are:

e A hinge axis for each of the distal and
proximal interphalangeal joints of the
fingers.

e Two axes for each of the
metacarpophalangeal joints of the fingers.

e Three axes for the carpometacarpal joint of
the thumb.

Three axes for the wrist and forearm.
One axis for the elbow joint.
Three axes for the shoulder joint.

This kinematic model allows for the arbitrary (6
degrees of freedom) adjustment of multiple axes of
motion for each joint using keyboard or other
peripheral input. The user interface (keyboard,
mouse, and spaceball) provide scaling, translation,
and rotation of the model in any perspective.

With respect to skeletal landmarks, the rotational
axes of motion for each joint are placed in their
appropriate locations. Each axis can be transformed
to any position and orientation in space to show
theoretical or effective joint motion articulations.
Figure 1 shows extension of the elbow around the
effective flexion-extension axis of the elbow joint.
The effective flexion-extension axis passes
transversely through the middle of the trochlea of the
humerus (Youm, et al., 1979). Figure 2 shows
pronation and supination of the forearm around the
effective pronation-supination axis of the elbow joint.
This axis passes from the distal end of the ulna,
through the radius, to the center of the capitulum in
the humerus (Youm, et. al., 1979).

While this kinematic model is based upon the
structure of a single cadaver specimen, variables are
included in the simulation to allow for geometrical
changes. Scaling of each bone segment, limits in
joint range of motion, and other variables provide for
the ability to model a given person based on
radiographic or other clinical measurements.
Specifically, by changing geometric data files, this
system can be used to model different cases.



Fig. I A lateral view of the left arm depicting the forearm in two positions near full

extension (left) and mid-flexion (right) about the elbow flexion-extension axis
as defined in the kinematic model.

] Fig. 2 A lateral view of the left arm depicingsption (left) and pronation (right)

about the pronation-supination axis of the forearm.

DISCUSSION

The flexibility required in UTMB Orthopaedic
Biomechanics research dictates the development of a
portable three-dimensional, computer graphic,
kinematic simulation of the upper extremity. While
this kinematic model is based upon the structure of a
single cadaver specimen, variables are included in the
simulation to allow for changes in geometry. By
changing geometric transformations or data files, this
system can be used to model different cases. Scaling
of each bone segment, limits in joint range of motion,
muscle size, muscle constraints, and other variables
provide for the ability to model a given person based
on radiographic or other clinical measurements.
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BIOMECHANICAL MODEL OF THE HUMAN SPINE AS AN ARCH
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INTRODUCTION

The human spine is the main structure to
support human body weight and external loads,
to allow the torso to reach a variety of positions
and to protect the spinal nervous system.
Lumbar back pain and disorders might be
related to spine curvature and disc pressure,
and it is an objective of this work to include
consideration of these issues in the SAMMIE
computer aided ergonomics design system.
Such a design system would then be used in
evaluating a wide range of situations including
manual handling, car seat design, etc. The
human spine is a statically indeterminate
structure. The work reported here generates a
criterion for the failure of the human spine, and
describes the method used to determine a better
or even the best fitting thrust line using
optimisation techniques. This is considered to
be a better predictor, when compared to the
previously published arch model under the same
load conditions[1].

REVIEW AND THEORY

Many attempts have been made to represent
the spine using elastic analysis applied to
structural models including levers, simple beams
and cantilever beams. Some work is reported in
the literature that models the spine as a single
arch[1]. Stability of the spine under a variety of
loading conditions can then be determined using
plastic analysis methods, in compliance with the
criterion that stability requires that the thrust line
should be located within all cross sections of the
arch. Lever models typically describe the spine
as rigid levers with balancing reaction forces at
the sacrum with no proper consideration of
spinal curvature. This form of analysis is unable
to explain how vertebral disc pressure increases
with increasing intra—abdominal pressure and
can produce results that are not proper. For
example, the holding of a 90kg weight in a
stooped posture leads to a predicted reaction
force of 6.6 kN[3] which is sufficient to fracture
the end—plates of the vertebral body (whose
bearing strength is about 6 kN). Clearly this
situation, although well outside normal working

practices, is sustainable without damage as
shown in the extreme by weightlifters. This
discrepancy is considered to arise from the way
in which lever models ignor spinal curvature. In
contrast this paper describes the spine as an
arch under assumptions that compressive forces
can be transmitted in the spine only, the spine
has enough compressive strength and sliding
failure cannot occur in the spine. This provides a
good explanation of disc and intra—abdominal
pressure, and produces a calculated reaction
force of 1.3-1.5 kN for the situation described
above. The body weight, external loads and/or
supporting forces from the seat back in a sitting
posture were treated as forces applied at
appropriate points on the arch spine. Muscle
and ligament forces were treated as internal
reaction forces applied to both ends of the
spine. As an arch spine model[1], a criterion of
the failure of the spine need to be'generated and
the best fitting thrust line need to be found using
optimisation techniques.

PROCEDURES

In this developed single arch spine model, the
loads applied to the arch spine are in general
directions rather than being limited to a single
(vertical) direction as in previous studies[2],
which was developed based on the established
use of vertical direction loads applied to an arch
to provide a more realistic set of loads for the
spine in typical working postures. A criterion for
the failure of the arch spine is established. An
infinite number of thrust lines for a single arch
can be obtained as it is a statically indeterminate
structure. There is one thrust line, however,
which is the best fitting for the arch or spine.
Hence there is an optimisation problem. A
definition of the “best fitting” thrust line is that
the resultant thrust line is the closest one to the
central line or reference line of the arch or spine.
It is not difficult to reach a criterion for the failure
of the spine, if the best fitting thrust line among
of all thrust lines in an arch spine can be found
but it is not located within the “core"[2] of the
spine, then hinges form[2] and spinal failure or
disorders can occur. The principles and methods
of optimisation for a better, or even the best



fitting thrust line in the arch spine are presented.
The methods used to calculate a better or best
fitting thrust line of the arch spine from force
polygons, are described as an optimization,
whose objective function is that the thrust line is
as close as possible to the central line or
reference line of the arch spine. Four objective
functions are described as follows:

a) fi=Minimise[ max d;], i=1, n;

b) fo=Minimise[ ¥ d], i=1, n;

c) fa=Minimise[ X wj X dj}, i=1, n;

d) fs=Minimise[wyxd, + woXmax d;], i=1, n—1
where d is the distance between current
calcuiated thrust line and the spine reference (or
centre) line and w is a weighting factor for the
optimization calculation. The best resuli of
several locally optimised values of the above
four objective functions was chosen as the final
optimisation result.

RESULTS AND DISCUSSION

Examples are given for optimisation of thrust
lines from the corresponding force polygon in
Fig.1. A comparison between optimised thrust
line in this paper and the one of previously
published arch model under the same
conditions[1] is shown in Fig.2. It should be
noticed that the optimised thrust line is closer
than the one in reference[1] to the central line or
reference line of the arch spine. The reaction
force calculated is about 1.3-1.5 kN. The
developed arch model with optimisation is
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shown to be a better predictor of spinal loading.
Spine disorders may occur in both situations and
the one in referencef1] may be even more
serious than as given in this paper, according to
the criterion of the failure of the spine daveloped
in this paper. 1t might due to posterior extrusion
of fibrocartilage from disc, stretch of ligament
and cause of back pain in these situations. If a
lordosis can be introduced and the “core” can
contain a thrust line, the spine disorders may be
avoided. This means lordosis and abdominal
pressure work together to strengthen the spine.
Further work is concerned with the extension of
a single arch spine into a S shaped muiti~arch
spine, extension of the 2D model into 3D and
integration with the SAMMIE computer aided
ergonomics design system.
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INTRODUCTION

The kinematics of the knee have historically
been difficult to quantify. Anatomic rotations and
translations are subject to axis alignment
difficulties which inhibit comparisons between
subjects. Helical axes, while mathematically
concise, are difficult to interpret.

Previous authors (Hollister ef al., 1993) have
demonstrated that it may be possible to describe
knee kinematics simply as two simultaneous
rotations occurring about fixed axes: a
flexion/extension (FE) axis fixed to the femur,
and a longitudinal rotation (LR) axis fixed to the
tibia. Such a system could be described as a
"compound pinned hinge" (CPH) model of knee
motion. The objective of this study was to
develop the mathematical basis for such a
model, including provisions for error
measurement, and then to evaluate its
effectiveness in describing the kinematics of
knees undergoing a realistic loadbearing activity.

REVIEW AND THEORY

Any 3-D motion can be resolved into six
components (three rotations and three
translations). In the CPH model this is written,

K=@pp+0©p*Rg+ Ryx+* Ryy + Ryz

Where: K = Comp'2t: kinematic motion
©®f = Rotation about the femoral FE axis
®,r = Rotation about the tibial LR axis
R, = Residual rotation component
(Abduction/Adduction)
Ry, R4y, Ryz = Residual displacements

The central postulate of the CPH model is that,
with proper location of the FE and LR axes, the
residual terms will all drop to zero. Knee
kinematics can then be described simply by the
rotations, ®g and ©,¢. In actual use, the
residuals are likely to have small, but non-zero
values. The ability to evaluate the deviation from
true CPH motion through these residual terms is
an important feature of the CPH model.

Hollister's work suggests that the FE axis
passes close to the centers of the femoral
condyles, an orientation which is approximately

7°-10° offset from the sagittal plane normal. In
addition, the LR axis was found to lie nearly
parallel to the tibia's mechanical axis, but
displaced from it. Based on these results, two
assumptions were made in this initial study
(efiminating them is conceptually straightforward,
and is the subject of ongoing work):

1) The FE axis passes exactly through the
centers of the femoral condyles,

2) The LR axis is exactly parallel to the tibia's
mechanical axis.

The location of the LR axis within the tibia is the
remaining unknown. Given the kinematic
behavior of the knee, K, the “optimal” LR axis
location for any knee is the one which minimizes
the magnitudes of the residuals.

PROCEDURES

The tibio-femoral kinematics of ten cadaveric
knees were recorded while executing a
simulated squatting activity in an “Oxford” style
loading jig. Afterwards, each joint was exposed,
and the articular surfaces of the posterior
femoral condyles digitized. Additional landmarks
were digitized to find the tibia's mechanical axis.

An FE axis was constructed such that, when
viewing along it, the digitized condyle surfaces
appeared circular in profile, with the axis passing
through their centers. An LR axis was
constructed in the tibia with its direction parallel
to the mechanical axis, but with its location left
as an unknown variable.

An optimization routine was then used to search
for the optimal LR axis location. The
configuration of the knee was evaluated at two
degree flexion angle increments from 0° through
100°. The objective function was the pathlength
of the medial/lateral and anterior/posterior
residual displacements, Ry and R 4y
Abduction/adduction, and proximal/distal
residuals were not considered. The
optimizations were carried out a second time
considering only 0°- 40° flexion.

RESULTS

FE axes were successfully fit to the digitized
articular surfaces of each specimen (Fig 1). All



specimens exhibited the typical screw-home
mechanism consisting of 10°-15° of external
tibial rotation during terminal extension (Fig 2).

There was substantial variability among
specimens, but in all cases the optimal LR axis
was found to be medial and posterior to the
center of the joint (Fig 3, Table 1). It lay outside
of the bone boundary in one case. The residual
displacements were less than 6mm for seven of
ten specimens.

When considering only the 0°-40° flexion range
the optimal LR axis locations were identical to
those found when the full flexion range was
used. The residual displacements, however,
were considerably smaller, averaging iess than
1mm (Table 1).

DISCUSSION

The small residual displacements found for most
of the specimens indicates that the CPH model

is indeed effective in describing knee kinematics.

itis exceptionally accurate in the 0°-40° flexion

range where the m majority of tibial rotation occurs.

The differences between individual knees are
made readily apparent. it is possible that the

existence of large non-zero residuals, such as
those seen in specimen 5, could be correlated
with specific knee pathologies.

The CPH model represents a subtle, but
important change in the understanding of knee
kinematics. The key feature is that, in contrast
with previous models, the FE and LR axes are
fixed to their respective bones. This should
prove advantageous to basic researchers as
weli as to prosthetic device designers.

Schematic of Distal Femur }

o ——

Digitized Lateral Condyle -
Anterior

(Medial Condyle Not Shown)

Figure 1 lllustration showing construction of FE
axis through centers of femoral condyles.
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Figure 2 O, (rotation about logitudinal axis of
tibia) vs. @ (rotation about femoral flexion axis)
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Figure 3 Schematic of Tibial plateau showing LR
axis location for each specimen, and
corresponding Ry and Ry, magnitudes.

LR Axis Location|] 0-40° Flexion | 0-100° Fiexion
Spec.] X (mm) Y (mm) |Rgx (mm) Ryy (mm){Rgx (mm) Rgy(mm)
15 -12 0.5 0423 3.2

2 -5 0.5 041 25 4.7
27 -13 0.3 06126 49
10 -1 0.4 04 ] 25 4.9
29 -5 09 13147 155

SOENOIRHWN -
w
o

=27 1.2 18 | 1.4 42

15 -6 06 10120 113

% -1 0.3 189157 136

17 -7 0.5 04|52 59

16 -12 0.4 05142 54

Avg.| 18  -10 0.6 09133 &7

spD|l 96 72| 03 06|15 40

Table 1. LR axis location, and maximum Ry and
Ry residual displacements for each specimen.
Residuals calculated both for full range of
flexion, and for first 40° of flexion.
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FINITE ELEMENT SIMULATION OF PULSATILE REGURGITANT JETS:
QUANTIFICATION BY CONSERVATION OF MOMENTUM TRANSFER
S.F.C. Stewart

Center for Devices & Radiological Health, Food & Drug Administration, Rockville, MD 20852

INTRODUCTION

Color Doppler ultrasound (CDU) is used
clinically for assessing regurgitation in natural
and prosthetic heart valves, but an accurate
quantitative method remains elusive.
Conservation of momentum transfer is one
promising approach to quantifying
regurgitation from the CDU image.

REVIEW AND THEORY

Regurgitant jet flows (Q) can be quantified by
dividing the momentum transfer (computed
from the CDU jet velocities v) by the orifice
velocity U, (measured separately by
continuous wave Doppler) (Thomas et al.,
1990):

2n I: vi(x,r)rdr

Q =
Uo

where x = axial distance from the orifice and
r = radial distance from the jet axis. All
velocities v must be included in the
integration, but aliasing (where high velocities
masquerade as lower ones) can cause errors
in the measured Q. To overcome aliasing, a
mode! based on brundary layer theory of
turbulent jet flow (Schlichting, 1979) is first

UpC r

fit to the jet:
-2
2
()] @
{x +C) x+C

where B describes the jet width and C is the
position of a virtual orifice behind the actual
one. Aliased velocities are excluded by
iterating the curve fit: those velocities above
the aliasing velocity (as calculated by eq. 2
using parameters from the previous curve fit)
are rejected in the current curve fit. This
iterative rejection of aliased velocities
continues until no more aliased velocities are
found. U, scales Eq. 2 so that omitting
higher velocities does not bias the curve fit.
Substituting Eq. 2 into Eq. 1 yields an

{1
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expression for Q (Stewart, 1995):
mU,C?
3B
This method has been extensively verified in

steady flows (Stewart, 1997}, and is now
being extended to pulsatile flows.

(3)

PROCEDURES

Steady and pulsatile flow turbulent jets were
modeled using the FIDAP finite element
program running on an IBM RISC workstation.
An axisymmetric dual chambered tank with a
0.357 cm radius orifice was modeled using a
paved mesh, to produce tiny elements near
the orifice and larger elements elsewhere.
Pulsatile jets were driven by a mitral flow
regurgitation waveform derived from a
published Doppier spectrum (Hatle et al.,
1985) at 60 beats/min. Resulting velocity
fields were converted to pseudo-CDU images
by interpolation. Aliasing was introduced
artificially by subtracting 220 cm/s from each
velocity over 220 cm/s. Eq. 2 was fit to the
steady flow and peak pulsatile velocities
using a Levenberg-Marquardt non-linear curve
fitter (Press et al., 1986), and the resuiting 8
and C were used to calculate Q using Eq. 3.

Figure 1: Simulated steady flow jet.

Figure 2: Simulated pulsatile jet at peak flow.



RESULTS

Steady flow jets (figure 1) were observed to
be qualitatively different from the pulsatile
jets (figure 2). Examination of the flow
profiles shows that the pulsatile jets did not
spread out like the steady flow jets. Models
fitted to non-aliased jets are shown in figure
3 (steady) and figure 4 (pulsatile}. In the
steady flow jets, good agreement was found
between the calculated (Q,) and measured
(Q,,) steady fiow (Table 1), even when
aliasing was present. Good agreement was
also found between the calculated and
measured peak flow in the non-aliased
pulsatile jet, but the agreement was much
worse in the aliased pulsatile jet.

Figure 4: Curve fitted pulsati!e jet.

DISCUSSION
The parameters 8 and £ determine the fitted
jet shape, the virtual orifice position, and the

calculated flow, Q. The original boundary
layer solution includes a singularity at the
orifice: v is proportional to 1/x, so that at

x = 0, v is undefined. Eq. 2 eliminates this
problem, giving a virtual orifice C cm behind
the real one. In steady flow jets, the jet
spreads as it flows away from the orifice.
The fitted virtual orifice is a reasonable length
behind the true orifice (C = 60 cm for the
nonaliased jet and 16.5 cm for the aliased
jet), and the calculated Qs are fairly accurate
(Table 1). in contrast, the pulsatile jet
remains narrow far from the orifice, possibly
because there was insufficient time for the

25

Flow s* s’ pt P

Alias No Yes No Yes
Q, 80.0 | 80.0 | 80.0* | 80.0°
Q, 87.0 | 71.4 | 72.8¢ 15.2*
B 9177 | 851 3.9e5 191

C, cm 60. | 16.5 358 3.63

Table 1 Calculated vs. measured flow rate.
‘Steady flow. 'Pulsatile flow. *Peak flow.

turbulent mixing to develop. The fitted virtual
orifice was far away from the true one

(C = 358 cm), one possibe cause of the low
Q. ( = 72.8 ml/s) in the non-aliased jet. The
virtual orifice was at a more reasonable
distance behind the aliased puisatile jet, but
Q, was much less accurate { = 15.2 ml/s).
The lack of turbulent mixing and jet spreading
caused a much smaller locus of non-aliased
velocities, so that the iterative curve fit had
fewer data points to work with. It is
concluded that more sophisticated models
will have to be built for this conservation of
momentum transfer method to work
accurately with aliased puisatile flows.
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Relationships Between Selected parameters For The Evaluation of Hardwood Sports Surfaces
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Introduction

Six floors were tested to determine the ball
reflection, shock absorption, standard vertical
deflection (StVv). And area indentation, according
to the DIN standard 18032 part I (1991) for the
evaluation of sports surfaces. The relationships
between these four parameters were examined.
It was hoped that strong relationships could be
found between several of the parameters, and
that these relationships could ultimately be used
to simplify the current testing procedures. The
significant relationships which exist between floor
performance and safety characteristics, will help
to guide future floor designs. These relationships
will also provide a starting point for re-evaluating
the test procedures currently used on hardwood
sports surfaces.

Review and Theory

Little, if any, scientific or engineering principles
have been applied to developing new basketball
floors to improve safety, or performance. Such
scientific principles were applied to the design of
indoor running tracks by McMahon and Green
(1978). They developed a simple model of human
muscles and reflexes, and used this model to tune
the stiffness of the track to improve the times of
the athletes performing on the track. Design of
basketball floors is more complicated. While
improving the safety is of course a major concern,
the floor must maintain certain ball rebound
characteristics. The characteristics of hardwood
athletic floors are commonly obtained using the
DIN standard 18032 (1991). If scientific and
engineering principles are to be used to improve
current floor design, then the relationships
between the most important characteristics must
be examined. This study does not fully endorse
any current materials test, as materials tests have

Prof. Kamyar Haghighi  Prof. Gary W. Krutz

Department of Agricultural and Biological Engineering
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been found to be poorly correlated to subject tests
(Nigg and Yeadon, 1987). The significant
relationships determined in this study, can also be
used as a starting point to improve current
materials testing methods, and hopefully improve
the correlation between the subject and materials
tests along the way.

Procedures

Data collection was performed using current data
acquisition technologies. Data was stored on an
NEC DX-4 75 MHz notebook computer. The NEC
computer was connected to an Hewlett Packard
75000 B-sized VXI mainframe. The HP 75000
contained the multimeter and muiltiplexer used to
perform the analog to digital conversion of signals
from respective transducers. Control of the HP-
VEE, (Hewlett Packard's Visual Engineering
Environment software). Ball Rebound height was
measured using a Massa 411/40 ultrasonic
distance sensor. Impact forces were recorded
using model 53 Sensotec load-cells. The
deflections of the playing surface were measured
using Sensotec model MLV7A Linear-Velocity-
Displacement-Transducers (LVDTSs).

The characteristics analyzed in this study include:
ball refiection, shock absorption, standard vertical
deflection, and area indentation. Tests and
analysis were performed according to the DIN
standard 18032 part Il (1991), only slight
modifications to the procedures were made.
These modification were only to ease the analysis
of the data, and the accuracy of the
measurement. Ball reflection is determined by
using the rebound height obtained on concrete,
and on the playing surface in the following
equation:



Height (floor)

Ball Reflection = x 100

eight (concrete)

impact test equipment was developed for the
shock absorption test according io the DIN
standard 18032 part Il, (1991). Shock absorption
was obtained by using the maximum force
generated on the floor systemn to the maximum
force generated on a rigid surface (DIN standard
18032 part 1l, 1991). In both tests where the
impact force is recorded, the impact is generated
by dropping a known mass onto a spring of know
stiffness.

F max, Sfloor
——mme | x 100
F max, rigid concrete

/

Shock Abs.= (1 -

Six floors of various resiliency were tested over a
three month period, and the aforementioned
parameters were obtained. Testing was
performed at 9 points spaced over one half of the
playing surface. Tesling for each parameier was
carried out according to the DIN standard. Linear
regression was then used to determine if the
average characteristics of each floor parameter
were related to each other.

Results

Two significant reiationships were found to exist
between the average characteristics of the playing
surface. The equations illustrating the
relationships and respective correlation
coefficients are presented in Table 1 (B.R. is ball
reflection, STV is standard vertical deflection, and
S.A. is shock Absorption. Ball reflection and
standard vertical deflection were found to be
significantly related to the shock absorption
characteristic. Ball reflection and shock
absorption were found to be negatively related. In
other words increasing the shock absorption
properties of a floor system, will tend to reduce
the rebound height obtained on the same system
which is not desirable. Standard vertical
deflection was found to be positively related to
shock absorption. Increasing shock absorption of
a playing surface will increase the StVv, and this
is desirable according to the current DIN
standard.
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Table 1: Significantly Related DIN Standard
18032 Parameters

Parameters Regression
(X-Y) Equation R
SA-BR SA =-4.1 BR + 448 0.84
SA-8TV SA=18.08TV +24 0.81

Discussion

This study has found that significant relationships
do exist between current DIN standards. it shows
that changing one of the floors characteristics will
have an effect on other characteristics. These
studies suggest that one floor which produces
high shock absorption, ball reflection, and
standard vertical deflection, will be difficult io
develop. While this is true, new floor designs can
be developed which keep the requirements in
mind. Floors intended for the weekend athlete or
children can be designed with high shock
absorbing characteristics, but at the expense of
iower bail rebound heights, and larger area
indentations. Floors with high caliber athletes as
the main end-user, can be designed with optimal
ball rebound characteristics but shock absorbing
properties will have to be sacrificed. The fact that
significant relationships exist between several of
the current DIN standard characteristics can be
used to develop a new simpler test procedure. if
new tests are to be developed, they should be
based on fundamental biomechanical knowledge,
in hopes that they will be more closely related to
subject tests.

References

1) DIN Standard 18032 part 1l (1991). Sports
halls, halls for gymnastics and games sporis
floors requirements, testing.

2) McMahon, T.A. and P.R. Greene. Fast
Running Tracks. Scientific American 1978,
December.

3) Nigg, B.M., and M.R. Yeadon. 1987.
Biomechanical Aspects of Sport Surfaces.
Sport Surfaces, August.

Acknowledgmenis
The authors would like to thank the schools in this

study for allowing them to include their floors in
this study.



ELECTROMYOGRAPHIC AND KINEMATIC ANALYSIS OF CUTTING MANEUVERS:
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INTRODUCTION

Acute anterior cruciate ligament disruption is a
common and potentially devastating injury. Itis
estimated that in any given year, one in 3,000
people in the general population will suffer an
anterior cruciate ligament (ACL) tear (Smith et al,
1993). An estimated 70% of ACL injuries are
sports related. Unfortunately, other than in skiing,
research concerning ACL injury has tended to
focus on surgical repair and rehabilitation rather
than actual mechanisms of injury. The goal of this
study was to analyze the biomechanical effects of
various athletic maneuvers commonly associated
with ACL injury.

REVIEW AND THEORY

The majority of the non-skiing mechanisms of ACL
injuries are non-contact situations where the injured
player was not hit or touched by another player
(Boden et al, 1996). In addition, these non-contact
situations occur near foot strike when the
quadriceps are eccentrically contracting to resist
flexion. They are also characterized by the
following: deceleration, change of direction as in
cutting or landing, and a varus/valgus moment
about the knee or an internal/external rotation of
the leg (Boden et al, 1996). In the analysis of
human movement, only inertia, which is an object’s
resistance to any change in motion, and muscle,
which can exert a tensile (pulling) force could
contribute to these non-contact injuries (Enoka,
1994). Given the non-contact situation of cutting
or landing from a jump, inertial forces would cause
an anterior force on the femur and a posterior force
on the tibia which would stress the posterior
cruciate ligament (PCL). Therefore, it seems
reasonable to assume that the mechanism of non-
contact injury to the ACL involves internal forces
that are generated by the leg muscles of the athlete.

The quadriceps have been implicated for their role
in pulling the tibia in the anterior direction and
stressing the ACL at low knee flexion angles. In
contrast, the role of the hamstrings in stabilizing the
ACL is similarly well documented (Ciccotti et al,
1994). Research documenting quadriceps and
hamstring activity during cutting, stopping, and
landing, however, has been minimal. Previous
works studying cutting have primarily dealt with .
the strategies and kinematics of the movement
(Andrews et al, 1977, Cross et al, 1989).
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Therefore, while it is known that full activation of
quadriceps muscles can potentially generate sufficient
anterior shear force to rupture the ACL at low angles
of knee flexion, the balance of quadriceps and
hamstring muscle activity during common athletic
motions is unknown. The purpose of this study was to
qualitatively characterize the muscle activation of the
quadriceps and hamstrings, as well as knee flexion
angle during the eccentric motion of athletic
maneuvers most involved with ACL injury: sidestep
cutting, cross-cutting, stopping, and landing.

METHODOLOGY

Fifteen healthy collegiate and recreational athletes
were tested. The subjects average age was 22.2 (*
1.70) years. Surface electrodes were placed over the
following muscles on the subject’s dominant side:
vastus lateralis, vastus medialis oblique, rectus
femoris, biceps femoris and medial hamstrings. Retro-
reflective markers were placed on the hip (greater
trochanter of the femur), knee (lateral condyle of the
femur) and ankle (lateral malleolus). During the
testing session, the subject first performed a series of
isometric maximum voluntary contractions (MVCs).
EMG (600 Hz) and two-dimensional kinematic data
(60 Hz) were collected while the subjects performed
four athletic maneuvers: sidestep cutting, cross-cutting,
stopping, and landing. Sidestep cutting and cross-
cutting involved running along an eight meter runway,
planting with the test limb and cutting to the
contralateral and ipsilateral sides, respectively.
Stopping was performed with the subject running
along an eight meter runway and decelerating with the
test limb. Landing was performed with the subjects
jumping down from a height of 0.5 meters, landing on
both legs, and then pivoting to the contralateral side.

The rectified EMG signals recorded during the four
maneuvers were integrated to match the frame speed of
the camera. For the MVCs, the rectified EMG signals
were integrated every second, and the highest second
of muscle activation (representing 100% EMG
activity) was used to normalize the dynamic
contractions recorded during the four maneuvers.
Knee angles were analyzed using a Peak Performance
motion measurement system. Maneuvers were
analyzed during eccentric motion (five frames before
heel strike until the subject moved outside of the 2D
reference frame).



RESULTS

Representative examples of EMG and the
corresponding knee flexion angle during the
eccentric phase for the sidestep cut and cross-cut
are presented in Figure 1. Qualitatively, all
maneuvers demonstrated increasing activity in the
quadriceps at heel strike. Meanwhile, all
maneuvers except landing were characterized by
increasing hamstring activity at and following heel
strike. To help explain the eccentric part of the
motion, three points of interest were examined:
peak quadriceps activation, minimum hamstrings
activation, and the maximum activation difference
between the two muscle groups. The quadriceps
activation peaked at mid eccentric motion while the
minimum hamstrings activation occurred just after
heel strike. The maximum difference between
quadriceps and hamstring muscle activation
occurred after the minimum hamstring activation,
but prior to the peak quadriceps activation. Heel
strike occurred at an average of 22° of knee flexion
for all maneuvers.

DISCUSSION

The results of this study indicate quadriceps
activation begins just before heel strike and peaks
in mid eccentric motion for these movements. This
may be related to non-contact injuries. In these
maneuvers, the level of quadriceps activation
frequently exceeded that seen in a maximum
isometric contraction. Furthermore, there was
submaximal activity in the hamstrings at and
following heel strike. Coupled with this partial
hamstring relaxation, forces generated by the
quadriceps muscles at the knee could produce
significant anterior force to tear the ACL. While
the forces which athletes encounter are usually well
controlled, unexpected conditions or uncoordinated
action such as a slip or fall may result in an ACL

injury.

There have been several studies which have shown
that the quadriceps pull the tibia in the anterior
direction and significantly stress the ACL at low
knee flexion angles (Markolf et al, 1990, Smidt,
1973). Moreover, in a study examining the
mechanisms of non-contact ACL injuries, Boden
reported that the average angle of knee flexion at
the time of injury was 21° (Boden et al, 1996). In
this study, the average knee flexion angle at heel
strike was 22° for each of the four maneuvers
suggesting that the quadriceps may be exerting a
force strong enough to pull the tibia in the anterior
direction, straining the ACL. The hamstrings
provide dynamic stability to the knee by resisting
both mediolateral and anterior translational forces
on the tibia (Norkin and Levangie, 1983). In these
four dynamic events, the level of quadriceps
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activation during the eccentric phase frequently
exceeded that seen in a maximum isometric
contraction. Furthermore, there was submaximal
activity in the hamstrings at and following heel strike.
This muscle imbalance is more clearly illustrated when
looking at the maximum difference between
quadriceps and hamstring activity which ranged from
64 - 87% MVC in the four maneuvers. The results of
the study suggest that the levels of hamstring activity
might not be sufficient enough to prevent anterior
tibial displacement. A preventive strategy involving
strength programs may reduce the number of injuries
in contact sports. Strengthening programs and
different techniques of performing these maneuvers
may be developed to help reduce the incidence of ACL
injuries.
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Figure 1. Representative example of EMG (%MVC)
and the corresponding knee flexion angle at a given
time frame for one subject for a) side step cut and b)
cross-cut. * represents heel strike
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INTRODUCTION

The biomechanics of baseball pitchers from
youth league to professional league were
analyzed. Resuits may show unique aspects
for different developmental levels, and an
evolution in mechanics as athletes progress.
Understanding proper mechanics at each level
can help the coaches improve their pitchers'
performance and minimize their risk of injury.

REVIEW AND THEORY

Published kinematic and kinetic data of
baseball pitching have been limited to small
samples (n<30) of elite adult pitchers (Diliman
et al., 1993; Elliott et al., 1986; Feltner et al.,
1986; Fleisig et al., 1995, 1996; Pappas et al.,
1985, 1995; Sakurai et ai., 1993; Vaughn,
1985; Werner et al., 1993). Although only adult
pitchers were studied, results from these
publications have been used as a basis for
teaching mechanics to pitchers of all ages.

The purpose of this study was to quantify
pitching biomechanics for various levels. It was
hypcthesized that younger pitchers produce
less force and torque than adult pitchers,
reduced approximately by the difference in
bodyweight and height. it was aiso
hypothesized that several kinematic differences
exist between mature pitchers and young,
developing pitchers.

PROCEDURES

From 1989-1996, 227 healthy male baseball
pitchers were analyzed. Included were 21 youth
(age range: 10-15 yrs, height: 1.68:0.09 m,
mass: 56:10 kg), 31 high school (15-20 yrs,
1.83:0.07 m, 76:10 kg), 115 college (17-23
yrs, 1.84:0.05 m, 8219 kg), and 60
professional (20-29 yrs, 1.87:0.08 m, 9019 kg)
level athletes. After providing informed
consent, history, and physical information, each
pitcher was tested in an indoor laboratory.
Reflective markers were attached bilaterally to
the distal end of the mid-toe, lateral maileolus,
lateral femoral epicondyle, greater trochanter,
lateral tip of the acromion, and lateral humeral
epicondyle. A reflective band was wrapped

around the wrist on the throwing arm and a
reflective marker was attached to the ulnar
styloid of the non-throwing arm. After
stretching and warming up, the subject threw
ten fastball pitches from a portable pitching
mound toward a strike zone ribbon located over
a home plate. For the distance from the
pitching rubber to home plate, the pitcher's
league regulation was used. Velocity of the
ball as it left the pitcher's hand was measured
with a radar gun (Jugs Pitching Machine
Company, Tualatin, OR).

Three-dimensional coordinates were
determined with a four-camera 200 Hz
automatic digitizing system (Motion Analysis
Corporation, Santa Rosa, CA) for the three
fastest pitches that hit within the strike zone
ribbon. Root mean-square error in calculating
the three-dimensional location of markers
randomly placed within the calibrated space
was 1.0 cm. Using the digitized data and
published anthropometric data, seven kinetic
and sixteen kinematic parameters were
calculated as previously described (Dillman et
al., 1993; Fleisig et al., 1995, 1996). To
compensate for differences in body size, forces
were normalized by percent bodyweight and
torques were normalized by percent
bodyweight-times-height. A one-way Analysis
of Variance was performed for each parameter
to identify differences among the four levels.

RESULTS

Even when normalized by bodyweight and
height, all seven kinetic parameters increased
with competition level (Table 1). Of the sixteen
kinematic parameters analyzed, all five velocity
parameters and only one of eleven position
parameters showed significant differences
(Table 2). The position parameters without
significant differences were stride length,
shoulder external rotation, shoulder horizontal
adduction, elbow f