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KNEE LIGAMENTS: TWENTY YEARS AND I HARDLY KNOW YOU
Savio L-Y Woo, Musculoskeletal Research Center, Department of Orthopaedic Surgery, The
University of Plttsburgh Pittsburgh, Pennsylvania

Experimental study of the properties of normal and healing knee ligaments was pioneered
by investigators such as Viidik and Tipton. Their findings stimulated an intensive research effort
over the past twenty years, primarily focused on the medial collateral and anterior cruciate
ligaments. These efforts produced new and more accurate methodology to investigate the
structural properties of the ligament-bone complex and the mechanical properties of the ligament
substance. In particular, better methods were developed for measuring the cross-sectional area of
the ligaments as well as soft tissue strain. As a result, we now know, for example, that
temperature and irradiation will change the properties of ligaments, whereas strain rate and proper
frozen storage will have a minimal effect. Changes in the properties of knee ligaments following
maturation and aging, immobilization, increased tension, exercise, motion and stress dependent
homeostatic responses also have been identified. On the analytical side, elastic, linear and
nonlinear viscoelastic models for ligaments have been proposed. These mathematical models
have contributed significantly to the understanding of ligament behavior. Studies have also been
extended to evaluate the biomechanics of ligament healing as well as ligament reconstruction.

As with all good science, the progress made has provided us with some answers but has
also led to more questions. Currently, much attempts are being made to measure/estimate the
ligamentous forces and strains in the knee (both in-situ and in-vivo). The resulting data are
fundamental for further understanding of ligament remodeling and healing processes, which, in
turn, may enable provision to be made on an appropriate mechanical environment for optimal
healing. The data are also needed for the effective surgical reconstruction and post-surgical
rehabilitation secondary to injury of these ligaments. In addition, attention is being directed
toward the ligament insertion to bone, known to elongate more than the ligament substance while
its structure is incredibly complex. More sophisticated experimental methodology as well as
analytical tools are needed here. We must also include the lateral collateral and posterior cruciate
ligaments to further our understanding of the ligaments' contribution to knee function. It appears
that ample opportunities exist for young and other investigators to emerge in this field and to join
efforts in the pursuit of our understanding of ligaments around the knee.
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A COMPETITIVE NEURAL NETWORK MODEL FOR THE CLASSIFICATION
OF INDIVIDUAL LUMBAR MUSCLE RESPONSE PATTERNS

M.A. Nussbaum and D.B. Chaffin
Center for Ergonomics, The University of Michigan, Ann Arbor, MI, 48109-2117

INTRODUCTION

When developing and validating biomechanical
models, experimental data are usually averaged over a

‘subject pool, but individual values are not considered

in detail. Population average values have been used
with optimization-based models for the prediction of
normative lumbar muscle forces. These models
typically generate a single set of muscle forces for a
single instance of loading. Sometimes individual
anthropometry is included, but the optimization
approach attempts to derive an average schene for
muscle recruitment. Therefore, comparing the model
with averaged subject data is reasonable. EMG-based
models, in contrast, are explicit in their attempt to
model muscle responses of individuals. Through the
use of subject-specific data, predicted muscle activities
should be unique to a subject. These models, though,
require EMG measurements for every situation analyzed.
Models incorporating artificial neural networks (ANNs)
have been proposed as an alternative framework for
muscle force prediction models (Nussbaum et al. 1992).
ANN models maintain the ‘reality-based” advantage of
EMG models and the ‘predictive’ advantage of
optimization models.

For static loads applied to the lumbar spine in an
upright posture, several studies have shown that, on
average, lumbar muscle activity generally serves to
maintain mechanical equilibrium, although moderate
levels of co-contraction are frequently present (Hughes
1991; Lavender et al. 1992). While individual data
points might be used in statistical analyses, most
studies present averages of individual data for specific
conditions of loading in their results. The present work
uses a competitive ANN to discriminate between
individual subject’s muscle responses during static
moment loading (flexion, extension, and lateroﬂexioh)
of the torso in an upright posture. The competitive ANN
model was designed to classify each individual based
on their specific patterns of muscle responses to a set of
external moment loads. The results suggest that
important detail may be lost in treating individual data
as random deviants from a mean. This new approach to
dealing with individual muscle data should aid future
efforts involving muscle prediction models.

REVIEW AND THEORY

In past studies, an average is normally computed using
only the individual values obtained for a single
exertion. In contrast, it was thought that individual
response patterns might fall into discrete categories, yet
a method of specifying the number of categories or
obtaining exemplars of each was not available. ANN
models, because of their ability to recognize patterns
and robustness to noisy input (Rumelhart et al. 1988),
have the potential to perform such a categorization. A
competitive type of ANN model was designed to
separate individual muscle responses (represented as
vectors of activity levels for single loads across several
load orientations) into distinct sets or categories. To
allow different loads to have equal influence, each input
vector was normalized to unit length.

The model is a continuous version of the discrete
competitive model of Rumelhart et al. (1988). It
contains two layers of units that are fully inter-
connected with variable weights on each connection.
The muscle response pattern (vector) is input to units in
the first laver of the model while units in the second
layer compete to respond to the input. The output unit
with the highest activation is chosen as the winner and
connection weights are updated using:

_ e[A; () - w;; (1)] winner
Awj (1+1) = { KIA: (1) - wj: ()] others }(l)

where w;; is an element of the weight vector of output
unit i connecting it to input unit j, 4;(¢) is the activation
level of output unit i at time t, and € and x are learning
rate constants (k«g). The winning output unit is the one
whose weight vector most closely matches the input

* vector, and the leaming algorithm acts by moving the

weight vector closer to the input. To avoid local
minima, and to allow other units to become active
(allowing more competition), the second term in (1)
modifies the weights connected to the losing units,
bringing them slightly closer to the input pattern.
Through successive training cycles, during which all
the activity vectors of a single muscle are presented, the
network classifies the inputs into a small number of
distinct sets. The categories are determined by the
winning unit for each subject.



PROCEDURES

The data used here were obtained from Lavender et al.
(1992). In their experiment, 10 subjects resisted known
static moment loads about the lumbar spine while in an
upright posture. Five moment magnitudes (10-50 Nm)
were applied in flexion, extension, and right
lateroflexion at 30 deg. increments. EMG were measured
from the Erector Spinae (ES), Rectus Abdominus (RA),
External Oblique (EO), and Latissimus Dorsi (LD)
bilaterally and normalized using maximal and resting
values. Results are presented only for the left ES.

RESULTS

The model was run until the muscle responses of all
subjects to all load magnitudes were classified into a
stable number of categories. After running the model
for ~200 cycles, three distinct categories were found.
Within each category are a set of vectors representing
similar patterns of muscle activity across the 7 load
moment orientations. The model has automatically
determined thesé groupings based on the degree of
overlap of the individual vectors. The average left ES
responses for each category are shown in Figure 1. Due
to the normalization, relative activity levels are shown.
Five subjects (solid line) were classitied together as a
single group, four subjects (long dash) into a second
group, and a single subject (short dash) into a third
group.

The model has grouped subjects such that all subjects
within a given category have similar responses across
all five load magnitudes. Each group shows peak left ES
activity at a load orientation of 30 degrees (combined
flexion and right lateroflexion) and decreasing activity
as the load orientation approaches 120 degrees. The
response of the second group of subjects appears phase
shifted relative to the first with higher activity levels
for loads composed primarily of lateral bending
moments. A notable result from this figure is that the
single subject in the third group displays considerable
antagonistic co-contraction of the LES, as evidenced by
the high activity for applied extension moments (180
degrees). A simple average of all subjects would have
indicated ~ 4% activity for this load, but would
disguise that the majority occurs from a single subject.

DISCUSSION

The experimental data were derived from simple static
loads and unchanging postures. Despite this, it appears
that there is a wide range in individual responses to
these loads. Although measurement error is certainly a
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confounding influence, the competitive ANN found that
certain subjects were consistently different in their
response pattems.

By observing the distribution of subject data about a
simple mean it is obvious that there are large variations.
In most of the literature there is the implicit assumption
that a mean response actually exists and that individual
responses vary about it. The results here suggest that a
true mean may not exist, rather that individuals cluster
around several potential mean responses. Further
indications come from Sommerich et al. (1992), who
tfound evidence for clustering of subjects in-the timing
of muscle responses during asymmetric dynamic lifting.
Models assuming a uniform principle (e.g., minimizing
spinal compression or muscle intensities), may be
unable to fully represent individual behavior, despite
continuing efforts to account for subject-specific
anthropometry, physiology, etc. These models assume
that a consistent strategy is employed by each
individual in reacting to or creating exertions through
muscle contraction. The differences may lie at a deeper
level, however, within individual motor behavior
patterns and there may be a number of potential
strategies. Further investigations will attempt to
elucidate whether the different categories of muscle
response result from such alternate recruitment schemes.
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Figure 1. Average left ES responses for the 3 categories
found by the competitive ANN model.
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THE EFFECT OF IMPACTOR RADIUS ON MUSCLE CONTUSION INJURY

J.J. Crisco, K. Hentel, M.M. Panjabi, P. Jokl
Department of Orthopaedics and Rehabilitation,
Yale University School of Medicine, New Haven, CT, 06510 USA

INTRODUCTION

Injury to muscle tissue can range from muscle
soreness after strenuous eccentric exercise to
complete disruption of tissue in severe trauma.
Muscle contusion injury is defined as the injury
produced by the impact of a blunt non-
penetrating object, and is the most frequent
traumatic muscle injury. We developed a drop-
mass technique for the production of muscle
contusion injury in the rat. With a constant
potential energy, we examined the effect of
impactor tip radius on impact response and
injury severity. We found that injury severity
increased with decreasing impactor radius. A
positive correlation existed for all response
parameters, indicating trends of increased injury
severity with increases in the magnitude of the
response parameters.

REVIEW

Previous animal studies have yielded important
information on cellular responses of muscle to
crush injury (e.g. Allbrook, 1962). However,
such injury models were invasive (typically
produced with forceps inserted through a skin
incision), limiting their ability to model contusion
injuries seen clinically. Nonpenetrating and
reproducible muscle contusion models have
employed a spring loaded hammer (Kvist et al.,
1974) and a drop-mass technique (Walton and
Rothwell, 1983). Previous studies have not
recorded the impact response to muscle.
Furthermore, perhaps the best indicator of
muscle damage, its ability to contract, has not
been studied as function of a contusion injury.
Clinically, muscle contusion injuries present with
a wide range of severity, possibly due to ,
variations in impact mechanics. The purpose of
this work was to determine the effect of impactor
tip radius on impact response and severity of
muscle contusion injury, quantified by contractile
strength.

PROCEDURES

Male Wistar rats (n=83, Charles River Company,
Kingston, NY) were anesthetized prior to injury
with 0.30 cc Ketamine (100 mg/ml) and 0.20 cc
Xylazine (20 mg/ml) intramuscularly, and

provided as necessary during the remainder of
this experiment. All animal protocols were
approved by the Yale Animal Care and Use
Committee. Each animal received a single
impact in the midsagittal plane to the belly of the
gastrocnemius muscle complex (gastrocnemius,
soleus, and plantaris). The impact was
delivered with one of three spherical tip radii (R,
n=20;RIl, n= 56; RIll, n=7). Of these animals,
contractile strength in 5, 12, and 5 animals with
RI, RIl, and Rl respectively, were studied. The
remaining impacted animals were identified for
histological study and survival studies not
reported herein. '

The hind limb of the prone anesthetized animal
was exposed by extending the knee and
dorsiflexing the foot to 90 degrees. The limb
was secured with elastic bands to a plastic
support platform. Injury was produced with a
mass (171g)dropped from of a height of 102 cm
onto the top of an impactor. The impactor was
a small T-shaped cylinder fitted on the bottom
with a spherical tip (Rl = 3.1 mm, 31g; Rll =
6.4mm, 30g; and Rlll = 31.8 mm,40g) that
directly contacted the skin. The support platform
was fixed to a load cell (PCB Piezotronics,
Depew, NY). The center of the impactor was a
displacement transducer (Schaevitz,
Pennsauken, NJ). During impact the load
transmitted through the limb and the
displacement of the impactor were
simultaneously recorded (10 kHz) as a function
of time by computer.

Maximum force (N) was defined as the
maximum of the load-time curve recorded during
impact. Maximum displacement (mm) was
defined as the maximum displacement of the
displacement-time curve. Maximum velocity
(m/sec) was defined as the maximum derivative
of the displacement-time curve. Impulse (Nsec)
of the force of the impact was the integral of the
load-time curve. Integration was performed from
the time of a nonzero load (t0) to the time of a
return to a zero load (t1). Based upon noise
consideration we choose a 3 N force as a
nonzero load. The energy (J) absorbed during
impact was the integral of the compiled load-
displacement behavior, integrated from t0 to t1.
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Within 2 hours of impact, contractile strength
was quantified by determining the maximum
tetanic tension in the anesthetized animal. A
Kirschner wire (0.45 mm) was placed
transversely through the distal femur (0.5 cm
above the knee joint) and secured to the testing
apparatus. The insertion of the Achilles tendon
was exposed and the calcaneus disarticulated.
Stainless steel suture wire (22 gauge) was
passed through a calcaneal drill hole and
attached to a load cell (Entran Devices, Fairfield,
NJ). The branch of the sciatic nerve innervating
the gastrocnemius complex was exposed and
isolated. Maximum tetanic tension for 1 second
duration was obtained with stimulation
parameters of 120 V, 0.05 msec, 70 Hz, and
recorded by computer. ‘
Random specimens were identified for
histological study using the stains Hematoxylin
and Eosin, Masson's Trichrome, and
immunohistochemical markers for vimentin, a
single peptide expressed by immature
myoblasts. The uninjured contralateral limb was
used as the control in all microscopic
specimens.

RESULTS AND DISCUSSION

Impact response parameters demonstrated
significant differences (p<0.05, factorial ANOVA
with Fisher LSD post-hoc) with impactor radius.
Except for the maximum force which was least
with R, all parameters decreased with
increasing radius (Table 1).

The acute effect of impact in all animals was a
significant reduction in the maximum tetanic
tension as compared to intact contralateral limb
(p <0.05, paired Student's t-test). The
percentage of loss was greatest with the
smallest diameter and decreased with increasing
radius (Table 1). Statistics showed that the loss

with Rl was significantly greater than with both
RIl and RIll (p < 0.04, factorial ANOVA, Fisher
LSD post-hoc). Although the average loss
continued to decrease with increasing radius,
the difference between RIl and Rl was not
significant at p < 0.05.

A positive correlation existed for all parameters,
indicating trends of increased injury severity with
increases in the magnitude of the response
parameters. The average response parameters
of energy absorbed, impulse, and maximum
velocity had a linear correlation (R2 > 0.9).

Histological evaluation with H&E staining of the
Rl injury demonstrated a discrete area of severe

‘muscle fiber disruption with evidence of

hematoma. For the Rl injury, a more diffuse
pattern of muscle injury was observed with more
extensive hematoma. The RIIl histology
revealed the most dispersed muscle injury with
the least amount of hematoma and muscle fiber
disruption. Trichrome staining demonstrated no
difference in collagen content when compared
with uninjured control specimens. There was no
vimentin activity demonstrable in any specimen,
indicating muscle regeneration had not yet
begun.
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Table 1. For each spherical impactor radius, the mechanics of the impacts were quantified by the
average [s.d.] impact response parameters and severity of muscle contusion injury was quantified by

the loss in maximum tetanic tension.

Velocity

Radius Force Displacement Energy Impulse Injury
—_(mm) (N) (mm) (m/s) (Nm) (Ns) (%)
3.1 371 [124] 9.7 [0.8] 4.15[0.19] 1.24 [0.37] 0.90[0.28] 48.7 [12.8]
6.4 223 [66] 8.2[0.9] 3.80 [0.32] 1.04 [0.30] 0.70[0.14] 37.4[6.2]
31.8 314 [43] 5.7[0.7] 3.42[0.35] 1.02 [0.19] 0.70 [0.07] | 32.0 [14]
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THE RELATIONSHIP BETWEEN RUNNING ECONOMY AND THE ACTIVATION
PATTERNS OF LEG MUSCULATURE Gary D. Heise, Department of Kinesiology,
Louisiana State University, Baton Rouge, LA 70803

Many investigators have reported that the aerobic demand (VO,) for a given submaximal
running speed (i.e., running economy) can be quite different when comparing individuals (e.g.,
Daniels, 1985). Researchers have reported a 20% to 30% range in economy for several
running speeds among age-, gender-, and performance-matched groups of trained runners
(Conley & Krahenbuhl, 1980; Daniels, 1985; Morgan & Craib, 1992). Frederick (1985) has
described the question of why some individuals use less metabolic energy in performing a
given movement than others as "one of the most interesting and fundamental questions
confronting biomechanists" (p. 45). Biomechanists have identified several variables describing
structural characteristics and running mechanics which are related to running economy (RE).
However, Martin and Morgan (1992) summarized their review of the literature by stating that,
in general, the relationships between RE and biomechanical variables are weak.

These biomechanical variables describing the running cycle are the result of highly-
coordinated neural signals sent to the musculature. Therefore, it is suprising that little is
known regarding the association between RE and the electromyographic (EMG) activity of the
leg musculature. As McClay et al. (1990) stated in a recent review, research concerning the
EMG activity of muscles has been "... a somewhat underrepresented area in the study of
biomechanics of running" (p. 161). In addition, it has been shown that the unique action of bi-
articular muscles of the leg contribute to more coordinated vertical jumping and cycling (Ingen
Schenau, 1989). However, the contribution of these muscle actions to the running stride,
particularly to the economy of runners, has not been examined.

Because of the lack of information regarding a potential link between muscle activity and
running economy, the purpose of this project is to determine if a relationship exists between
running economy and the coordinated activation patterns of leg muscles for several speeds of
running. Specifically, the muscles which cross more than one joint and therefore, perform
more than one function will be examined. It is hypothesized that the coordinated activity of
these two-joint muscles may be related to the amount of energy required for running.

Healthy, physically active subjects, who are fairly homogenous in terms of aerobic fitness,
will participate in two test sessions. During the first session, subjects will be oriented to
treadmill running, and after accommodation, will perform a test of maximal oxygen uptake
(VO, max). During three economy runs of the second test session, physiological data, EMG
data, and 2-D video data will be collected. For EMG analysis, muscles of interest include
rectus femoris, biceps femoris, semitendinosus, and gastrocnemius. Measures of muscle
activity onset, duration, and amplitude will be correlated with running economy to determine if
a significant portion of the interindividual variability in economy can be explained.

The above project will be a colloborative effort with Don W. Morgan, Ph.D., an exercise
physiologist at The University of North Carolina-Greensboro. He has examined the question
of economy of locomotion collaboratively with biomechanists in the past and has published
numerous articles on the topic including the co-authorship of two reviews.
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RELIABILITY FOR SKIN MARKER USE IN FOOT AND ANKLE INVESTIGATIONS
Norman Murphy, Pediatric Research Center, Sainte-Justine Hospital, Montreal, Que., Can.,
H3T 1C5. Faculty of Physical Education, University of Montreal, Montreal, Que., Can., H3C
3J17.

Clinical evaluations as well as clinical and fundamental research related to foot and ankle
kinematics and kinetics rely on skin, pin and tentalum marker displacements. More specifically,
these markers are used to represent bone displacements associated with the respective
articulations investigated. Marker displacements are obtained mainly with two data acquisition
systems, camera (picture, film and video) and roentgenograms (x-ray). Due to the nature of pin
and tentalum marker use as well as ethical considerations, most evaluations and investigations are
conducted with skin markers. Presently, the reliability for using skin markers in representing
true (bone) movements in the foot and ankle is undefined. Consequently, foot and ankle
kinematics and kinetics remain open to question.

The purpose for this study is twofold. Firstly, two data capture systems (video and x-ray)
are used to collect skin, pin and tentalun marker three-dimensional (3D) positional data associated
with ankle, subtalar joint and first metatarsophalangeal joint motion. The data is then used to
determine the reliability for skin marker use in hindfoot and forefoot clinical evalutaions and
research investigations. Secondly, it is for the addition of significant knowledge to the
understanding of foot and ankle kinematics and kinetics.

The methodology consists of two phases. The first phase is in-vitro and conducted in the
Human Motion Laboratory, Pediatric Research Center, Sainte-Justine Hospital, Montreal,
Canada. The the second phase is in-vivo and conducted in the Orthopaedic Department,
Karolinska Hospital, Stockholm, Sweden.

In the first phase, the Motion Analysis Corporation (MAC) video system is used to collect
skin and pin marker 3D displacement data from fresh amputated human lower limbs. Data
capture is similar to Allard et al. (1987). Specifically, three non-colinear skin markers are placed
over the respective bones of the ankle, subtalar joint and first metatarsophalangeal joint.
Through dissected windows exposing bone surfaces, three non-colinear pin markers are then
embedded in the bones. The tendons associated with the movements for each articulation are
sutured and the lower limb is fixed in an experimental set-up via the tibia. The movements
associated to the respective articulations are then induced by a pulley system. The specific
movements are dorsiflexion and plantar flexion at the ankle, eversion and inversion at the
subtalar joint, flexion and extension at the first metatarsophalangeal joint and finally, combined
dorsiflexion and eversion as well as plantar flexion and inversion at the ankle-subtalar joint
complex. Data is collected with five lower limbs. }

In the second phase, the MacReflex and MAC video systems are used to collect skin
marker 3D displacement data while roentgenograms are used to collect tentalum marker 3D
displacement data all from five subjects. Data capture is similar to Lundberg (1989).
Specifically, three non-colinear skin markers are placed over the respective bones of the ankle,
subtalar joint and first metatarsophalangeal joint. The three non-colinear tentalum markers are
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already embedded in the bones of subjects. The movements, as defined in the first phase, are
induced with the subjects standing on a footplate.

From the skin, pin and tentalum marker 3D positions, the following analysis is carried out.
The amplitudes and pattern of motions for each movement of each articulation for each marker set
are computed. The computed skin, pin and tentalum amplitudes as well as the pattern of motions
are then compared with one another. Additionally, parameters associated with the screw axis
(helical angle and translation) as well as the location and orientation of the scew axis will be
determined and compared.

The significance for this study is to determine the reliability for using skin markers in foot
- and ankle investigations. This will eventually simplify and produce quality clinical evaluations as
well as clinical and fundamental research. At the present, the confusion regarding ankle and
subtalar joint kinematics and kinetics, either isolated or combined, is partially due to an absence
of simple and quality lower limb investigations. This study aims to help rectify this unfortunate
situation.

Allard, P., Duhaime, M., Labelle, H., Murphy, N. and Nagata, S.D. (1987). Spatial
reconstruction technique and kinematic modeling of the ankle. Eng. Med. Bio. 6, 31-36.

Lundberg, A. (1989). Kinematics of the ankle and foot. In vivo roentgen
stereophotogrammetry. Acta. Orthop. Scand. 60, Suppl. 233, 1-26.
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A BIOMIMETIC APPROACH TO MATERIAL DESIGN

A.H. Heuer and L.T. Kuhn

Department of Materials Science and Engineering, Case Western Reserve University
Cleveland, OH, USA, 44106 '

Natural hard tissue (shells, teeth, bone, etc.) are a class of ceramic-polymer composites or
biological ceramics, which can provide useful insight into materials design of brittle materials.
This approach will be illustrated using studies of the fracture of the shell of the large conch
Strombus Gigus. The organized ceramic/organic interfaces within the cross-lamellar micro-
architecture of the conch shell give rise to several toughening mechanisms. During flexure testing,
for example, multiple channel cracking, crack bridging, and microstructurally-induced crack
branching are observed that increase the fracture resistance of the composite many times above that
of its constituents. Finite element analysis has been employed to predict the steady state strain
energy release rate as a function of increasing channel crack density. The good agreement between
the measurements and the model indicate that multiple channel cracking is a dominant and effective
toughening mechanism in the microlaminate architecture of the mollusk shell.
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HEMODYNAMIC FORCE TRANSDUCTION MECHANISMS IN THE ENDOTHELIAL CELL
Peter F. Davies*, Andre Robotewskyj*, Kenneth Barbee*, Melvin Griem#, and Ratnesh Lal*
Departments of *Pathology, #Radiation Oncology, and "Medicine, Pritzker School of Medicine
The University of Chicago, Il., USA '

At the interface between the blood and the vessel wall, the endothelium is directly affected by
hemodynamic shear stress (frictional) forces that locally regulate vascular tone and are implicated
in the localization of atherosclerosis. Thus the endothelium acts as a signal-transduction interface
for hemodynamic forces. There are many diverse responses of endothelial cells to
hemodynamically-related mechanical stresses ranging from ion channel activation to gene
regulatory events. The processes of force transmission from the blood to the cell, and force
transduction within the endothelium to electrophysiological, biochemical, and transcriptional
responses are poorly understood: This presentation reviews the principal mechanisms currently
thought to be involved in flow signalling at the endothelium.

Response mechanisms can be divided into two broad groups: those resulting from direct
physical perturbation of the cell, and those arising indirectly from a change in the local
concentrations of chemicals that influence endothelial biology. The latter may be altered by flow
when the mass transport characteristics close to the cell surface are changed; convective and
diffusion kinetics are altered. In contrast, examples of immediate direct effects of flow include

“alterations of cell tension manifested as cytoskeletal force elements. Conformational changes in
membrane proteins also result in specific force-related responses mediated by the cytoskeleton.
Imaging of the surface topography of living endothelial cells by atomic force microscopy (AFM)
demonstrated significant rearrangement of lumenal surface details in cells exposed to flow. AFM
provides high resolution spatial measurements of the cell surface (height, slope, etc.) that
facilitate computational analysis of shear stress gradients at different locations of a single cell.
Such an approach is essential for studies of force distribution throughout the cell.

Supported by grants from the NIH, National Heart, Lung and Blood Institute HL.36028,
HL15062, and American Heart Association Grant-in-aid 91-015570.

XX



BIOMECHANICS OF SPEECH
Ingo R. Titze
Department of Speech Pathology and Audiology and
National Center for Voice and Speech
University of Iowa, Iowa City, JA 52242

Speech is produced by setting air and tissue into motion at acoustic frequencies
(50 Hz - 10,000 Hz). The human vocal folds, for example, are two biomechanical oscillators
coupled by a common airflow that entrains their movements. In addition, acoustic resonance
tubes above and below the larynx impose their own resonance modes onto the system. This
sets up complicated strategies for control of pitch, loudness, registration, and articulation for
speech and singing. Current simulation models employ finite element and finite difference
techniques to solve wave propagation in soft tissue and in airways. Examples will be given
of recent developments in phonatory and articulatory modeling. In particular, emphasis will
be on how viscoelastic and aerodynamic measurements in the laboratory have been
incorporated into constitutive equations that govern the movement of air and tissue in
vibration. Some validation of results is obtained by stroboscopic imaging of human and
canine vocal folds.

XX1






THE EFFECTS OF MECHANICAL STRAIN ON MC3T3-E1 OSTEOBLASTS

José A. Morcuende, Neil A. Conti, Clark M. Stanford, Richard A. Brand

Department of Orthopaedic Surgery, The University of lowa Hospitals and Clinics, Iowa City, IA 52242,

INTRODUCTION

In vivo, strain magnitude, strain frequency, and strain duration
have been shown influence bone remodeling, but it is not well
understood how the cells integrate these signals. To study these
questions at the cell level, we have used the MC3T3-E1 newbormn
mouse calvarial osteoblast derived cell line grown on mechanically
deformable silastic membranes using two models of cell culture,
micromass and monolayer. Our work has shown decreases in
alkaline phosphatase activity of up to 60 % in monolayer cultures
with increased strain magnitude. Also, altering the strain regimes
(frequency and time of strain application) has produced significant
reductions in alkaline phosphatase activity. Microdot cultures,
which are multilayered, show a decrease in alkaline phosphatase
activity with -5 to -15 kPa of strain, but a variable effect at -1 kPa.
The mineralization response, as measured by the Von Kossa assay,
was absent in both strained and control monolayer cultures up to
day 16. Conversely, microdot cultures showed pronounced
mineralization at day 6 in strained (-1 and -15 kPa) and non-flexed
cultures. Thus, because the MC3T3-E1 modifies its cellular
response to alterations of strain patterns and intensities, there is the
capacity of this cell to interpret and integrate these different
signals.

REVIEW AND THEORY

It is known that mechanical strain on bone influences cortical and
trabecular architecture, although the exact mechanism is unknown.
It is assumed that the loading of bone effects the behavior of the
various bone cells by causing changes in their micro-environment
(Vandenburg, 1992). Osteoblasts, being the cells responsible for
bone formation, have been a focus of study as to their role in the
response to strain, although the manner in which this is expressed
genotypically and / or phenotypically is not understood well.
Also, it is of interest how bone cells time-process signals,
responding not to individual strains, but to patterns of strain or
strain intensities.

In vivo work by Rubin and Lanyon (1984) with a turkey ulnae
model correlated peak strain magnitude, strain frequency, and
strain duration with maintenance of bone or new bone formation.
Previously, in vitro work by Buckley (1988, 1990) and Brighton
(1991), and in our lab (ORS, Washington, 1992; AADR, Boston,
1992), showed mechanical strain exerted both phenotypic and
proliferative effects on rat calvarial osteoblast cultures. The
phenotypic changes seen were alkaline phosphatase activity,
osteocalcin production, and 3[H]-Thymidine incorporation. We
have reported changes in alkaline phosphatase activity of the

. MC3T3-E1 mouse embryo osteoblast to mechanical strain (IADR,
Chicago, 1993).

PROCEDURES
Cell Culture and Strain Application
MC3T3-E1 osteoblasts were grown on Type I collagen coated
silastic membranes as either four microdot (density = 5000 cells /
mm?2) or as a monolayer (442 cells / mm2) with RPMI media (+/-

ascorbate, +/- 5 mM B-glycerol phosphate). Cultures were
followed for 24 h prior to mechanically being strained 1800 strain
reversals per day (SR / d), 0.5 Hz, every 24 h for 6, 8, 10, and 12
days at -1, -5, -10, or -15 kPa with a Flexercell strain unit
(Flexcell Corp., McKeesport, PA).

In 12 day experiments to evaluate the time response of culture
deformation on alkaline phosphatase activity, monolayer and
microdot cultures were strained at -1 or -10 kPa for 7 days (1800
SR /d, 0.5 Hz), then unstrained for the remainder of the
experiment, or unstrained for 7 days, then strained daily.

The relationship of strain duration to alkaline phosphatase activity
was examined in monolayer cultures by employing different strain
regimes of 1800 SR/ d at 0.05 Hz (10 sec strain application / 10
sec off), and 0.09 Hz (10 sec strain applicaticn / 1 sec off, or 1 sec
strain application /10 sec off).

Assays

Alkaline phosphatase activity was determined by the amount of
para-nitro phenol (PNP) developed over 30 minutes as measured
by absorption at 405 mM on a microtiter plate reader, after cell
membranes were homogenated in a lysis buffer via sonication and
incubated with para-nitro phenol phosphate (PNPP), an alkaline
phosphatase substrate. Values were normalized to the amount of
DNA per culture.

DNA levels were quantitated in cell membrane homogenates bya
fluorometric assay (emission 365 nm, excitation 460 nm) with
Hoechst dye (No. 33258).

Mineralization was determined by the presence of calcified
nodules via Von Kossa staining after intact cultures were fixed
with 10 % formalin. :

RESULTS

Monolayer and microdot cultures showed a decrease in alkaline
phosphatase activity when strained at -5, -10, and -15 kPa (1800
SR/ d, 0.5 Hz) when compared to controls, with a greater degree
of depression with increasing intensity of strain. Cultures showed
a variable response to -1 kPa of strain. (data for monolayer shown,
fig 1). Media from cell cultures remained free of alkaline
phosphatase activity.

Depressions in alkaline phosphatase activity were seen with the
different straining regimes (fig 2). A 60% decrease in alkaline
phosphatase activity was seen with 10 sec strain application / 10
sec off (0.05 Hz). Also, the 0.09 Hz regimes of 1 sec strain on /
10 sec off and 10 sec on / 1 sec off both produced a lowering of
enzyme activity of 30 % when compared to unstrained controls. In
microdot cultures, the 0.05 Hz regime produced a 33 % decrease
in alkaline phosphatase activity when compared to both 0.09 Hz
regimes.

Strain application of -1 and -10 kPa from days 8 through 12 leads
to a 25 % reduction in alkaline phosphatase activity in monolayer
cultures at day 12 compared to unstrained controls.



Mineralizati

Although cultures strained at -15 kPa did show a slight increase in
staining at day 4, there was not a visible difference in the
mineralization response between strained (-1 and -15) and
unstrained microdot cultures at 6, 8, and 10 days, . All monolayer
cultures, strained and unstrained, did not mineralize through day
16, despite the addition of B-glycerol phosphate to some cultures.

Figure 1
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- DISCUSSION

The in vivo experiments of Rubin and Lanyon as well as in vitro
experiments suggest a trigger-like mechanism which stimulates
new bone formation in response to strain. Our results with the
MC3T3-EI1 cell line show an alteration of its phenotypic response
to changes in strain levels and patterns, as measured by a decrease
in alkaline phosphatase activity (fig 1 and 2). These changes of
cell response indicates the ability of the cell to somehow interpret
and / or process these signals.

The differences in mineralization response of microdot and
monolayer cultures may be explained because of the differences in
cell density between the two culture systems. Monolayer cultures
have a density of 442 cells / mm2, while microdot cultures are
more dense (5000 cells / mm2) and are multilayered. The increase
in cell density and multiple layers of the microdot cultures may
allow for enhanced cell-to-cell contact, thus creating unknown
cellular changes and / or changes in the local microenvironment
and surrounding matrix which are favorable for mineralization to
occur.

Although the levels of strain applied to the cultures in this system
may be hyperphysiologic, it is not beyond the biological capacity

of this cell line to function under these conditions, as the
mineralization response in strained and unstrained micromass
cultures occurs at similar time points and patterns. However, we
can not explain the similar mineralization response between
strained and unstrained microdots despite the reduction in alkaline
phosphatase activity with strain.

These in vitro experiments suggest that the MC3T3-E1 osteoblast
interprets mechanical stimuli by modulating its phenotypic
expression. )
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SURFACE STRAIN GRADIENTS PREDICT SITES OF SKELETAL ADAPTATION
Ted S. Gross and Clinton T. Rubin
Musculo-Skeletal Research Laboratory, Department of Orthopaedics
State University of New York at Stony Brook, Stony Brook, NY 11794-8181

INTRODUCTION
The intimate association between physical stimuli
and skeletal morphology suggests that the cellular
population of bone is responsive to some specific
component of this stimulus. In this study, we use an
in vivo model of skeletal adaptation to isolate

“ candidate mechanical parameters correlated to sites

of skeletal adaptation, and then validate these
relationships by their ability to predict sites of
adaptation in the same model under alternate loading
conditions. Although several candidate relationships
were developed, only one parameter, the
circumferential gradient of longitudinal normal strain,
was validated by its ability to predict sites of
adaptation in the alternate group of animals.

REVIEW AND THEORY
Mechanical parameters such as strain magnitude (1),
the strain tensor (2), and strain energy density (3, 4),
have been proposed as the stimulus guiding skeletal
adaptation. These potential correlates have been
identified using theoretical and experimental models,
but have not been validated by their ability to predict
sites of adaptation under alternative loading
conditions in vivo. Further, as the distribution of
functionally induced strains are highly non-uniform
(5), the physiologic relevance of the homogeneous
strain stimulus frequently assumed by these models
has yet to be determined.

The general hypothesis guiding this work is that the
sites and magnitude of skeletal adaptation are related
to some specific component of the applied
mechanical stimulus. The hypothesis was addressed
by relating the sites and magnitude of skeletal
adaptation engendered by an exogenous loading
regimen to specific components of the externally
induced strain environment as defined by finite
element modeling. Candidate correlates of skeletal
adaptation were then validated by their ability to
predict the adaptive response induced in the same in
vivo model exposed to an alternate loading condition.

PROCEDURES
The right radii of two groups of five adult male
turkeys were isolated from their normal functional
stimuli via parallel metaphyseal osteotomies. The
left radius of each animal served as an intact,
contralateral control. The animals underwent a four
week daily loading regimen in which external loads
were applied to transcutaneous pins using a

pneumatic cylinder with custom mating sleeves. The
regimen placed the bone primarily in bending (with a
small component (< 1%) of axial tension), and
consisted of 100 cycles per day of a trapezoidal
waveform (2.5s period) calibrated to induce peak
longitudinal compressive strains of -2000ue and a
peak strain rate of 10,000pe/s. The two groups of
five animals were identical except for the orientation
of the loading pins, which were rotated 90 degrees in
the transverse plane in the second group of animals
(group "B"). As aresult, the two groups were
exposed to similar magnitude strain environments,
but the sites of maximum and minimum strains were
located in different portions of the cortex (fig 1).

D

Figure 1. Mid-diaphysis of radius illustrating sites of
peak tension and peak compression for loading
groups "A" (A;and A ;) and "B" ( Byand By). The
group "B" neutral axis (straight line) was rotated 100
degrees clockwise from that of group "A", and
spanned the dorsal/ventral cortices.

Upon sacrifice, 125 micron sections were extracted .
from the midshaft in both the experimental and intact,
contralateral control radius. These sections were
microradiographed, enlarged (x5), and scanned at
600dpi. -Site specific adaptation in the control and
experimental sections were assessed by aligning the
experimental binary image upon the control image,
dividing the cross-sections into 12 equal angle pie
sectors through the control centroid, and assessing
areal properties within each sector. Adaptive
responses within each sector were related to
candidate parameters generated by orthotropic finite
element models whose meshes were developed from
the geometry of each animal’s intact control radius.
Multiple step-backward regression, in which
parameters with high intercorrelation (r> 0.8) and
non-significant p values (p>0.05) were sequentially
eliminated, was used to relate mechanical parameters
to measured adaptation. Potential correlates included
individual components of the strain tensor, principal



strains, longitudinal shear stress (4), the osteogenic
index (6), and strain energy density. The parameters
were grouped into five categories (absolute
magnitude at the periosteum and endosteum, radial
gradients, circumferential gradients, and longitudinal
gradients), each of which was independently
regressed against periosteal adaptation, endosteal
adaptation, and total areal change to yield 15 multiple
regressions for each loading %'oup. Any final
regression relationship with r< > 0.5 was
subsequently validated by its ability to predict the
sites and magnitude of adaptation in the second group
using a Kendall non-parametric rank correlation.

RESULTS
The four week loading regimen was powerfully
osteogenic in both groups of animals, inducing a
mean (£ S.D.) 20.4 + 28.8% increase in bone area in
group "A", and a 35.2 + 32.8% increase in group "B".
The increased bone mass was achieved primarily via
periosteal expansion (78%). The magnitude of the
periosteal expansion varied substantially between the
12 sectors, ranging from 6.7 + 7.4% to 45.1 + 83.1%
in group "A", and from 13.2 + 23.7% to 80.5 + 58.1%
in group "B". The area of maximal periosteal
expansion differed between the two groups, but in
both cases was located near the neutral axis (fig 2).
In loading group "A", 8 of the 15 regtessions
developed predictive relationships with r2 > 0.50. Of
these, three were distinguished by having one single
parameter accounting for nearly all of the predictive
power of the relationship. Periosteal adaptation was
powerfully predicted by the circumferential gradient
of longitudinal normal strain (r2=0.71). Endosteal
adaptation was predicted by both the radial gradient
of longitudinal normal strain (r2=0.59) and the
magnitude of longitudinal normal strain on the
periosteal surface (r2=0.50). No single parameter
predicted total areal change with r2>0.40. Only the
circumferential gradient of longitudinal normal strain
was validated by its ability to predict sites of
adaptation in loading group "B" (K=0.56), as no other
candidate relationship generated a Kendall coefficient
of K>0.10

DISCUSSION
In both loading groups, the portion of the cortex
demonstrating the greatest amount of periosteal bone
formation was located near a site of minimum rather
than maximum strain. As a result, measures of strain
magnitude poorly predicted the observed adaptive
response. For example, the predictive power of SED
never exceeded r2=0.20 in group "A". Adaptive
activity on the periosteal and endosteal surfaces was

more readily related to specific mechanical stimuli
than total areal changes, perhaps because total areal
change represents the combined activity of two bone
surfaces under differing physiologic constraints.
Although many candidate relationships were
developed, only one, the circumferential gradient of
longitudinal normal strain, was validated by its ability
to predict sites of adaptation in the second loading
group. The predictive power of these strain gradients
(i.e. how strain magnitude changes through a volume
of tissue in the circumferential direction) is
particularly intriguing in light of potential
physiologic mechanisms of cellular signal
transduction. These include streaming potentials
(strain gradients are proportional to fluid flow which
in turn would alter streaming potentials), and cellular
communication via gap junctions (a potential
mechanism for transducing spatial gradients into
biochemical signals).
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Figure 2. Mean (£ S.D.) periosteal area in the
experimental radii (% control) for loading group "A"
(a) and group "B" (b). The location of maximal new
bone formation shifted from the cranial/ventral
cortex in group "A" to the dorsal/ventral cortex in
group "B". Asterisk denotes difference at p=0.05.
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IS BONE SURFACE-STRAIN DISTRIBUTION ALTERED BY
EXERCISE-INDUCED REMODELING?
B. Loitz and R. Zernicke
Department of Surgery, University of Calgary, Calgary, Alberta, Canada

INTRODUCTION

Safety factor and relative strain distribution are
proposed as being maintained during skeletal
remodeling (Biewener et al. 1986; Lanyon et al.,
1982). We tested this premise in an animal model
using exercise as the remodeling stimulus. Adult-
rooster baseline controls were evaluated as time-
zero controls (30 wk old), while non-exercised age-
matched controls and exercised roosters were
evaluated at the end of the 9-wk experiment (39 wk
old). Strain distribution of the tarsometatarsus
(TMT), recorded during fast walking, was similar
for the exercise and control (baseline and age-
matched) roosters. The safety factor (difference
between typical in vivo stress and yield stress),
however, differed significantly among the groups,
suggesting that strain distribution may be a more
robust determinant of exercise-related bone
remodeling.

REVIEW AND THEORY

Similar in vivo strains in the radius and tibia of a
variety of species measured at a range of
locomotion speeds suggest that at anatomically
similar sites, mammalian bone remodels to maintain
a similar safety factor between the functional
strain/stress generated during activity and the
functional strain/stress that occurs at yield or
failure. Biewener et al. (1986) predicted that strain
engendered during maximum-speed running was
three-fold less than strain at bone's yield point,
suggesting that across a range of animal species and
body mass, maintaining safety may be an important
determinant of bone remodeling. Here, we tested
whether both safety factor and strain distribution are
important objectives of exercise-related bone
remodeling, and whether both will remain similar in
sedentary controls and exercised animals.

PROCEDURES

Thirty-two adult (30 wk) White leghorn roosters
were divided into baseline control (n=9), age-
matched control (n=11), and exercise (n=12)
groups. Baseline controls were euthanized at the
beginning of the experiment to establish time-zero

data for TMT strains, mechanical properties, and
geometry. Exercise roosters ran on a motorized
treadmill 1 h/d, 5 d/wk, for 9 wk at 70-75%
maximum aerobic capacity. Prior to sacrifice (39
wk), 3 birds per group were implanted with rosette
strain gauges on the medial, anterior, and lateral
surfaces of the TMT middiaphysis. Strains were
recorded during treadmill running 48 h after
implantation. Each trial was filmed (100 frames/s)
to calculate gait kinematics (TMT orientation, ankle
joint angle, and step/stride length). TMTs were
mechanically tested in three-point bending with a
materials testing system, and geometry was
digitized from 1-mm middiaphyseal cross sections.
Principal strain magnitude and orientation were
computed using standard equations and were
synchronized to film data. Peak anterior-surface
stress was computed using equations for analysis of
strain gauge output of an anisotropic material
(Carter, 1979).

RESULTS

The exercised roosters ran a total distance of 150
km during the 9-wk program. Mechanical properties
and cortical geometry have been described
elsewhere (Loitz et al., 1992). Gait parameters did
not differ among the groups, with the TMT
following a stereotypical sagittal-plane motion
during the step cycle. Despite differences in
absolute strain magnitude (Table 1), strain
distribution was similar among the groups. Anterior-
surface strains, strain distribution across the
middiaphyseal cross section, and TMT sagittal-
plane orientation were examined at 20% increments
of a gait cycle (Fig. 1). Principal compressive and
tensile strains on the anterior surface increased as
the TMT assumed a more vertical position.
Comparison of TMT position and strain vectors
throughout the gait cycle suggested that longitudinal
compressive loads contributed more to the anterior-
surface strains than did bending loads.

In terms of stress, age-matched control (-11.7 MPa)
and exercise (-15.4 MPa) principal anterior stress
significantly exceeded baseline control stress (4.6
MPa). Using the rooster-specific elastic modulus
measured from the mechanical tests to calculate



safety factor, significant differences in safety factor
were noted among the groups, with a factor of 31
for baseline controls, 13 for age-matched controls,
and 10 for the exercise group.

Table 1. Peak principal strains averaged over 10
consecutive steps (ustrain; mean+SE).

Compression Tension
Medial: Baseline 753463 319+24
- Age-matched 933440  378+8
Exercise 726413 248+6
Anterior: Baseline 414+13 260+10
Age-matched 931420  291+6
Exercise 1069+12 29146
Lateral: Baseline 466+43 120+9
Age-matched  727+18  234+17
Exercise - 26149 363+47
DISCUSSION

Previous data suggested that remodeling attempts to

optimize strain magnitude with a site-specific range.

Lanyon et al. (1982), however, suggested that the
parameter optimized was strain distribution rather
than magnitude. Our data support their hypothesis,
because despite significant differences in absolute
strain magnitude and bone mechanical properties,

1000 pstrain
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strain distribution was maintained during exercise-
induced remodeling.

Calculation of peak surface stresses using our peak
anterior principal strains and Carter's equations
suggests that the bone safety factor in the rooster
decreases with both age- and exercise-related
remodeling. At first, our findings appear to
contradict the theory that maintaining safety drives
bone remodeling (Biewener et al., 1986). The stress
used in our calculation of safety factor, however,
was not recorded at the bird's maximum running
speed, as were the safety factors reported by
Biewener, and this discrepancy may account for the
difference in values.
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Figure 1. TMT sagittal-plane orientation, anterior-surface strain vectors, and strain distribution across a
middiaphyseal section during a representative step cycle (0.37 m-s™!) for the right limb. Strain magnitude for
each isostrain plane is indicated on the TMT cross sections. Data are presented at 20% increments of a single
step cycle, and cross sections are oriented with the anterior cortex down and lateral cortex right.



GROWTH RELATED CHANGES IN HUMERAL AND FEMORAL
, STRENGTH, RIGIDITY AND STRAIN

D.R. Sumner and T.P. Andriacchi

Department of Orthopedic Surgery
Rush-Presbyterian-St. Luke’s Medical Center
Chicago, Illinois 60612

INTRODUCTION

The purpose of this paper was to
compare change in strength, rigidity and
predicted strain in the human humerus
and femur during post-natal growth to test
the hypothesis that these changes would
be different in bones which have vastly
different functions.

MATERIALS AND METHODS

A sample was derived from the
Grasshopper Pueblo skeletal collection.
This archaeological site is located in east
central Arizona and was occupied from
A.D. 1275 to 1400. A total of 83 paired
femora and humeri, with approximately 5
samples per 1 year age category (i.e., 0-1,
1-2, ... 9-10), 5 samples for the 10-14 age
category and 10 samples (5 from female
skeletons and 5 from male skeletons) for
the 15-19, 20-24, and 25-29 age categories
were tested. Age and sex were deter-
mined using standard anthropological
techniques.

The length (1) of each bone was
measured. Midshaft cross-sectional geo-
metric properties were determined based
on computed tomographic scans. An
automated boundary definition technique
was used to define the subperiosteal and
endo-cortical surfaces. These data were
then used to calculate I .. I.min’ and the
AP and ML subperiosteal diameters (d -
and d,, , respectively). Estimates of
Young’'s modulus (E) were taken from the
work of Currey and Butler (1975). From
these data, the following parameters were
calculated:

average subperiosteal diameter,
d=(d,p + dy;)/2

average area moment of inertia,
I=1_ +1 /2

flexural rigidity, EI, and
bone strength index, S, = EI/Id

(a modification of Selker and Carter’s,
1989, bone strength index to include E)

In addition, the maximum strain was
calculated:

€ = Mc/E],

where M = the applied moment and ¢
was approximated as 0.5*d_ ., whered
= the greater of d,, and d, ;. To esti-
mate M as a function of 1, we determined
the peak flexion and extension moments
at the hip and knee joints in 11 children,
from age 5 to 14 during level walking. As
an estimate of 1, we used the child’s height
and then determined the value of the
exponent, a, in the allometric equation

M = bX®

where X was the height. The average
value for a was 2.75. As a validation,
when the child’s weight was used as the
dependent variable, a = 3.0, as would be
expected. For the humerus, we had no
direct data and assumed that the moment
scaled with bone length similar to the
femur (i.e., M a I*7°). To aid in under-
standing how these parameters changed
during growth, all OF the calculated values
were expressed as a per centage of the
maximum value during growth. Thus, the
minimum value for any of the calculated
parameters was 0% and the maximum
value was 100%.



RESULTS

The basic pattern of change during
owth was similar in the femur and
umerus (Figs. 1 and 2). The predicted
maximum strain increased until age 7-8 in
the femur and age 6-7 in the humerus and
then declined to ~50% of the maximum
in the femur and ~60% of the maximum
in the humerus as skeletal maturity was
reached. Increase in bone length reached
a plateau by 15-20 years, while the area
moment of inertia increased until age 20-
24 in the femur and age 25-29 in the
humerus. The flexural rigidity and bone
strength index followed similar trends.

DISCUSSION

It is, of course, well known that the
femur and humerus differ morphological-
ly. However, the fact that the post-natal
growth-related changes were similar in
both bones indicates that the basic
morphologic differences were established
pre-natallliy and were maintained durin
growth. It the loading environments o
the humerus and femur were similar in
utero, then the basic morphologic differ-
ences would require a strong genetic
component. Alternatively, one could
argue that the loading of these 2 bones in
utero was different enough to establish
the morphological differences present at
birth.

We anticipated finding a monoton-

ic decrease in strain during growth, but
the predicted maximum strain occurred
around age 7 in both the femur and
humerus and then decreased steadily.
Obviously, these predictions are based on
estimates of the moments affecting each
bone. Dimensionally it can be shown that
M a I® (following Selker and Carter,
1989). This proportionality was tested for
the femur and it was found that M a 273,
suggesting that the moment increases less
rapidly than expected from purely geo-
metric considerations. Even when the
data were analyzed, assuming M «a I,
peaks in strain were still predicted to
occur between age 5-9 (data not present-
ed).
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GEOMETRIC SYMMETRY OF THE TURKEY ULNA
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INTRODUCTION

Geometric symmetry usually is assumed in long bones with
homotypic load historles, in order to compare experimentally
induced bony reorganization with contralateral "control”
preparations. While intultively reasonable, It is obvious that
such bilateral symmetry cannot be absolute.  Thus,
quantitation of geometric asymmetry In paired bones is
necessary where a size and/or shape change in one bone
must be identified. In such experiments, the reliability of
conclusions based upon an assumption of absolute geometric
symmetry will be compromised by any unappreciated baseline
asymmetry.

A series of new techniques devised to analyze three-
dimensional geometric asymmetry between paired long bones
was applied to the turkey ulna, a frequently used preparation
for studies of adaptive remodelling (Rubin and Lanyon, 1987).
Serlal images of bony cross sectional geometry were
captured by transverse milling and subsequent digitization of
photographs (6 ulna palrs), or by X-ray computed tomography
(1 palir). Following computerized 3-D reconstruction of each
bone palr, the right bone was mirrored to allow ipsilateral
comparison of two "left” bones. Whole bone voxel-based
analysis of total volume and centroidal principal volume
moments of inertia demonstrated left-right differences of 4.9 +
3.5% and 7.2 + 5.5%, respectively. Following whole bone
centroidal and principal axis registration, RMS disparities
between paired longitudinal locl of volumetric section
centrolds were 0.7 + 0.3 mm.

Longitudinally matched transverse areal properties yielded
left-right differences In cross sectional area and principal area
moment of inertia of 8.1 + 3.0% and 10.7 + 3.8%, respectively.
Following centroidal and principal axis alignment, pixel-based
discretization of areal intersection fractions and differences in
cortical thickness at discrete angular increments revealed left-
right disparities of 20 + 6% and 3.9 + 3.5%, respectively.
Overall, these measurements demonstrated only very modest
left-right asymmetry in the turkey ulna. Thus, an assessment
of symmetry is desirable when quantifying geometrical
remodelling of contralateral long bones (e.g. finite element
analysis). :

REVIEW AND THEORY

Previous assessments of long bone asymmetry have focused
only upon limited attributes of symmetry, rather than upon full
three-dimensional geometrical characterization.  Various
indices of symmetry addressed individually include gross
mechanical properties (Currey, 1984; White et al., 1974) and
distances between anatomical landmarks, both physically
(Helmkamp et al, 1990) and from radiographs.
Considerations of cross-sectional parameters have addressed
histomorphometric and geometrical symmetry (Miller et al.,
1980; Sumner et al., 1988) only at ostensibly corresponding
longitudinal sites. Together, all of these studies fall short of

elucidating the degree of three-dimensional baseline long
bone symmetry desirable for quantifying geometrical
remodelling of a contralateral bone. The purpose of this study
was to develop a protocol for analyzing geometric asymmetry
in bilaterally mated long bones, and to demonstrate its
application In quantifying baseline asymmetry in one
frequently studied experimental preparation: the turkey ulna.

PROCEDURES

Six pairs of ulnae from commercially-raised male turkeys were
embedded longitudinally in rectangular blocks of carbon-black
doped PMMA. One end of each block was ablated serially
with a milling cutter and color photographed at approximately
1 mm increments. The slides were digitized as grey scale
arrays using an Imapro flatbed scanner. Serial transverse
images were obtained for one additional pair of ulnae at 1 mm
increments with a Slemens Somatom DR/H CT scanner. All
Images were rendered under maximum magnification and
resolution as 512 x 512 pixel arrays, and processed using a
threshold-based algorithm which distinguished (bright) bone-
containing pixels from surrounding dark pixels. The images
comprising the right ulna were reflected about a cardinal plane
to produce a mirror image for direct comparison with the
anatomical left ulna. Incorporating the "slice” or scan
thickness (=1 mm), each bone was represented as a three-
dimensional voxel array In an orthogonal reference frame
relative to one corner of the first (distal) cross-sectional image.

The three coordinates of the volumetric centroid of each uina
were computed about the reference origin. Principal volume
moments of inertia then were computed at the volumetric
centrold. Together, the volumetric centroids and principal
axes provided an objective basis for optimal three-dimensional
alignment. A further descriptor of whole bone asymmetry was
obtained by computing the separation distance between two
loct connecting serial section centroids of volumetric "slices”
from the left and mirrored right ulnae. This provided an index
for assessing global changes in bone curvature, which directly
affects the cortex strain field resulting from bending. The two
locl were transformed to 'a common volumetric centrold and
principal orientation, and the rectilinear separation distance
between the two locl was calculated at 1 mm longitudinal
Increments (Fig. 1a).

Longitudinally matched comparisons of serial transverse
images allowed several additional discriminating indices to be
characterized within the central 70% of the ulna diaphysis
(Fig. 1b). The metaphyseal regions were excluded from areal
comparisons due to the inherent difficutties arising from the
predominance of cancellous bone. (Moreover, only the
central diaphyseal region is of interest in adaptive remodelling
studies using the turkey ulna preparation). Discrete pixel-
based differences In cross-sectional area and centroidal
principal area moments of inertia were calculated at each
longitudinal site. Left and mirrored right cross-sections were
aligned at a common centroid and principal orlentation to
calculate the fraction of cross-sectional area common to both



ulnae (Fig. 1c). Finally, cortical thicknesses were compared
at 5° angular Increments along rays projected from the
common centrold. These latter two Iindices reflect
longltudinally specific differences In cortical surface geometry,
which directly influence the strain field for any applied load.

N CENTROIDAL LOCI
W

EXCELLENT
(95%)

Figure 1. (a) Left-right separation of centroldal locl. (b)
Central 70% of diaphysis used for cross-sectional
comparisons. (c) Centroldal and principal axes alignment of
longitudinally matched cross-sections, demonstrating various
degrees of areal intersection.

All left versus right differences were computed as
P=2(R-L)/(R+L)x 100%

where P is the percentage difference between the right and
left values considered. A pair of machined PMMA testpieces
with mirror symmetry was analyzed by serial milling and
digitized photographs to provide a standard for comparison of
the accuracy of each parameter.

RESULTS

The left-right discrepancy of total ulna volume and principal
volume moments of inertla were 4.9 + 3.6% and 7.2 + 55%
(average + SD), respectively, values which were not greater
than the difference for the standard (Table 1). The RMS value
of separation distance between paired centroidal loci was 0.7
+ 0.3 mm, again not larger than that for the standard .

Volumetric Property Ulnae Pairs Standard
Total Volume 49 £35% 6.9 %
Principal Volumetric 1 72+ 55% 7.8 %
Locl Separation 0.7 £0.3 mm 0.5 mm

Table 1: Left-right differences in volumetric properties

(average + standard deviation).

10

Longitudinal differences In cross-sectional area between
contralateral images were 8.1 + 3.0% (Table 2). Likewise,
differences In principal area moments of inertia were 10.7 £
3.8%. Principally aligned cortices Intersected to a level of 80
+ 6%, which was less than for the standard. Left-right
differences in cortical thickness varled considerably, but
tended to cancel out when averaged circumferentially (3.9 +
3.5%).

Areal Property Ulnae Pairs Standard
Cross Sectional Area 81+ 3.0% 5.0+ 3.0%
Principal Area 1 10.7+ 3.8% 8.8+ 53 %
Area Non-intersection 20+ 6 % 6+ 3%
Cortical thickness 39+35% -

Table 2: Left-right differences In serial cross section

properties (average + standard deviation).
DISCUSSION

With the exception of areal Intersection, all measured
parameters of symmetry were similar to these obtained from
the standard testpleces. There are several factors which
affect the abllity to overlay longtudinally ' matched cross
sections. First, the intersection of cross sections was clearly
greater in sections near the volumetric centroid, and
diminished toward each metaphysis (Fig. 1c). Second, any
local anomaly in one image will affect the location of the areal
centrold, as well as areal principal moments of inertia, which
were used as a basis of overlaying cross sections. Third,
whereas the testpleces had a solid cross section, the cortex
of the ulna Is a thin annulus, inherently degrading the
propensity for a high degree of overlap.

For the purpose of contralateral comparisons In adaptive
remodelling studies, areal properties of central cross sections
are most relevant to assessing symmetry. In all comparisons,
the central cross sections demonstrated a higher level of areal
Intersection than those near the metaphysis, often above 90%
and within the margin of systematic error. Thus It is desirable
to assess left-right asymmetry when quantitating adaptive
remodellling using experimental and analytical tools such as
finte element analysis. '
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LOWER EXTREMITY JOINT KINETICS AND
MUSCLE ACTIVATION PATTERNS
DURING LANDINGS OF FRONT AND BACK SALTOS
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INTRODUCTION

Although no causal relationship has been proven
between load and injury, the high forces and moments
encountered during landings of aerial gymnastics skills
may be responsible for the high incidence of injury to
the lower extremities of gymnasts (McAuley et al.,
1987; NCAA, 1986, 1990). Landings of gymnastics
skills have produced some of the largest peak reaction
forces encountered in sport (Nigg, 1985; Panzer, 1987).
The peak magnitude of these forces have been shown to
increase as the impact velocity (McNitt-Gray, 1991) and
skill complexity increase (Panzer, 1987). For example,
landings of a single back tucked saltos have produced
peak vertical reaction forces of 8 times the body weight
(BW) (Panzer, 1987; Ozguven & Berme, 1988), whereas,
double back tucked saltos have produced peak vertical
reaction forces exceeding 18 BW (Panzer, 1987).
Although no significant differences in peak vertical
forces have been observed during landings of tront and
back saltos (McNitt-Gray, et al., 1991), the differences
in rotation, visual conditions and segment
configurations prior to contact between lasks may
produce differences in joint kinetics and muscle
activation patterns (Nigg, 1985; McNitt-Gray &
Nelson, 1988; McNitt-Gray, 1989; Sidaway, McNitt-
Gray, & Davis, 1989).

The purpose of this study was to determine the influence
of forward and backward rotation prior to contact on
lower extremity joint kinetics and muscle activation
patterns during landing.

PROCEDURES

Six healthy male gymnasts, who were members of a
team ranked among the top five of all collegiate
gymnastics teams within the United States, volunteered
to serve as subjects. During data collection, each subject
successfully landed three drop landings (McNitt-Gray,
1991), three front tucked saltos, and three back tucked
saltos in a randomized order using their normal
competitive landing style. All three tasks were initiated
from a height of 0.72 meters above the top surface of
two regulation gymnastics mats (100 ILD). These two
mats were fully supported by two Kistler force plates.
The reaction forces at the mat-plate interface were
quantified for each foot using a sampling frequency of
800 Hz. Segment kinematics were recorded
simultaneously using high speed video (200 fps; NAC
Motion Analysis System). The muscle activation
patterns of seven lower extremity muscles -gluteus
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maximus (GM), Vastus Medialis (VM), Rectus Femoris
(RF). Biceps Femoris (BF), Medial Gastrocnemius
(MG),Semitendonosis(ST), and Tibialis Anterior (TA) -
were quantified, prior to and during the landing, using
surface electromyography (1600 Hz; Beckman Silver-
Silver Chloride electrodes; Differential Amps, Data,
Inc.). The reaction forces, kinematics, and EMG were
synchronized at the time of contact. Markers positioned
on the body of the subjects were digitized using a video
based data acquisition system (Peak Performance, Inc.).
Each coordinate of the digitized body landmarks
(Zatsiorsky & Seluyanov, 1983) were digitally filtered
using a fourth order Butterworth Filter (Saito & Yokoi,
1983) with a cut-off frequency derived by the method of
Jackson (1979). The kinematic and reaction force data
were synchronized and net ankle, knee, and hip
moments were calculated using Newtonian mechanics
(Nm/kg). The EMG signals from each muscle were
processed using a high and low pass filter, rectified, and
normalized to peak amplitude observed during the drop
landings (SNIP, 1988, Digital Dynamics, Inc.). The
interval of interest, identified as the landing phase, was
the time from contact to the time required to bring the
vertical velocity of the total body center of mass to
zero. Joint kinetics and muscle activation patterris
observed during the front and back salto landings were
compared within subjects.

RESULTS AND DISCUSSION

Muscle activation patterns of muscles contributing to

the ankle, knee, and hip net joint moments observed

during front and back salto landings performed by a
representative subject have been provided in Figure 1.

EMG of muscles contributing to joint extension have

been represented by positive magnitudes, whereas,

EMG of muscles contributing to joint flexion have been

represented as negative magnitudes. Electromechanical

delay has been accounted for by shifting the EMG

signals (+50 ms) relative to the net joint moments.

Although no significant differences in peak vertical
forces were observed between tasks, the orientation of
the body relative to the direction of translation produced
differences in joint kinetics and muscle activation
patterns. For example, when landing a back salto, the
horizontal reaction forces opposing translation assist
the vertical reaction forces in producing a dorsi flexion
moment about the ankle. However when landing a front
salto. the horizontal forces opposing translation create
a plantar flexion moment counteracting the dorsi
flexion moment created by the vertical reaction force.
This difference in body position relative to the direction



Net Joint Moments (Nm/kg)

of translation contributes to the greater plantar flexion
net ankle moments observed during back salto landings
as compared to ftront salto landings. In addition.
differences in the orientation of the trunk relative to the
thigh between tasks contributes to the greater hip flexor
moment observed at contact for front salto landings as
compared to those observed for back salto landings.
More definitive muscle activation patterns observed
prior to contact during back salto landings as compared
to front salto landings may be associated with
differences in surface viewing times between tasks.
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THE CROWHOP:

TECHNIQUE FAULT OR UNFAIR ADVANTAGE?

D.I. Miller
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INTRODUCTION

In the performance of backward and
inward springboard dives,
competitors are not permitted to
bounce the board before the
takeoff. At the discretion of the
individual judge, however, an
involuntary movement in which the
feet 1ift slightly off the board
(i.e., a crowhop) is penalized
slightly if at all. The fact that
the crowhop is treated by many
officials as a technique fault
rather than an unfair advantage led
to the current study.

An analysis of the performances of
female competitors at four
international meets revealed that
15% consistently employed crowhops.
Results indicated that these divers
have the potential for generating
approximately 10% greater maximum
depression of the springboard
thereby gaining an unfair advantage
over competitors who maintain
continuous contact with the board
throughout the takeoff.

PROCEDURES

Backward and inward takeoffs
performed in preliminary rounds of
the women's 3-m springboard events
at the FINA Cup (1989), Dive Canada
(1990), World Diving Cup (1991) and
Alamo International (1992) which
had been videotaped with a
stationary and level Panasonic
PV-330 camcorder positioned to the
side and even with the tip of the
3-m board were reviewed
qualitatively. Back 2 1/2 and
inward 1/2 takeoffs of 8 divers

who used a crowhop and a comparison
group of 8 divers exhibiting
contact takeoffs were subsequently
digitized using a Peak Performance
Technologies 2D system and the data
processed with custom software.
There was no statistically
significant difference between the
two groups in terms of body weight
or average dive score. :

RESULTS

Review of the videotapes indicated
that, not only were 11 of the 65
women clearly breaking contact with
the board with both feet during
their standing takeoffs but that an
additional 16 were adjusting the
position of one or both feet after
board oscillation had been
initiated. Foot-board interactions
in standing takeoffs varied along a
continuum. At one end, a firm
contact was maintained between
almost the entire undersurface -of
the toes and the board during the
takeoff. At the other extreme
(operationally defined as a
crowhop), there was a distinct
separation between both feet and
the board while the diver was
moving upward. During this
noncontact period, the feet began
to flatten at the toes and/or
ankles in preparation for
subsequent contact with and
depression of the board.

" A11 but one of the women attempting

the inward 2 1/2 pike (the highest
degree of difficulty dive) did so
with a crowhop.



Detailed quantitative analysis of
the crowhop and comparison groups
focused on the ecritical half second
interval (30 video frames at 60 Hz)
immediately preceding the 0.167 s
(10 frames) leading up to maximum
depression of the springboard. It
was in this half second interval
that: the crowhop (if present)
occurred; the diver experienced
negative vertical acceleration; and
maximum downward velocity of the
center of gravity was achieved
(Figure 1).

Divers employing the crowhop
averaged 0.25 s of noncontact, a
time which approximated or exceeded
that associated with final board
recoil. These divers tended to set
their fulecrums further back from
the board tip than those who
maintained continuous contact with
the board (p<0.01) and the downward
velocity of their centers of
gravity was, on average, 0.4 /s
greater (p<0.01). In addition,
their takeoff actions did not
disrupt the preliminary oscillation
pattern which had been established.

Jext,
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DISCUSSION

Ad justments to standing takeoffs
introduced by the crowhop technique
have the potential for increasing
the kinetic energy which the diver
can transfer to the board to
depress it and, all else being
equal, greater depression of the
board will result in better diving
performance. )

Results of the study indicated that
the crowhop is not inadvertent but
a well-established pattern of
motion employed by certain divers.
The crowhop should not be
considered a technique fault but
rather should be recognized as a
method by which unfair advantage
can be gained. Judging rules and
practices should therefore be
revised accordingly.
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Figure 1. Vertical position of the
‘board tip (m) during takeoffs for
the back 2 1/2 somersaults pike
(darker line) and inward 2 1/2
somersaults pike (lighter line).
Average scores for these dives were
5.4 and 5.7, respectively. The
critical half second of analysis is
shown below the *time' caption.
Vertical lines during this period
indicate the beginning and end of
the crowhop for these dives. The
final two vertical lines indicate
maximum depression and last contact
with the springboard.



3-D ANALYSIS OF THROWING PATTERNS OF YOUNG BOYS AND GIRLS
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INTRODUCTION

Substantial gender differences in throwing performance have been documented for
both children and adults. Little has been done, however, on quantifying the differences in
throwing techniques between boys and girls. Ten boys and ten girls between the ages of five
and six were selected as subjects. Each subject was instructed to throw a tennis ball in the
laboratory with maximum speed. Three-dimensional (3-D) videography was used to obtain 3-
D coordinates of the major joint centers and the ball. Several kinematic variables were
quantified as functions of time. In addition to the angular kinematics of individual joints,
"global arm angular velocity" and "radius of rotation" vectors were defined in 3-D by the
motion of a line segment connecting the mid trunk to the ball. There was considerable
overlap between boys and girls in specific joint kinematics and radius of rotation vector
magnitude at release. No clear differences in individual joint angular velocities were found
between boys and girls, however the boys coordinated their joint actions better to produce
larger global arm angular velocities and faster ball velocities at release.

REVIEW AND THEORY

Substantial gender differences in throwing performance have been documented for
both children and adults. The phrase "throws like a girl" is commonly used to describe a
motor pattern used by novice throwers. The throwing patterns of expert male throwers have
been quantified and documented in the biomechanics literature (Feltner et al., 1986; Feltner,
1989). Little has been done, however, on quantifying the differences in throwing techniques
between boys and girls. Most of what has been published on comparing boys’ and girls’
throwing patters has been qualitative in nature (e.g., Nelson et al., 1986). The purpose of
this research was to study in detail the throwing patterns of young boys and girls in order to
detect differences in the 3-D motions of the throwing arm and trunk. Boys were
hypothesized to use larger joint angular velocities than girls and release the ball with a greater
linear velocity.

PROCEDURES

Ten boys and ten girls between the ages of five and six were selected as subjects. Each
subject was instructed to throw a tennis ball in the laboratory with maximum speed. Two 60
Hz Panasonic AG-450 S-VHS video camcorders were used to record the motion. The
videotapes were digitized using a Peak Performance video digitizing system. Three-
dimensional (3-D) coordinates of the major joint centers on the body and the ball were
reconstructed using the NLT algorithm (Dapena et al., 1982). Out of twenty trials performed
by each subject, the trials with the six fastest ball velocities were chosen for detailed analysis.
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The raw data were smoothed with a Butterworth digital filter with a cutoff frequency of 6 Hz
and differentiated using finite difference equations. Several kinematic variables were
quantified as functions of time. Among these were trunk shoulder-to-hip (twist) angle,
shoulder horizontal ab/adduction and internal/external rotation angles, elbow flexion angle,
angular velocities of all these angles, and ball velocity. In addition "global arm angular
velocity" and "radius of rotation" vectors were defined in 3-D by the motion of a line
segment connecting the mid trunk to the ball.

RESULTS AND DISCUSSION

There was considerable overlap between boys and girls in specific joint kinematics and radius
of rotation vector magnitude at release. However, the boys consistently demonstrated a
greater global arm angular velocities at release than the girls (see Figure 1). Boys also
tended to have greater forward trunk velocity at release than girls (0.5 m/s vs. 0.3 m/s).
Radius of rotation magnitudes at release, however, were similar between boys and girls.
Overall these differences resulted in faster release velocities of the ball for boys than girls
(17 m/s vs. 13 m/s, respectively). Thus even though there were not any clear differences in
individual joint angular velocities between boys and girls, the boys coordinated their joint
actions better to produce larger global arm angular velocities and faster ball velocities at
release.

Global Arm Angular Velocity
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Figure. 1. Comparison of the magnitude of the global arm angular velocity vector for typical
trials for boys and girls.
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GENDER DIFFERENCES IN THE LOCATION OF THE CENTER OF BUOYANCY OF COMPETITIVE SWIMMERS

McLean, S.P. and Hinrichs, R.N.
Exercise and Sport Research Institute
Arizona State University, Tempe, AZ 85287-0404

INTRODUCTION

The present study considers the location of the center of
buoyancy (CB) as a representative. variable of the contributions
of the anthropometric characteristics and body composition to
performance in an aquatic medium. Males were found to have a
CB located cranial to their center of mass (CM) than females.
Males also swam faster than females but when performance was
limited to kicking there was no statistical difference between
genders. The location of the CB relative to the CM was
speculated to affect the position of the body in the water by
allowing women to float more horizontally.

REVIEW AND THEORY

The center of buoyancy is defined as the centroid of the volume
displaced by a floating or submerged body. In a gaseous
environment, such as during the airborne phase of a dive,
buoyancy effects are negligible so motion is modified only by the
action of the gravitational forces through the CM. However,
when immersed in a fluid medium a buoyant force acts through
the CB in addition to the gravitational force. The CB is
theorized to fall cranial to the CM yet its actual position has yet
1o be quantified. Different locations of these points in a body
creates a couple and the body will turn until the moment of this
couple has been eliminated (i.e. static equilibrium is achieved).

The location of the CB is affected by the quantity and
distribution of water displaced by the body. Gender differences
in percentage body fat and distribution of this tissue have the
potential to affect the location of the CB by altering the
distribution of the displaced fluid. Because females tend to have
proportionately more adipose tissue (McArdle, Katch, & Katch,
1981) which is distributed in greater proportion in the lower
extremities (Wilmore & Thomas, 1987), they have increased the
relative volume of the lower extremities without an equal
increase in the relative mass. This distal distribution of adipose
tissue in females maintains the CB at a location closer to the CM
thus reducing the moment caused by the buoyant and
gravitational forces. This logic is demonstrated by the improved
ability to float when the arms are placed above the head.
Because the arms are relatively more dense compared to the
trunk moving the arms above the head will move proportionately
more mass than volume thus moving the CM closer to the CB.

Cotton and Newman (1978) applied the concepts of buoyancy to
the development of better teaching techniques for swimming.
Huijing er al. (1988) discussed anthropometric variables as they
related to hydrodynamic drag. However, Grimston and Hay
(1986) and Von Dé&beln and Holmér (1974) are the only studies
relating anthropometric measures directly to aquatic
performance. These studies considered anthropometric variables
in an individual manner but it is logical that a combined effect of
these measures will more directly influence performance. The
location of the center of buoyancy is a concise measurement
which captures the effect of many components.

The purposes of this investigation were to 1) quantify the CB and
CM locations in male and female competitive swimmers in a
floating position, 2) relate these parameters to the distribution of
adipose tissue, and 3) relate these variables to performance in
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swimming and kicking. Three hypotheses were tested in this
study; 1) females will have relatively more adipose tissue
distributed to their lower extremities than males; 2) females will
have their CB closer to their CM than males; 3) females will
experience a performance advantage due to the reduced drag of a
more horizontal position in the water resulting from the location
of the CB relative to the CM.

PROCEDURES

Total percent body fat (%BF) was assessed for 16 female (mean
age 19.1 yrs) and 15 male (mean age 19.9 yrs) collegiate
swimmers using skinfold techniques. A body fat distribution
ratio (BFDIST) was defined as the sum of the abdominal and
suprailiac skinfolds divided by the thigh skinfold. The CM was
located for a "streamlined” position (arms above the head,
elbows fully extended, hands clasped) with a maximal inhalation
using a reaction board. The CB was located using an "aquatic
reaction board.” This structure was similar to one described by
Carter (1955) and maintained the subject in a horizontal,
floating, streamlined position at the surface of the water by
supporting the ankles. A two kg weight was added to the ankles
to stabilize the scale readings. Measurements of the supporting
force at the ankles were taken for a maximal inhalation.

Performance trials were conducted in a 25 yard pool. Four
maximal effort sprint swims and four maximal effort sprint kicks
were timed for each subject. The kick trials were performed in a
streamlined position without the aid of a kickboard. Subjects
were instructed to breathe minimally during the trials and to
remain near the surface of the water. Warm-up and warm-down
were provided and the swim and kick trials were alternated with
sufficient rest given between trials.

Two discriminant analyses were conducted to identify group
differences in the distance between the CB and CM locations
normalized to body height (CB-CM), %BF, BFDIST, swim and
kick times. Two separate analyses were required to avoid
multicollinearity problems since %BF and BFDIST were both
functions of the same measurements. A multiple regression was
performed using CB-CM as dependent variable with %BF and
BFDIST as independent variables. These data were conditioned
first to remove the overlying effect of gender.

RESULTS

Table 1 contains discriminant analysis results. CB-CM was
forced into the analysis first based on a priori reasoning that this
variable accounted for performance differences. Results indicate
that the CB is closer to the CM in females versus males.
Females also have a smaller BFDIST ratio (more adipose tissue
in the lower extremities) and greater %BF compared to males.
Males swim faster but may not kick any faster than females.

Figures 1 and 2 are plots of the data with the gender differences
incorporated. It is clear that in both graphs there is a parity in
the data related to the gender differences. From this it appears
that their is a relationship between the CB-CM and %BF or
BFDIST. However to examine the pure relationship between

-these variables the gender difference must be removed. The

regression analysis for this indicates no significant relationship.



This can be mentally pictured by overlapping the two groups of
data on a given graph. This would lead to a scatterplot of points
which has little if any linear trend in it.

Table 1 - Discriminant Analysis Results: Means (£ S.E.M.)

Male Female p <
CB-CM 0.4451 0.1117 0.01
(% Height) (0.065) (0.048)
BFDIST 2.089 1.315 0.01
(0.096) (0.079)
%BF 11.48 22.91 0.01
(0.569) (0.688)
Swim Time 12.001 13.181 0.01
(s) (0.176) (0.143)
Kick Time 18.891 19.891 NS
(s) (0.417) (0.611)
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Figure 2 - Plot of CB-CM as a function of BFDIST.
DISCUSSION

The most important result of this study is the quantified location
of the CB for one posture. To the authors' knowledge this has
not previously been recorded. This point may be very important
for future aquatic research as it allows the buoyant force to be
accounted for in kinetic analyses. However, this application is
limited since a dynamic method for locating this point has not
been developed. In addition, a distinct gender difference has
been found for this point as the CB is closer to the CM in
females than in males. This phenomenon may influence motion
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in the aquatic environment differently for each gender.
Previous literature simply reported thigh skinfolds as an
indication that females had more adipose tissue in their lower
extremities (Wilmore & Thomas, 1987). This result is not
surprising since %BF was significantly higher for females as
well. BFDIST provides an alternative measure which describes
the relative dimensions of skinfolds above and below the waist.
This gives a better description of the distribution of adipose
tissue. Based on this measurement it is clear that females store
proportionately more adipose tissue on their thighs than males.

No relationship appears to exist between the CB-CM and the
distribution of body fat in competitive swimmers from the
regression analysis which controls for gender. Upon closer
inspection of the raw data (Figures 1 and 2) a relationship as
described by hypothesis #1 may exist but is mediated through
gender differences in both of these variables. It appears that a
lower BFDIST ratio moves the CB closer to the CM (as evident
in the females). Perhaps there is a relationship between these
variables regardless of gender but in order to find this a less
homogeneous group and a greater amount of power (more
subjects) would be necessary to identify it.

The performance data indicate that males consistently swim
faster than females but they do not consistently kick faster
however, there was a large amount of variability in kicking times
with much overlap between genders. The potential advantage of
a more horizontal, natural floating position for females may have
erased much of the presumed strength advantage the men had
when kicking. When using the arms, however, the men's
presumed strength advantage may have overshadowed the

‘women's body position advantage. No data concerning strength

were collected and thus this relationship remains speculative.

This investigation has identified a significant difference in the
relative locations between the CM and the CB in competitive
swimmers which appears to be related to the distribution of the
adipose tissue in the body as this will affect both the CB and CM
locations. The effect of these points on performance is less
clear. A reduced CB-CM distance should provide a performance
advantage for the females due to reduced drag in a more
horizontal body position in the water. Evidence of this
advantage is provided by a non-significant difference in their
kicking times even though the swimming times were significantly
faster for the males compared to the females.
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HAND PRESSURES AS PREDICTORS OF RESULTANT AND PROPULSIVE HAND FORCES IN SWIMMING

Anne M. Thayer -

Department of Exercise Science, The University of Iowa, Iowa City, IA 52242

INTRODUCTION

In recent years, there has been an increasing interest in
research methods which can provide quantitative data to aid
in evaluating technique in swimming. The measurement of
the resultant forces exerted by the water on a swimmer's
hand has often been the focus of research in swimming
involving the analysis of technique. Two very different
methods have been used to estimate hand forces.
Hydrodynamic analysis, developed by Schleihauf (1979,
1984), involves combining laboratory data on lift and drag
forces as a function of angle of attack with a three-
dimensional film analysis to obtain an estimate of
propulsive forces. Pressure analysis involves the use of
pressure sensors located on the hand to estimate hand
forces directly. Both methods have underlying assumptions
requiring validation. The pressure analysis offers the
possibility of being more precise since it is a direct measure
and not based on previously obtained laboratory data. It
also offers the advantage of being able to provide
immediate results, which could be beneficial in future
applications. Several problems have been encountered in
using pressure transducers to obtain hand forces in
swimming. This includes problems of quantifying the
results of pressure transducer measurements, of
determining the optimum location of the pressure
transducers on the hand, and of determining whether the
pressure curves accurately represent the resultant and/or
propulsive forces. This study was designed to determine if
the pressure measured at a single point or at a small number
of points on the hand is sufficient to determine the resultant
and propulsive hand force. This was done through the use
of two full-scale, mechanically-driven hand models
instrumented with 127 pressure sensors. It was found that
the prediction of the resultant and propulsive forces was
dependent on the motion and orientation of the hand, and
that a small number of tap locations was inadequate to
predict these forces with acceptable accuracy.

REVIEW AND THEORY

The use of pressure sensors is based on the relationship
between pressure and force. Surface forces acting on a
swimmer's hand are the integrated effects of the normal and
shear stresses on the hand surface due to the presence of the
surrounding water. For bluff bodies such as a hand, the
shear stresses are usually very small and the force due to
normal stresses is the primary one (Vogel, 1981). The
normal stress at any given point on the hand is equal to the
water pressure, p, at that point. Assuming negligible shear
stresses, the pressure-dependent resultant force on the hand,

F, can be written as:

F=[-pndA
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where i is the unit vector normal to the surface and directed
outward; dA is a differential area on the hand surface; and p
is the compressive normal stress (pressure) acting on dA.
Note that by convention, the minus sign indicates thata
compressive stress is negative and p is a positive number.

In the majority of the studies in which pressure sensors
have been used, pressure on the hand has been measured
through the use of a single pressure transducer mounted on
the palm side of the hand (Van Manen and Rijken, 1975;
Boicev and Tzvetkov, 1975; Dupuis et al., 1979). In one
study, the difference in pressure between two points -- one
on the palm side and one on the back side of the hand --
was measured (Loetz and Reischle, 1986); and in another
study, a single differential pressure transducer was used
(Havriluk, 1988). The validity of the pressure analysis
depends on the validity of the assumption (usually unstated)
that the pressure measured at one or two points on the hand
is sufficient to determine the resultant hand force.

Research on the pressure distribution over the surface of an
airfoil shows that such distributions are not uniform
(Prandtl and Tietjens, 1957). The position of the maximum
negative pressure on the upper surface of an airfoil depends
on the shape of the airfoil and on the angle of attack and
moves toward the leading edge as the angle increases. The
position of the maximum positive pressure on the under
surface of an airfoil is close to the leading edge for positive
angles of attack. One might reasonably infer, due to the
similarity between the shape of the hand and an airfoil, that
the pressure distribution over the hand would also be non-
uniform and vary with shape and angle of attack. Pressure
measures at one or even two locations on the hand may not,
therefore, be sufficient to allow an accurate determination
of the resultant hand force. The lack of any form of
validation in the studies in which pressure sensors have
been used means that the results obtained in these studies
must be interpreted with caution.

Another drawback to the pressure method has been that the
direction of the pressure-dependent resultant hand force has
not been known. Two pressure recordings of equal
magnitude may have very different implications if the
propulsive component (the component of the force in the
direction of the swimmer's forward motion) is much larger
in the one than in the other. Consequently, pressures
recorded at a single point do not distinguish between hand
motions that produce large propulsive forces and those that
produce large forces but contribute little to forward
propulsion.

The purpose of this study was to determine the extent to
which the resultant and propulsive forces acting on the
hand of a swimmer can be satisfactorily predicted from
measures of local pressure on the hand.



PROCEDURES

Two full-scale hand models, molded out of acrylic plastic
and instrumented with 65 pressure taps in one and 62
pressure taps in the other, were used. The data for this study
were gathered in a series of dynamic tests conducted in a
recirculating water flume with flow velocities of 1.28 and
1.16 m/s. The hand model was moved through the water in
a semi-circular path by a mechanical system consisting of a
pulley and cable mechanism driven by a falling weight. The
hand motions were tested under two conditions which
simulated, in a simplified manner, the (a) pull phase of the
freestyle stroke, and (b) the propulsive phase of the
breaststroke pull. Each condition was tested with the hand
model in two different orientations, yielding four test
conditions. The total force acting on the hand model was
measured using strain gage force transducers mounted on
the shaft supporting the hand model. For each of the four
test situations, the recorded data included the three
components of the force transducer output, the angular
displacement of the hand-arm system, and the pressure
recordings.

RESULTS AND DISCUSSION

Zero-order correlations were computed between measures
of pressure on the hand and (a) the resultant force and (b)
the propulsive force. A correlation coefficient, R 2 0.92
(R? 2 0.85), was arbitrarily chosen to indicate an
acceptable level of prediction. Taps associated with
correlations between pressure and the resultant or
propulsive force which met this criterion were termed good
predictors. Good predictors were found for the resultant and
propulsive forces in each of the four conditions. However,
the location of the tap varied with each condition and the
dependent variable -- the resultant or propulsive force --
tested. A single pressure tap alone was not sufficient to
predict the resultant or propulsive forces with acceptable
accuracy under changing conditions of motion and
orientation.

A forward stepwise regression procedure was used to
examine the relationship between pressure and the resultant
force, and between pressure and the propulsive force.
Several different combinations were found for each
condition that yielded an R2 value of 0.85 or better.
However, when all two- and three-variable models that
satisfied the criterion measure of R2 > 0.85 were compared,
no single set of taps appeared in the list for all four
conditions. In other words, the stepwise analysis did not
produce a single model that predicted with the required
accuracy for all four conditions.

All possible combinations of two- and three-variable
models which met the criterion of R > 0.85 were found and
compared using an all-possible-regressions procedure. Four
sets of two taps were identified which could predict the
resultant force for all four conditions; and three sets of three
taps were identified which could predict the propulsive
force for all four conditions. However, the regression
coefficients in the prediction equations differed from one
condition to another. No single, generalized equation that
could be used to predict the resultant or propulsive force
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under all conditions could be found using any of these sets
of taps.

Combining the data sets and again looking for a set of taps
that could be used for all four conditions showed that an
adequate prediction could be made if a large number of
pressure taps was used. For the resultant force, this required
a minimum of eight taps, and for the propulsive force a
minimum of eleven taps. This result, although yielding a
positive answer to the question of whether an adequate
prediction of resultant and propulsive force could be made
using measures of pressure on the hand, is not a very
practical one. Unless the transducers are very small,
instrumenting a swimmer with eight or more pressure
transducers would be very cumbersome, and would make it
difficult, if not impossible, for him (or her) to perform the
stroke normally. The subsequent predictions of the resultant
or propulsive force would therefore have little relevance to
what the swimmer would normally do.

Another concern that needs to be addressed is how the use
of external pressure transducers on a swimmer's hand might
alter the flow across the hand, and thus alter the force-
producing characteristics of the hand. Pressure
measurements may be changed considerably if the flow
across the hand is altered, resulting in a measure different
than normally produced by a swimmer.

In conclusion, the results of this study demonstrated a
strong correlation between pressure measured at specific
positions on the hand and the resultant and propulsive
forces acting on the hand. However, the prediction of the
resultant and propulsive forces was dependent on the
motion and orientation of the hand. When the results of
different conditions of motion and orientation were
considered together, no single prediction equation could be
found for the resultant or the propulsive force using
pressure measurements from less than eight locations. The
findings of this study thus suggest that a small number of
tap locations would be inadequate to predict the resultant or
propulsive forces on the hand with acceptable accuracy.
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EFFECT OF AGE AND SPEED ON THE BIOMECHANICS OF SITTING DOWN ONTO A CHAIR

M. Melissa Gross

Department of Movement Science, The University of Michigan, Ann Arbor, MI 48109-2214

INTRODUCTION

Chair transfer is an important activity of daily living
that is particularly challenging to the elderly. Although
the biomechanics of rising from a chair have been
studied for both young and elderly subjects, little is yet
known about the biomechanics of sitting down onto a
chair. In this study, the biomechanics of sitting down
onto a chair were examined in young and elderly women
when moving at three different self-selected speeds.
Results showed that movement speed affected the
biomechanics of sitting down onto a chair in the same
way for both age groups, but that the temporal
organization of the task was different for the two age
groups. Although joint torques were similar for young
and elderly subjects during the task, the young subjects
generated greater momentum during descent than did the
elderly subjects. Differences in the biomechanics of the
task between young and elderly subjects may represent a
strategy by the elderly subjects to enhance stability at
the time of chair contact.

REVIEW AND THEORY

Chair transfer requires the ability to both rise from and
sit down onto a chair. Studies of chair rise show that the
joint torques required for the task are large, and exceed
those used in walking and stair-climbing (Rodosky et al.
(1989)). For the elderly, however, maintaining balance
during the task may be an even more important
performance constraint than diminishing the required
muscle torques (Schultz et al. (1992)). Differences in the
dynamics of chair-rise between young and elderly
subjects depend on movement speed (Pai et al. (1989))
and level of disability (Alexander et al. (1991); Ikeda et
al. (1991)). Although sitting down onto a chair is
associated with risk for falling (Tinetti et al. (1988)),
few studies exist on the biomechanics of sitting down
onto a chair (Yoshida et al. (1983)). The purpose of this
study was to describe the biomechanics of sitting down
onto a chair and how they are affected by age and speed.

"PROCEDURES

Fifteen elderly (70+6 yrs) and seven young (2412 yrs)
women participated in the study. The elderly women
were community-living and were free of known
musculoskeletal or neurological conditions that limited
their mobility. Subjects were asked to sit down into a
standard height chair at self-selected slow, normal, and
fast speeds without the use of their arms for assistance.
kinematic data were obtained using a 60 Hz, video-based
motion analysis system. Reaction force data were
collected using force plates fixed in the floor and chair
seat. The motion data were digitally filtered with a low-
pas cutoff frequency of 6 Hz. Hip, knee, and ankle
muscle torques, as well as the joint torques due to gravity
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and segmental accelerations and velocities, were
calculated using the motion data. The locations of the
body center of mass and the center of pressure under the
feet were calculated. The effects of age and speed were
tested using regression analysis or analysis of variance
as appropriate; significant results are reported for
p<0.05.

RESULTS

Movement times decreased significantly from slow to
normal to fast speed trials for both young and elderly
subjects (Y=2.884+0.32s, 2.06+0.30s, and 1.41%0.20s;
E=2.70+0.39s, 2.1610.42s, and 1.59+0.21s). Although
the young subjects tended to move faster than the elderly
subjects at all speeds, the difference was significant only
for the fast speed trials. The relative time spent in the
descent portion of the movement (i.e., start of
movement to chair contact relative to movement time)
decreased with movement time for both young and
elderly subjects. Although the decrease was significant
for both age groups, the elderly subjects showed more
variability in relative descent times than did the young
subjects (1=.28 and 1=.63, respectively). At the same
movement speeds, however, elderly subjects took
relatively more time to descend than did young subjects
(norm=62+14% and 52+11%; fast=51+20% and 45+8%,
respectively).

Joint motions were similar at all movement speeds, for
both young and elderly subjects. During descent, the
knee and hip joints flexed, and were followed by hip
joint extension during the "settling” phase (i.e., chair
contact to movement end) . Reversal of hip joint motion
from flexion to extension occurred at or slightly before
chair contact.

Subjects contacted the chair with a decreasing negative
(downward) velocity and thus a positive (upward)
acceleration. The magnitude of the upward acceleration
increased as movement time decreased for both young
and elderly subjects (r=.67 and r=.58, respectively). The
magnitude of the upward acceleration at chair contact was
greater for young subjects than for elderly subjects, even
when they were moving at the same rate (normal speed
trials) (1.85+1.05 and 1.22+0.72ms-2, respectively).
The magnitude of the downward momentum of the body
peaked during descent, prior to chair contact. The
magnitude of the downward momentum .also increased
with movement speed for both young and elderly
subjects (r=.81 and 1=.77, respectively), and was greater
for young than for elderly subjects (norm=-28.6+8.6 and
-23.5 + 6.6 Kgms-1; fast=-47.6+13.0 and -38.9+7.3
Kgms-1, respectively).

Extensor torques at the hip and knee peaked prior to chair
contact for young and elderly subjects. Extensor torques



peaked significantly earlier for the elderly subjects than
for the young subjects, at both the hip (-0.20+0.35s and
-0.06+0.32s, respectively) and the knee (-0.21+0.36s
and -0.11+0.15s, respectively). Peak extensor torques
at the hip increased significantly as movement time
decreased but the relationship was not strong for either
young or elderly subjects (r=.27 and r=.33,
respectively). Hip torques were the same for young and
elderly subjects when moving at the same speed. The
magnitude of knee and ankle torques did not depend on
movement time or age.

The ratio of hip muscle torque to gravitational torque at
chair contact increased significantly with movement
speed for both young and elderly subjects (norm=-
1.5+0.3 and -1.3+0.3; fast=-1.9+0.6 and -1.6+0.2,
respectively). The ratio was significantly greater for the
young subjects. .

The projection of the center of mass location under the
foot was always posterior to the lateral malleolus at the
time of chair contact, and did not depend on movement
time or age. In contrast, the center of pressure location
ranged both anterior and posterior to the ankle joint.
The center of pressure position at chair contact tended to
move anteriorly as movement time decreased for the
elderly subjects (r=.28), but not for the young subjects.

DISCUSSION

The temporal structure of the task was the same for young
and elderly subjects. Movement time decreased as speed
increased for both groups. Young and elderly subjects
had similar movement times, except in fast speed trials
in which the young subjects were able to achieve greater
speeds than were the elderly. Despite the same overall
movement times, elderly subjects were able to move
slower during the descent portion of the task by
increasing the relative duration of that phase. Thus, the
young subjects moved downward faster, and had to
generate larger upward accelerations to slow their motion
and "soften" chair contact.

The role of muscle torque during the task changed with
movement time for both young and elderly subjects.
Assuming that velocity torques are negligible (as in this
task), the ratio of muscle torque to gravitational torque at
a joint indicates the role of muscle in the task dynamics.
When the muscle and gravity torques are nearly equal
-(i.e., ratio is near 1), the muscle torque is acting
primarily to counter the effects of gravity. As the ratio
increases, the muscle torque is acting increasingly to
generate body acceleration. In this task, the increased
hip muscle-gravity torque ratio with increased movement
speed, and at all speeds for the younger subjects, is
consistent with the increased body accelerations during
these conditions.

The position of the center of pressure may indicate
stability during a task. The anterior precession of the
center of pressure position with speed suggests a
strategy by the elderly to preserve stability at the time of
chair contact as the task becomes more demanding with
increased speed.
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EFFECT OF ANKLE SUPPORT ON LEG MUSCLE ACTIVATION,
KINEMATICS, AND KINETICS DURING DROP LANDINGS

Jon W. Feuerbach, Thomas M. Lundin, Mark D. Grabiner

Department of Biomedical Engineering
The Cleveland Clinic Foundation, Cleveland, OH 44195

INTRODUCTION

Ankle sprains are one of the most common injuries
among physically active people, most frequently
affecting the lateral ligamentous complex. The
high incidence of ankle injuries and their
deleterious impact on participation in athletics and
activities of daily living has led to the design of
various ankle orthotic supports. The objective of
these support systems is to restrict undesirable
joint motion without affecting normal joint
kinematics or motor performance. Research on
various motor tasks such as running and vertical
jumping, integral components of many sporting
activities, has not yielded a definitive answer as to’
whether ankle support diminishes motor
performance.

Landing from a jump imposes forces on the body
that must be absorbed primarily by the
musculoskeletal components of the lower
extremity. The effects of ankle support on the
mechanics of the landing subsequent to a jump are
even less delineated than the effects of ankle
support on jumping performance. Inappropriate
ankle joint orientation (e.g., excessive inversion
and plantarflexion) during flight may produce an
improper landing position, which in turn may lead
to an ankle injury (Peters et al., 1991). No
investigators have examined the effect of ankle
support on lower limb kinematics or the
underlying muscle activation during a drop
landing. Furthermore, there has been no research
quantifying the effect of ankle support on lower
limb kinetics and energetics during a drop landing.
An inverse dynamics determination of joint
moments of force and joint powers could be used
to describe the mechanisms by which the kinetic
energy acquired during a free fall can be
dissipated. The purpose of this study was to
compare the effects of three types of ankle support
on lower limb muscle activation, kinematics, and
external and internal kinetics and energetics during
drop landings.
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METHODS

Five uninjured male subjects performed five drop
landings under four bilateral conditions: (1) no
ankle support; (2) application of tape;

(3) application of Aircasts; and (4) application of
Swede-O ankle braces. The subjects were
instructed to hang from a horizontal bar that was
suspended from the ceiling so that the vertical
displacement of the lateral malleolus was 50 cm.
The subjects initiated the drop by releasing the bar
and they were instructed to "land naturally"”.

Branched electrode EMG signals (Koh and
Grabiner, 1993) were collected from the
gastrocnemius, peroneus longus, and tibialis
anterior of the right leg. The rectified, averaged
and normalized EMG signals were analyzed in two
phases: (1) descent -- the 20 ms prior to
touchdown; and (2) impact -- from touchdown to
the time of maximum vertical ground reaction
force. '

Right foot, shank, and thigh positions were
recorded using a Motion Analysis System. The
orientation of the foot relative to the shank was
specified by Cardan angles of the following order:
plantar-dorsiflexion, inversion-eversion, and
adduction-abduction. The ankle joint angles and
the knee flexion angle were examined 1 ms prior
to touchdown.

Ground reaction forces and moments were
recorded using two AMTI force plates, one
beneath each foot. The maximum vertical and
medial ground reaction forces were analyzed.
Inverse dynamics were performed to obtain the
lower limb joint kinetics and energetics during the
impact phase.

The EMG data of each muscle were entered into a
2 by 4 (phase by condition) ANOVA with repeated
measures. The other kinematic and kinetic
parameters were entered into a 1 by 4 (condition)
ANOVA with repeated measures. The level of
significance was set at 0.05.



RESULTS AND DISCUSSION

Glick, et al., (1976) suggested that ankle support
had a "stimulating effect on the peroneus brevis"
which would help prevent inversion injuries. In
the present study, increases in peroneus longus
activation were seen with each of the ankle
supports compared to the no support condition
(Table 1). Although the differences in muscle
activation level produced by ankle support were
not statistically significant, these trends deserve
further attention. Surprisingly, the gastrocnemius
activation levels tended to be greater during the
descent phase compared to the impact phase (only
the no support condition was statistically
significant) while the tibialis anterior exhibited the
opposite trend (n.s.).

Table 1. Mean (SD) of the normalized average EMG.

Gastrocnemius  Peroneus Tibialis
Longus Anterior

(%MVE) (%MVE) (%MVE)
NO SUPPORT )
Descent 41(19)* 38(17) 26(20)
Impact 21(5) 35(23) 61(42)
AIRCAST
Descent 44(15) 44(42) 20(17)
Impact 20(14) 46(34) 49(50)
TAPE
Descent 52(31) 49(24) 33(12)
Impact 20(12) 46(35) 51(25)
SWEDE-O
Descent 32(20) 66(50) 30(22)
Impact 21(17) 48Q27) 48(45)

* Significantly different from impact phase (p<0.01).

Significantly less plantarflexion was observed
prior to touchdown in the ankle support conditions
than in the no support condition (Table 2).
Inversion and adduction during the descent were
not significantly affected by ankle support. An
improper ankle joint orientation of excess
plantarflexion and inversion during the flight
phase of a running stride or jump is a mechanism
of ankle joint injury commonly alluded to by
clinicians (Peters, et al., 1991). Although the -
ankle supports did not significantly alter the
magnitude of inversion compared to the no support
condition, the reduction in plantarflexion could be
a mechanism for the decrease in ankle injuries that
have been reported with the application of ankle
supports (Rovere, et al., 1988).
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Table 2. Mean (SD) of the knee and ankle angles prior to-
touchdown.

Ankle Ankle Ankle Knee
Plantarflexion Inversion Adduction Flexion
d 314 ) o at ) (& g1 ) ((hw)
NO SUPPORT 16.8(3.5) 6.2(3.3) 6.0(54) 13.4(4.8)
AIRCAST 99(3.2)* 4.6(3.0) 6.14.7) 16.7(4.0)
TAPE 9.4(43)* 4932) 63(7.1) 17.5(5.1)
SWEDE-O 9.0(4.7)* 5.0(1.9) 6.1(4.8) 18.4(5.5)*

* Significantly different from no support (p<0.02).

Ferguson (1973) suggested that ankle joint support
"transmits strain” to the knee joint. Indeed, the
trend toward increased knee flexion during the
ankle support conditions (Table 2) may have acted
in concert with decreased plantarflexion to result
in zero net change in the ground reaction forces
(not shown here). However, the results of the
present study also demonstrate that ankle support
had no significant effect on maximum joint
moments (Table 3), or joint energetics (not shown
here). Thus, these results provide little evidence
that application of athletic tape or commercial
ankle supports (during a drop landing) increases
the risk of knee joint injury.

Table 3. Mean (SD) of the maximum joint moments.

Ankle Knee Hip
Plantarflexion Extension Flexion
(Nm/kg) (Nm/kg) (Nm/kg)
NO SUPPORT 1.47(0.42) 2.60(0.61) 4.57(0.86)
AIRCAST 1.55(0.30) 2.71(0.33) 4.91(0.34)
TAPE 1.51(0.32) 2.80(0.42) 5.06(0.64)
SWEDE-O 1.40(0.27) 2.67(0.25) 4.77(0.50)

With the exception of knee flexion and
plantarflexion angle prior to touchdown, ankle
support had few statistically significant effects on
lower limb muscle activation, kinematics, and
kinetics in normal subjects. A model could be
utilized to improve the understanding of the
biomechanical significance of factors which
influence stress in the lateral ankle joint ligaments.
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IMPACTS ON PADDED SURFACES
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INTRODUCTION
Head injury depends more on
acceleration than applied
force. We show by analysis
that when an object impacts a
deformable surface, its accel-
eration is inversely propor-
tional to its mass. To test
this prediction, 2.69 and 7.40
kg missiles were dropped onto
3 deformable surfaces, and im-
pact force and acceleration
were measured. For each test
surface, the smaller mass pro-
duced a larger acceleration
than the larger mass.

REVIEW AND THEORY
The risk of head injury during
a direct impact has been cor-
related with the linear accel-
eration which the impacting
object experiences (Ommaya
1985) . Thus, risk of injury
criteria are based on acceler-
ation rather than force. Con-
sider a mass m dropped from a
height H onto a deformable
surface. The energy to be
dissipated is mgH, where g is
the acceleration of gravity.
If F_, is the average force
during the impact and z is
the maximum deformation of the
surface, then

mgH = F_z (1)
The average acceleration dur-
ing the impact, in multiples
of g, is

a, =F /m=H/z (2)

Assuaﬁng fhat the deformable
surface has a load-deformation
behavior described by

F = kzP (3)
where k and p are coeffi-
cients,
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I.Zmax Zmax
mgH = ﬂFdz = ﬂkzpdz (4)
0 0
k ZI'lIaXp‘VI
mgH = (5)
p + 1
Combining egs. (5) and (2),
HPk
aav - [___] 1/(pt1) (6)
(p+1) mg

Eg. (5) implies that a,, is in-
versely proportional to m to a
degree dependent on p. For a
given H and surface, the aver-
age accelerations a_,‘'and a,",
suffered by masses m’ and m",
respectively, will have the
ratio " ont

aav, /aav" = (mll/ml) /(p+1) (7)

Experimentally, it is easier
to measure peak acceleration
(aw) than a,,. If accelerat-
ion-time curve shape is inde-
pendent of mass, eq. (7) should
apply to either a_, or 3 -
PROCEDURES
For the first experiment, a
missile with a 9.68 cm dia.
hemispherical impacting sur-
face was dropped 31.8 cm onto
one of 3 test surfaces: moist
sod, dry sod, or Astroturf.
The missile mass was either
7.40 or 2.69 kg. A Kistier
Model 9281B1l1 force plate was
used to record the peak verti-
cal force produced during each
impact. ay Was calculated by
dividing ghe force by the
missile’s mass, and subtract-
ing the acceleration of gravi-



ty. Additionally, the load-
deformation characteristics of
the three surfaces were mea-
sured in an Instron Model 1122
testing machine using the same
hemispherically-shaped impac-
tor and a deformation rate of
5 mm/min. Eqg. (3) was fitted to
the load-deformation curve and
k and p were calculated. Eqg.-
(7) was used to calculate the
ratio of the accelerations
predicted for the two masses,
and this ratio was compared to
that for the peak accelera-
tions measured during impact.

RESULTS
ANOVA showed that both mass
and surface significantly
affected impact acceleration
and force, and the interaction
between mass and surface was
also significant (Table 1, p <
0.0001 in each case). Each
test surface gave results
which were different from the
other two (p < 0.001 in each
case) . For a particular test
surface, a, produced by the
smaller mass was always sig-
nificantly greater than that
produced by the larger mass (p
= 0.0113 for the artificial
surface and p < 0.0001 for
both sods). Peak forces pro-
duced by the larger mass were
greater than those produced by
the smaller mass (p < 0.001 in
all cases), but the increase
in force was not in proportion
to the increase in mass (e.g.,
for moist sod, the 2.75x in-
crease in mass only increased
impact force 1.49x). Table 2
contains results from the
indentation experiment. Pre-
dicted and measured acceler-
ation ratios coincide for As-
troturf and moist sod, but are
not so similar for dry sod.

DISCUSSION
A more massive object deforms
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a padded surface more than one
with less mass, and the veloc-
ity is reduced to zero over a
longer period of time. Accel-
eration during the impact
depends critically on the
load-deformation characteris-
tic of the pad, particularly
its nonlinearity. These re-
sults have important practical
implications in the design of
surfaces padded for safety. A
child’s head hitting such a
surface may experience a grea-
ter acceleration than an a-
dult’s, and the properties of
the pad need to be adjusted to
match the mass as well as the
velocity of the impacting ob-
ject. Another potential appli-
cation of these results is
with regard to the ability of
body tissues to pad the hip
during a fall on the greater
trochanter. This problem is
analogous to that considered
here, and could be analyzed
similarly.
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Table 1: IMPACT TESTING

Mass Pk Accsl Pk Force Tests
kg m/sec N #
Surface: Dry Sod .
2.69 1160+147 3146+396 10
7.40 677+7 5082+51 10
Surface: Moist Sod
2.69 550+6 1506+15 9
7.40 472419 3568+143 8
Surface: Astroturf
2.69 458+81 1260+219 1"
7.40 343429 1875+156 11

Table 2: INDENTATION TESTING
32.69kg’ 7. 4kg

Surface p calc meas

Dry sod 1.92+40.24 1.41 1.71
Mst sod 3.70+40.33 1.24 1.17
Aturf  2.19+40.41 1.37 1.34

(Mean + Standard Deviation)
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ABSTRACT

Development of a biomechanical model of the upper
extremity during typing requires understanding of the
finger kinematics and impact forces. In this study,
fingertip motion and impact forces were measured during
typing. The vertical fingertip motion was characterized
by a five-phase ‘M’ wave pattern consisting of an up
swing (A), down swing (B), pulp compression (C),
retraction (D), and return to rest (E). DIP extension
during phase C was observed in some subjects.
Simultaneous occurrence of fingertip peak deceleration
and maximum force at impact suggests that the collision
of the fingertip with the keyboard, rather than the finger
extensors, abruptly decelerates the finger.

INTRODUCTION

Soft tissue injuries of the hand and arms due to work,
such as Carpal Tunnel Syndrome and tenosynovitis,
have increased in order of magnitude over the past ten
years and now account for greater than fifty percent of
all occupational illnesses (Rempel, 1992). Studies have
linked these injures to prolonged use of computer
keyboards (Sauter 1991, Smith 1981, Burt 1990). The
associated repetitive finger movements and impact
forces are suspected of contributing to injury. Fingertip
impact force during keyboard use was investigated by
Rempel (1992), yet the biomechanical significance of
the forces is still unknown. Understanding how these
forces relate to finger motion is essential to the
development of a biomechanical model. Therefore it is
the goal of this study to further characterize the motion
of the finger during typing and correlate the motion
with fingertip impact forces.

METHODS

The vertical fingertip impact force was measured using a
quarter bridge strain gauge load cell placed above the
key switch post below the key cap. The load cell was
mounted in the f key of a prototype QWERTY computer
keyboard with Apple Extended IT keyboard key switches
(activation force of 0.6 Newtons (Rempel 1992)). The
bridge signal was amplified and filtered before being
sampled at 1000 Hz by a National Instruments A/D
board in a Macintosh fx computer. The strain gauge was
calibrated using weights from 0 to 6.0 Newtons and was
linear within 1% of full scale.

Finger motion was measured using a two camera 3-D
Selspot motion analysis system with a resolution of
150um. Four infra-red LED markers were placed on the
left index finger. Two markers each were mounted on
the dorsal side of the distal and middle phalanges and
placed along the axis, approximately 1.5 cm apart.
Motion data was collected at 500 Hz and digitally
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filtered over a two second window. Data acquisition of
force and motion data was synchronized by a trigger
controlled and activated by the operator. Angles of the
phalanges from the horizontal plane were calculated
from the Cartesian coordinates of the markers.
Fingertip velocities and accelerations were obtained by
digital differentiation of the position data. Only
kinematic parameters in the vertical direction were
considered. Vertical up is defined as positive.

Four touch typists, two male and two female ranging in
age from 24 to 40 years were allowed a five minute
warm-up period on pangramic text prior to data
collection. Subjects then continuously typed special
text having a high frequency of the letter f while 10 sets
of key force and finger motion data were recorded. The
special text was designed such that the f key was
preceded and followed by a key that did not require the
use of the left index finger, in an attempt to isolate a
key stroke cycle. The typing skills ranged from 45 to
60 words per minute. Chair and keyboard heights were
adjusted for each subject.

RESULTS

A typical vertical fingertip motion is shown in figure 1.
Fingertip position data exhibited an ‘M’ pattern for all
keystrokes among the subjects. During phase A, the
finger is pulled back from its resting position to above
the key cap in preparation for the keystroke. It is then
accelerated downward in Phase B. It comes in contact
with the key cap in the later portion of B (-61.5 mm in
figure 1). Phase C cormresponds to the maximum key
travel and pulp compression. The finger is then
retracted in phase D and returns to rest in phase E.
Average peak-to-peak amplitude of the ‘M’ wave range
from 10.5 to 21.4 mm.

Maximum force, velocity, and acceleration values for
the four subjects are presented in table 1. Maximum
velocities occurred during phase B, while maximum
decelerations coincided with either the maximum force
(at the junction of phases B and C) or the initial contact
with the keycap in phase B (figure 2). Maximum
decelerations were as high as 5g.

Variations in the relative angle between the distal and
middle phalanges were observed during phase C. The
DIP joint extends approximately 20 degrees in 75% of
the keystrokes of two subjects (figure 3). In one subject
hyperextension of the DIP joint was observed.

DISCUSSION

The force patterns and finger motions observed support
the three-phase force classification reported earlier by
Rempel (1992). The force contains the switch



compression (Phase I), finger impact (Phase II), and
fingertip pulp compression and release (Phase III). The
later part of phase B contains the switch compression,
while both phase C and the early part of phase D
includes the pulp compression and release. The finger
impact occurs at the transition from phase B to C.
Kinematic values obtained are comparable to values
acquired on a flat piezo-keyboard (Guggenbiihl, 1990).

The ‘M’ wave motion pattern was observed in all
subjects. Not all the key strokes were completely
isolated. Some patterns showed overlap with motion
from other keystrokes including consecutive f key
strikes. For these cases the fingertip did not return to or
start from rest and followed motion patterns similar to
those obtained by Guggenbiihl (1990) during
continuous single finger keying. The lack of a resting
state may contribute to higher heights of the ‘M’ wave.
The average peak-to-peak ‘M’ wave height is about 15
mm, four times larger than key travel. '

The simultaneous occurrence of fingertip deceleration
and the maximum force suggests that the maximum
impact force is generated only by the abrupt
deceleration of the finger by the keyboard base.
Additionally, the monotonic relationship between
average maximum force and the corresponding
deceleration lends credence to this conjecture (table 1).
Guggenbiihl (1990) suggested that the finger extensors
play no role in stopping the finger during a keystroke.

Double-peaked deceleration of the fingertip was
observed in 69% of all keystrokes during phase B.
Peaks occurred at the contact with the keycap and at the
finger impact, the end of phase B. Guggenbiihl (1990)
results include a double-peaked deceleration.

The observed extension of the DIP joint suggests a
complicated finger motion during typing not described
before. The extension may be lengthening the tendons
and muscles during a keystroke, which in turn would
produce unusual force patterns and levels in the flexors
tendons.

Vertical Position (mm)
-65 -64 -63 -62 61 -60 -59 -58

T

1.1 1.2 1.3 . 1.4
Time (s)

—
o

Figure 1: Fingertip motion during a keystroke showing
five-phase ‘M' wave: up swing (A), down swing (B),
pulp compression (C), retraction (D) and return to rest
(E) (Subject 1).
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Figure 2: Fingertip force (solid) and acceleration
(dashed). Peak deceleration occurs at the end of phase
(B) corresponding to the finger impact (Subject 1).
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Figure 3: Distal (solid) and middle (dashed) phalanx

angles measured from the horizontal during key stroke.

The DIP extends during phase C (Subject 2).

PhaseIT Mwave - Peak Peak
: Peak Force height Velocity = Decel °
Subject (1)) (mm) (m/s) (m&Z).
1 23 (5) 10.6(5) .27 (.17) 25 (11
2 27 (9 205 @3) 53 (11) 38717
3 1.7 (3) 105 (2) .31 (08) 16(Q3)
4 23 (4 214 (4) .52 (.18) 30 (16)

Table 1: Comparison of subject mean force and
kinematic values for 10 ‘f* keystrokes for 4 subjects.
Value standard deviation is in parenthesis.
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FINGERTIP FORCE HISTORIES FROM MULTIPLE
KEYS DURING TYPING
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ABSTRACT

Ten keys of a standard keyboard were instrumented to
collect fingertip force for five typists to evaluate variability
between fingers and between keys during typing.
Individual keycaps were instrumented with strain gauges.
Maximum force, average force, area under the curve, and
duration of the keystroke were used to quantify the force
histories. No statistically significant differences were
observed between keys for the four summary measures.

INTRODUCTION
The measurement of fingertip force during keyboard usage
is an important element in modeling the complex motion of

the finger during typing.

Previously, fingertip force during keyboard use has been

 measured dynamically by placing load cells beneath the

keyboard (Armstrong et al. 1993), or instrumenting a single
key (Rempel et al. 1992). Rempel et al. instrumented the
'H" key of a standard keyboard by placing a piezoelectric
loadcell between the key cap and key switch. They found
the following advantages to instrumenting individual keys:
1) Transducer output is not affected by the dynamics of the
switch mechanism, circuit board, and keyboard frame. 2)
Erroneous forces measurements caused by the hands or
fingers resting on the keyboard are eliminated. 3) The
difficulty of isolating individual keystrokes is eliminated.
The next logical step in the collection of fingertip force data
is to instrument multiple keys. The purpose of this study
was to instrument multiple keys of a standard alphanumeric
keyboard and to collect fingertip force histories from
multiple keys and multiple fingers to evaluate variability
between fingers and between keys during typing.

METHODS

Ten keys (D,F,H,J,LM,Q,P,S,V) of a computer keyboard
were instrumented with individual strain gauges located
between the key cap and the key switch. The instrumented
keys were chosen in order to measure force from as many
fingers as possible during normal typing. The keys to be
instrumented were modified by machining the inside of the
keycap to accommodate a metal post and plate. A resistive
strain gauge in a quarter bridge circuit was mounted to the
top of the plate. The plate was attached to the keycap using
cyanoacrylate. The keycap assembly was then placed in the
standard key switch. Force on the keycap caused bending
of the plate which is measured as strain by the strain gauge
(Figure 1). Output from the individual strain gauges was
multiplexed before amplification using a dual pole
multiplexor integrated chip. Two multiplexors were used,
with each multiplexor controlling five strain gauge signals.
After passing through the multiplexor, the strain gauge
signals were amplified and then sampled at 2000 Hz using a
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National Instruments A/D board on a Macintosh computer.
Four summary measures were used to quantify the finger
force impact history: maximum force, average force, area
under the curve, and duration of the keystroke (Figure 2).

The characteristics of the instrumented keys were measured
before testing to insure that the instrumented keys would
accurately measure fingertip force. The linearity,
repeatability, strike position sensitivity of the keycaps, and
natural frequency of the keycap assemblies were tested.
Linearity was determined by placing a series of standard
weights (0, 212, 317, and 418 grams) on each instrumented
keycap assembly and plotting voltage output versus weight.
Repeatability was measured by comparing the voltage
output of an instrumented key for ten trials with a 317-gram
weight placed on the key. Strike position sensitivity was
determined by placing standard weights (0, 212, 317, and
418 grams) in the center of each keycap and in each of the
four comers and comparing strain gauge output.
Measurement of natural frequency of the keycap assembly,
which was performed to determine if it was beyond the
range expected during a finger strike, was accomplished by
mounting a instrumented keycap assembly on a shaker table
and measuring output of the keycap while it was subjected
to a constant force input over a frequency range of 100 to
2000 Hz.

Five subjects (3 males, 2 females) were recruited for the
study. The subjects were between 18 and 50 years old,
capable of typing at least 25 words per minute, and had no
history of carpal tunnel syndrome or recent hand or arm

surgery.

The chair, keyboard, and monitor height were adjusted to
the subject's body dimensions using a standardized
protocol. A two minute warmup period preceded the data
acquisition to acquaint the subject with the experimental
setup. Data acquisition consisted of having the subject type
pangramic text (text in which each sentence contains all the
letters of the alphabet) until 25 keystrikes for each of the
ten instrumented keys was collected. This took from 25 to
40 minutes.

RESULTS

Linearity of the system was + 3% over the range of 0 to 450
grams, and repeatability of the strain gauge output varied
by less than 2%. Strike position sensitivity for each of the
instrumented keys varied by less than 10% from the strain
gauge output at the center to strain gauge output at any of
the corners. Mean corner-to-corner variability was 4.1 %.
The natural frequency of the keycap assembly was between
1000 and 1100 Hz, an amount well above the frequency
where the energy is concentrated during a keystrike. A
power spectrum of a keystrike shows that all of the energy
is concentrated well below 200 Hz.



Variability within a key and variability between keys were
calculated and are summarized in Table 1. Mean between
keystroke values and standard deviations across all keys
and subjects and the mean between key values and standard
deviations across all subjects for the four summary
measures are shown. Between keystroke standard
deviations were found to be higher than between key
standard deviations for all four summary measures.

A comparison of the four summary measures for five
fingers at their home row keys averaged across all subjects
is shown in Table 2. An analysis of variance was used to
test for differences between the keys. No statistically
significant differences were found between the keys for the
four summary measures.

DISCUSSION

This paper describes a new system for measuring fingertip
force during a keystroke for subjects typing on a keyboard.
It is different from previously described systems in that
multiple keys have been instrumented.

System validation indicates that the instrumented keys
accurately and repeatably measure fingertip force. Mean
peak force for the "H" key was found to be similar to mean
peak values for the "H" key as reported by Rempel et al.
(235N, SD 0.49 vs. 2.99 N, SD 0.62). Although values for
the force histories are similar, the advantages of the strain
gauges are less drift than the piezoelectric load cell used in
that study and and the strain gauges are less expensive.

Fingertip force differences between fingers was observed
by Armstrong. Highest forces were measured in R2, R3,
with the next highest in L2, L3. Lowest forces were seen in
digits 4 and 5. Similar trends were observed in this study
but they were not significant. This may be due to small
sample size.

In order to characterize an individual during typing, sample
size calculations show that the number of keystrokes
needed for each key varies from 10 to 28 and the number of
keys needed varies from 7 to 14, depending on which
summary measure is used. This is for an error rate of 10
percent of the mean value of the summary measure.

strain gauge key cap
. po:
metal plate
key switch circult board
I
7
keyboard housing

Figure 1. Cut away of instrumented keycap. A resistive
strain gauge is mounted on top of the plate. Force on the
keycap causes bending of the plate which is measured by
the strain gauge. The instrumented keycap fits into the
standard key switch on the keyboard.
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Figure 2 Summary measures were used to quantify the
finger force impact history: Maximum force, Average
force, Area under the curve, Duration of the keystroke.

Max Average Curve Duration

Force  Force  Area
™) N) ([N ms) (ms)
1 Mean 232 1.10 1227 1109
SD 0.56 0.22 334 183
O Mean 233 1.10 1230 1111
SD 044 0.15 21.6 16.7

Table 1. Summary measures for: (I) Between keystroke
values across all keys and subjects, (II) Between key
values across all subjects.

Max Average Curve Duration
Force  Force  Area
FINGER Q) N) (N ms) (ms)
L2(F) MEAN 2.05 1.04 1040 993
SD 034 0.05 12.6 9.2
L3(D) MEAN 191 095 1005 1043
SD 0.26 0.10 14.3 74
L4 (S) MEAN 219 117 1334 1128
SD 033 0.17 27.6 13.0
R2(K) MEAN 248 1.04 1095 106.0
_ SD 0.80 0.11 93 = 54
R4 (L) MEAN 220 1.05 1224 1155
sD 0.51 0.27 33.6 9.4

Table 2. Comparison of summary measures of five fingers
for the home row averaged across all subjects.
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THE QUANTIFICATION OF INTRA-ARTICULAR CONTACT STRESSES
IN DISPLACED FRACTURES OF THE DISTAL RADIUS
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INTRODUCTION

Post traumatic ostcoarthritis is a common sequela of injuries
that result in residual displacement of the articular surface. The
mechanical factors that may predispose an incongruous joint to
degenerative processes are still unclear, and limited
biomechanical research has been done thus far to investigate
them. A simple in vitro fracture model of the wrist has been
developed to explore relationships between the degree of
fracture malreduction and contact stress aberrations in the
radio-carpal joint. Results of this study indicate that there
exists a strong corrclation between increasing residual articular
incongruity and altered kinctics of the radiocarpal joint.

REVIEW AND THEORY

Displaced fractures of the distal radius can, if untreated, lead to
post-traumatic osteoarthritis (OA). Persistent malreduction
following fracture reduction can also result in OA. Knirk and
Jupiter (1986) observed that fractures healing with any residual
intra-articular incongruity led to arthritis in 91% of their cases.
Offsets of 2 mm or more resulted in post-traumatic OA in
100% of affected patients. Fernandez and Geissler (1991)
reported that an adequate reduction of these fractures
prevented the development of arthritis in 95% of cases. They
also provided evidence that the lunate fossa is involved in a
majority of these fractures. We know of no biomechanical
study that has provided an explanation for these clinical
observations. Brown ct al. (1991) studied intra-articular
contact stresses as a function of circular defect size in the
vicinity of canine knee osteochondral defects. They found only
a mild relationship between spatial mean stress and defect size.
The present study was intended to explore relationships '
between fracture malreduction and contact stress aberration in
the radio-carpal joint.

PROCEDURES

Intra-articular contact stresses were measured after simulating
displaced fractures of the lunate fossa in the distal radius of
human cadaver specimens. Eight human cadaver arms were
transected at the midhumeral level. Specimens were dissected
free of skin and muscle preserving the wrist and elbow capsule
and supporting ligaments. Specimens were mounted in a
custom designed jig that applied 100N of load through the
wrist flexor and extensor tendons. Contact stresses were
measured with low and superlow Fuji pressure-sensitive film.
Packets of the film were inserted into the joint space through a
dorsal capsulotomy. The dorsal radioluno-triquetral ligament
was repaired, in order to prevent mid-carpal instability during
testing. Contact stresses were measured with the wrist in 0° of
extension, with neutral forearm rotation.

After testing the intact specimen, precision osteotomies were
performed to simulate an intra-articular fracture. Contact
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stresses were measured with 0, 1, 2 and 3 mm displacements of
the fracture fragment. During loading, the packets of 4
specimens were marked by an indenter, mounted on the dorsal
aspect of the radius, so that each packets' orientation relative to
the specimen could be determined. Pressure distributions were
analyzed by entering the image into a Macintosh Ilci computer
using an eight bit grey scale scanner (resolution = 12 pixels/
mm). Image analysis was performed using Image Analyst®
and PASCAL programs. Analysis has included measurement of
mean stresses and “overloaded” areas, defined as regions on the
scaphoid fossa that saw a 2-fold or greater increase in contact
stresses. Measurement of maximum stress concentrations and
their locations with respect to the intra-articular fracture have
also been determined.

RESULTS

The variations in mean contact stress for increasing fracture
displacement were normalized for each specimen to the mean
for the anatomically reduced fracture. Mean contact stresses in
the reduced specimen averaged 1.61 MPa. Mean stress
following a 1 mm step-off increased 1.13-fold. After 2 and 3
mm step-offs mean stress increased 1.27 and 1.29-fold,
respectively; values that were statistically significant when
compared to the reduced specimen (p=0.0005 and p=0.00004,
respectively).

“Overloaded” areas of the joint surface were defined as areas
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Fig. 1. Overloaded Arca (with stress > 3.0 MPa)

experiencing stresses of 3 MPa or more following a displaced
fracture of the lunate fossa. The change of this overloaded area
for increasing fracture displacement is shown in Figure 1. With
a 1 mm step-off, overloaded areas increased 3.9-fold
(p=0.048). After creating 2 and 3mm step-offs, overloaded
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areas of the joint increased 8 and 8.5-fold, respectively. These
increases were found to be statistically significant when
compared to the anatomically reduced fracture (p=0.00005
and p=0.001).

Distance from fracture line (mm)
-12 -8 -4 (]

scaphoid | lunate

Fracture
line
Fig. 3. Locations of Maximum stress with fracture
displacements of 0, 1, 2, and 3 mm for each specimen.

Maximum stress concentrations were determined from regions
in which the highest concentration of forces were recorded.
These are shown in Figure 2. Maximum stresses in the
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reduced specimen averaged 4.79 MPa. With a 1 mm step-off,
maximum stress increased 23% (p=0.08). After 2 and 3 mm
step-offs, maximum stress increased 53 and 79%, respectively;
values that were statistically significant when compared to the
reduced specimen (p=0.0001 and p=0.002). The migration of
the maximum stress with increasing fracture displacement is
plotted with respect to the fracture line orientation for each of
4 specimens in Figure 3. Itis clear that the location of
maximum stress approaches the fracture line with increasing
step-off magnitude.

DISCUSSION

The factors involved in the development of post-traumatic
arthritis are thought to include primary injury to cartilage,
intra-articular incongruity and associated joint instability. In
this model we have attempted to isolate the mechanical effects
of the most commonly involved fracture pattern in displaced
intra-articular fractures of the distal radius. Previous studies
examining contact stresses following displaced intra-articular
fractures have reported only modest increases in mean and peak
local contact stresses (Brown et al. 1991). While the changes
in mean stresses observed here were statistically significant,
their magnitude was relatively small. The observation that
there may be fairly dramatic shifts in what we have defined as
“overloaded” areas may help to reconcile the apparent disparity
between observed clinical results and our experimental model.
Further, the significant increases in maximum stresses and their
migration towards the fracture with increasing displacement
raisc new questions about altered joint stability. The ability of
the articular cartilage at the defect lip to withstand these
increased loads without lateral support is unknown, and is a
topic which needs to be addressed in future work. Another
paramcter which remains to be quantified in the Fuji stains is
the peak gradicnt of contact stress in the vicinity of the fracture
line, a parameter which Brown et al. found increased with
increasing defect size.
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THE DIFFERENTIAL EFFECTS OF A QUADRICEPS-DOMINANT AND
HAMSTRING-DOMINANT LOAD ON THE INTERNAL MECHANICS OF THE KNEE

E. A. Giron, R. P. Mikosz, and A. G. Rosenberg
Department of Orthopedic Surgery, Rush-Presbyterian-St. Luke’s
Medical Center, Chicago, Ill.

INTRODUCTION

Gait changes following total
knee replacement (TKR) have
been described in terms of
changes in the flexion-exten-
sion moments at the knee (1).
Two abnormal moment patterns
were identified during level
walking in patients following
TKR. The two patterns can be
related to a more quadriceps-
dominant moment pattern or a
more hamstring-dominant moment
pattern. Although several ex-
planations for these changes
have been proposed, the
effects of the abnormal gait
patterns and their relation-
ship to the mechanics of the
knee are not well understood.
The objective of this study is
to 1nvest1gate the changes in
the internal knee mechanics
resulting from the two gait
loading patterns.

METHODS

Six fresh-frozen cadaver knees
were obtained for mechanical
testing. Each knee was fitted
with a posterior cruciate re-
taining TKR. Two instrumented
spatial linkages were used to
record the tibiofemoral and
patellofemoral kinematics (4.5
deg, +.5 mm accuracy).

buckle force transducer was
used to measure tension in the
patellar ligament (+9 N
accuracy). Each implanted knee
was tested under a total load
of approximately 340 N. under
two load conditions. A
quadriceps-dominant load
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applied a quadriceps to ham-
string force ratio of 2:1
while a hamstrings-dominant
load applied a quadriceps to
hamstring force ratio of 1:2.
An axial load of 25% of the
dominant force was applied to
the tibia in both conditions.
Muscular forces were directed
along the femoral anatomical
axis. The knees were placed
in full extension and data
taken in 10 degree increments
to 100 degrees of flexion. A
repeated measures ANOVA was
performed to determine
statistical significance.

RESULTS

. There was a net posterior

shift in the position of the
tibia in the hamstring-
dominant condition relative to
the quadriceps-dominant condi-
tion for all angles of knee
flexion tested. The maximum
average difference in the tib-
ial position between the two
load states was approximately
2 mm. between-10 and 50 de-
grees. These differences were
not statistically significant
(p>.05). Statistically signif-
icant changes (p<.05) in the
position of the patella
towards a more flexed orienta-
tion, coincident with the
posterior shift of the tibia,
occurred in the hamstring-
dominant runs relative to the
quadriceps-dominant runs (Fig.
1). A statistically signifi-
cant inferior patellar shift
(p<.05) also occurred in the
hamstring-dominant load state



compared to the quadriceps-
dominant load state (Fig. 1).
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Figure 1 The graph illustrates
the positional changes of the
patella which result from a
hamstring-dominant load when
compared to a quadriceps-

dominant load.

Analysis of the patellar
ligament force to quadriceps
force ratio suggests an
increase in the mechanical
advantage of the extensor
mechanism in the hamstring
dominant condition relative to
the dominant quadriceps condi-
tion (Fig. 2). The extensor
mechanism transmitted a
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Figure 2 The graph shows the

differences in the ratio of
the patellar ligament force
(FL) to the quadriceps force
(FQ) resulting from the two
applied load states.

greater force per unit
quadriceps load to the
ligament when the hamstring
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dominant condition was applied
compared to the quadriceps
dominant load condition.

DISCUSSION

The increased force transfer
from the quadriceps to the
ligament appears to be a re-
sult of the altered tibio-
femoral and patellofemoral
orientations. The two load
cases produced subtle changes
in the relative bone positions
that produced relatively
substantial changes in the
mechanical advantage of the
extensor mechanism. The
posterior tibial shift
modifies the patellar
orientation to either displace
the retropatellar contact
point inferior or change the
geometric configuration of the
extensor mechanism to generate
a more efficient force
transfer from the quadriceps
to the ligament. Thus, the two
types of gait patterns seen in
patients following TKR can
produce substantial
differences in the internal
mechanics of the knee which
may influence function as well
as implant longevity.
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GLENOHUMERAL REACTION FORCE AND MUSCLE LOADS IN SCAPULAR PLANE
ABDUCTION WITH ROTATOR CUFF ACTIVITY AND SUPRASPINATUS DEFICIENCY

M. C. Miller, D.A. Deddo
Department of Mechanical Engineering
University of Pittsburgh

INTRODUCTION

Knowledge of the joint reaction forces and the forces
in the shoulder muscles is an important consideration
in shoulder reconstruction and rehabilitation. The
activity of the shoulder muscles has been considered

by Inman! and Perry5., but the estimation of the
loads imposed and the exact purpose of each muscle's
activity remains unexplained, especially in the
understanding of muscular stabilization of the gleno-
humeral joint.

The determination of necessary muscle forces and
joint reaction forces depends on the orientation of the
humerus in the glenoid and on the lines of action of
all muscles and ligaments across the joint.
Additionally, the muscle, ligament and joint force
form an overdetermined system so that many
combinations of muscle activity can effect the same
motion. Solution for muscle and joint forces,
therefore, depends on eliminating the redundancy or
application of a method that accommodates this
difficulty, such as linear programming.

Recent works by Karlsson and Peterson’ and van der
Helm® have used published data on muscle insertions
and origins and linear programming to compute joint
reaction forces and estimate muscle activity. This
work used all shoulder muscles and a specially
determined fit of relative motions of the elements of
the shoulder girdle. Other previous work has
estimated the forces in the shoulder!-2 but has not
incorporated published values of muscle origins and
insertions or accurate joint kinematics.

In order to estimate the maximum relative importance
of each of the rotator cuff muscles, a model using
only rotator cuff and primary abductors permits an
easy reference to determine changes occurring due to
rotator cuff injury.

METHOD

A computer model of the rotator cuff musculature
insertions and origins was .constructed using
published values4, including the possibility of
muscles wrapping around intervening structures. The
relative motions of the scapula, humerus and clavicle
were taken from the works of Inman2 and Perry5.
The glenohumeral joint was modeled as a spherical
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joint and values for the arm mass was chosen to
reflect standard anthropometric values.

A standard linear programming package in the IMSL
library was used to determine the optimal muscle
activities for scapular “lane abduction. The
functional objective of the human body for the linear
programming method was taken to be a minimization
of a linear combination of the sum of the necessary
muscle forces and of the force acting to move the
humerus out of the plane of scapular abduction.

Two cases of muscle activity were run: 1) normal
musculature and 2) a simulated rotator cuff tear.
Omission of the supraspinatus from the available
muscles, models the rotator cuff tear. That is, the
supraspinatus force is set to zero for all times for the
second muscle activity case.

RESULTS

Resulting muscle and joint forces are shown in the
figures. The figure shows only the middle deltoid
activity rather than the posterior, anterior and middle
deltoid portions included in the model. Subscapularis
and infraspinatus forces also increase, with a .
particular increase in activity during the initial phase
of abduction.

DISCUSSION

The deltoid activity peaks slightly before 90°
abduction and the early activity of the infraspinatus
(not shown) and subscapularis fits well with the
known need for activity of these muscles to permit
abduction without subluxation of the humerus. _The
increase in deltoid activity when the supraspinatus is
inactive requires approximately 20% more muscle
strength.The joint reaction forces are a cost of
supraspinatus inactivity, however.

CONCLUSION

Surgical repair of rotator cuff injuries without
restoring supraspinatus function can lead to
satisfactory results if the deltoid is strong enough to
compensate for the lack of supraspinatus strength.
The-additional joint reaction force may cause future
arthritic degeneration or lead to pain and increased

wear at the joint.
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ACUTE AND CHRONIC CHANGES IN KINEMATICS AND VERTICAL
GROUND REACTION FORCES OF THE ACL LESIONED CANINE.
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INTRODUCTION
One of the most widely used experimental models of
osteoarthrosis (OA) is the canine anterior cruciate
ligament lesion (ACL-X). Although much information
is available on the biochemical and morphologic
changes in the articular tissues of the canine ACL-X
tibiofemoral joint, very little is known of the changes
in gait associated with the ACL-X model. Gait is a
common clinical indicator of OA disability and of
functional changes in response to therapeutic
intervention. This study examined the acute and
chronic changes in the gait of beagle dogs due to
ACL-X through the kinematics of treadmill gait and
through the peak vertical ground reaction force
(VGREF) during free gait. Utilizing 3-D motion
analysis and a force platform, the gait of 44 dogs was
examined prior to surgical ACL-X and at 4 weeks
postop. A subset of 12 dogs were also evaluated at 18,
24, 36 and 52 weeks postop. The kinematic indicators
that changed most strongly in response to the ACL-X
were vertical excursion (VEx) of the distal tibia and
the angular excursion of tibiofemoral joint flexion
(FLx). Kinematic and VGRF changes were most
pronounced acutely (4 weeks postop) but improved at
24, 36 and 52 weeks. Tibiofemoral joint FLx tended
to worsen again at 52 weeks. By documenting the
kinematic changes in the gait of the ACL-X canine
model, the functional response of the model to
therapeutic intervention can in turn be investigated.

REVIEW AND THEORY
The canine ACL-X model has provided much
information about the anatomical (Adams; Marshall et
al) and biochemical (McDevitt et al; Vignon et al)
changes in articular cartilage associated with OA.
Some recent research using force platform analysis
has shown that vertical loading during gait is actually
reduced in the ACL-X limb (Budsberg et al;
O'Connor et al) which implies that joint instability
induced degeneration of the cartilage may be caused
by biomechanical changes other than vertical ground
reaction forces. However, no kinematic data are
available for this model to correlate with the force
plate studies. Kinematic studies have been useful and
sensitive in describing OA in humans (Murray et al;
Stauffer et al) as well as documenting the response to
intervention for OA (Chao et al; Ivarsson et al). The
purposes of this research were to describe the acute

and chronic changes in gait kinematics and peak
VGREF of the canine in response to ACL-X.

PROCEDURES
Purpose-bred adult beagles (n=44, 9-12 mos. old, 8-
10.7 Kg, both genders, no tibiofemoral OA detectable
by X-ray) were trained to trot on a treadmill at 1.8
m/sec. Reflective markers were placed bilaterally on
the skin overlying the lateral aspect of the distal tibiae,
lateral femoral epicondyles, greater trochanters, and
on the dorsal sacrum. A typical three second epoch of
treadmill gait was collected with 4 high speed video
cameras (200 Hz) as the dogs trotted in a pre-defined
calibrated space. Mean kinematic data were
calculated for each dog. Dogs were also trained to
trot at about 1.6 m/sec across a force platform
embedded in a runway. Three isolated strikes for
each paw were collected at 2000 Hz and a mean peak
VGREF calculated. Following the collection of normal
data, the left anterior (cranial) cruciate ligament of
each dog's left tibiofemoral joint was surgically
transected. Dogs were permitted cage activity,
gradually resumed treadmill and free gait activity
after three weeks and were retested at 4, 18, 24, 36
and 52 weeks postop. Dogs had unrestricted cage
activity (~1.0x1.5m pens). Enforced activity was limited
to minimum training periods (! hr/day x 5-10 days
prior to each test session). All data from this repeated
measures design were compared by ANCOVA.

RESULTS

The strongest kinematic indicators of change after
ACL-X were VEx of the distal tibia and the angular
range of FLx (Fig. 1,2). The VEx of both the intact
right and ACL-X left limbs were different from preop
values at 4 wks (p<.0009 R; p<.0001 L). The right
limb VEx remained higher than normal at 18 wks
(p<.02). The range of FLx diminished bilaterally at 4
weeks (p<.01 R; p<.0001 L) and remained less on the
left at 18 weeks (p<.03) before returning to normal.
Although not statistically significant, the lesioned knee
tended to have diminishing FLx at 52 weeks. The
peak VGRF was significantly decreased in the ACL-X
left limb at 4 wks and 18 wks but returned to near
normal levels by 52 wks (Fig 3).
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DISCUSSION
The kinematic responses to ACL-X were detectable
with 3-D motion analysis. Kinematic changes
occurred bilaterally and were most pronounced in the
hindlimbs. The response is most marked during the
acute phase when little arthritic change is expected in
the articular cartilage (Marshall et al) therefore this
acute lameness are primarily attributable to
compensations for joint instability. As the gait

response matured in the 18 to 36 week timespan, the
limping behavior became less pronounced, signalling
that sufficient motor learning had occurred to provide
secondary restraints to the joint instability. At 52
weeks, the gait was probably more typical of OA than
joint instability. The response of VGRF was
consistent with other reports and indicates that
vertical loading remains reduced for an extended
period after ACL-X.

We concluded that: 1) kinematic and peak VGRF
changes were bilateral; 2) acute changes at 4 wks
postop reflected a gait response to uncompensated
joint instability rather than OA; 3) notable motor
learning occurred between 18 and 36 weeks that
permitted a more normal gait pattern during the
chronic phase; 4) functional changes in the canine
ACL-X model are detectable with 3-D motion analysis
and force platform techniques. These findings may
permit the objective evaluation of clinical intervention
strategies for joint instability and for studying ways to
limit OA.
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INTRODUCTION

Local articular defects disrupt the natural congruency of a
joint surface and presumably alter the normal biomechanics
of the joint. Aberrations of contact stress distribution,
intrinsic material properties, and histologic response
associated with the repair process can be assessed using
experimental models. However, these studies provide
relatively little information about the fluid-phase
kinematics and solid-phase stresses of normal cartilage or
Tepair tissue.

REVIEW AND THEORY

Analysis of articular cartilage behavior has been greatly
facilitated by the development of biphasic finite element
formulations. Computational solutions for uniaxial
confined and unconfined compression of cylindrical plugs
of articular cartilage have demonstrated excellent
agreement with experimental findings. Application of
biphasic FE analysis to the indentation problem of a
hydrated soft tissue layer has helped characterize the stress-
relaxation response of articular cartilage (Spilker et al.,
1992) and the intrinsic material properties of both normal
cartilage and repair tissue (Athanasiou, 1989; Hale, 1991).
Wayne et al. (1991) extended this technique to study the
response of a repaired articular surface to a uniformly
distributed applied load.

The current study employs the continuurn linear biphasic
finite element formulation developed by Spilker et al.
[1990], and uses a geometrically simplified model of full-
thickness circular (axisymmetric) defects. This particular
model corresponds to the experimental canine (in vitro/ in
vivo) models for which contact stress data had already been
collected (Brown et al., 1991; Hale, 1991; Mohler et al.,
1992). Nonuniformly distributed loads, based on contact
stress data for an intact articular surface and surrounding
local articular defects, afford a realistic model of
physiologic joint loading. In addition, a full factorial
parametric evaluation of both intact and defect cases is
performed, to assess the dependence of computed field
variables on defect size and cartilage layer thickness.

PROCEDURES

The behavior of both an intact articular surface and graded
osteochondral defects was modeled using a two-
dimensional, axisymmetric mesh (Figure 1) with 576 4-
node, isoparametric, quadrilateral elements (2500 degrees
of freedom). Four distinct material regions, each modeled
as linear biphasic, are designated. Material properties
(permeability k, aggregate modulus H,, solid-phase

Poisson's ratio v, and solid volume fraction ¢,) for articular
cartilage and for defect repair material are set equal to the
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apparent constitutive coefficients derived from indentation
analyses of the in vivo canine series (Hale, 1991; Hale et
al., in press 1993). Material properties for the subchondral
plate (k=0.1x10"1? m*/N-sec, H,=2.79x10° Pa, v,=0.3,
6,=0.99) and dense cancellous bone (k=0.1x10"12m*N-
sec, H A=10xl()6 Pa, v,=0.3, ¢,=0.99) were chosen to
achieve physiologic (quasi-elastic) behavior. The
dependence of the algorithm solution on mesh resolution
and loading rate (i.e. spatial and temporal convergence) was
assessed over a wide range of mesh refinements (8-648
elements) and ramp times (0.1 - 1000 seconds).

i

symmetry axis i

frictionless, permeable
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Figure 1. Schematic representation of the finite element
mesh for biphasic analysis of osteochondral defects.
Profiles of the surface traction distribution are depicted for
the intact case (arrows) and for a 3 mm diameter defect
(shading). Elements in or above layer 1 comprise articular
cartilage, layer 2 is subchondral bone, and elements in or
below layer 3 are modeled as dense cancellous bone.
Elements near the symmetry axis (dashed lines) identify the
region occupied by repair tissue.

Based on convergence testing, an input loading history
(force-controlled creep) consisting of a 500 second linear
upramp from zero to maximum load was applied. The
distribution of surface traction for intact and graded defect
cases (1, 3, and 5 mm diameter) closely approximated the
nonuniformity of experimentally determined (series-
average) contact stress distributions from the in vitro canine
series (Brown et al., 1991). However, to obtain strains
consistent with the linear FE formulation, the resultant load
(area under the contact stress profile) for all cases was
attenuated to a value of 12.0 N. The boundary conditions
imposed for the model are intended to be representative of
the corresponding biological conditions - the contact
surface is assumed to be frictionless and permeable; nodes
along the symmetry axis and at the peripheral border of the
mesh are designated as frictionless and impermeable; and
adhesive, impermeable restraints are applied at the bottom



layer of the mesh. Solid/fluid load allocation for the model
is directly proportional to the surface area fractions of the
biphasic mixture. -

Parametric variations in defect size (intact, 1 mm, 3 mm,
and 5 mm diameter defects) and cartilage layer thickness (1
mm, 2 mm, 3 mm, and 4 mm) were readily affected by
reassigning material properties for appropriate elements of
the mesh; the physical dimensions of the element layers
(i.e. mesh zoning) remained constant. Field variables
including fluid velocity, fluid pressure, and solid phase
principal stress and maximum shear stress, were computed
either at the nodes or at the centroid of each element.

RESULTS and DISCUSSION

All defect parametric series were performed within the
documented limits of the FE code reliability. Because this
involved sub-physiologic surface tractions and load rates,
data interpretation should emphasize relative rather than
absolute magnitudes. In addition, rather obvious
limitations are associated with the geometrically simple FE
representation of the highly complex anatomical structure.
Nonetheless, this representation provides a reasonable first
approximation of the macroscopic geometric features
associated with full-thickness osteochondral defects.

Computed field variables responded in varying degrees to
parametric variations in defect diameter and cartilage layer
thickness. Perturbations related to cartilage layer thickness,
however, tended to be rather minor compared to defect-
size-dependent changes. All results are reported for a time
corresponding to the attainment of peak applied load (t =
500 seconds).

Deformed mesh plots for the specified surface tractions
consistently exhibited well-behaved displacements and
strains. Local anomalies (specifically, disproportionate
straining of surface layers) were not observed for any
combination of defect size and cartilage layer thickness.
With increasing defect diameter, the unbuttressed lip of
cartilage at the defect rim exhibited a tendency to move
ever farther into the defect. Huber-Betzer et al. (1990)
noted a similar phenomenon for elastic FE contact
simulations of articular surface step-off incongruities.

Consistent with experimental results for contact stress at the
articular surface, solid phase principal stresses showed only
modest elevations over the intact case, regardless of defect
size. In 5 mm dia defects, the occurrence of tensile stresses
at the interface between repair tissue and intact cartilage
correlates well with poor gross appearance and histologic
findings. Tensile stresses in this region potentially disrupt
whatever fragile bonding may exist during the early stages
of repair.

Peak maximum shear stress for all three defect cases
exceeded that of the intact case, and progressively
increased with defect diameter (Figure 2). Peak shear stress
magnitude within the cartilage layer consistently occurred
at the contact surface. In the presence of a defect, this point
was at or near the defect lip, and moved radially outward in
accordance with increasing defect diameter. Low shear
stresses within the defect (consistent with the inability of
Tepair tissue to contribute to loading bearing) led to severe
shear stress gradients at the defect/cartilage interface.

40

Although fluid pressures in the cartilage surrounding the
defect were not substantially altered versus the intact case,
high fluid pressure gradients were evident at the
cartilage/defect interface, with the most obvious
consequence being a large efflux of interstitial fluid from
the surrounding normal cartilage into the defect.
Volumetric flow rates based on fluid velocity data indicate
a net depletion of interstitial fluid from the cartilage
immediately surrounding the defect, most notably for the 3
mm and 5 mm defects (Table 1).
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Figure 2. Peak maximum shear stress as a function of
defect diameter and cartilage layer thickness. Shear stress
values are normalized to the intact case. -

Table 1. Net interstitial fluid depletion during load
application as a percentage of initial fluid volume fraction
for normal cartilage surrounding the defect periphery.

Cartilage thickness [mm] 1 2 3 4

1 mm defect 03 0.2 0.1 0.1

3 mm defect 23 22 1.7 14

5 mm defect 1.6 21 1.8 1.6
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A HYDROSTATIC COMPRESSION TECHNIQUE TO MEASURE

FEMORAL HEAD STRUCTURAL COMPLIANCE

Melvin J. Rudert and Thomas D. Brown

Departments of Orthopaedic Surgery and Biomedical Engineering
The University of Iowa, Iowa City, 1A, 52242.

INTRODUCTION

An experimental apparatus was designed to apply
hydrostatic compressive loading to the surface of a
cartilage-denuded cadaveric femoral head. Radially
directed surface deformations due to this loading
were measured for four normal femoral heads and
compared to those predicted by FEM.

REVIEW AND THEORY

Prevention of collapse and thus preservation of the
natural femoral head is the ideal treatment goal for
osteonecrosis. To that end, finite element models
have proven useful for studying how generic
pathomechanical phenomena and alternative
treatments affect collapse propensity. Most recently,
in vivo delineation of lesion involvement patterns by
MRI has enabled patient-specific stress analysis
(Baker et al., 1991). To date, however, complex
mathematical models of this type have lacked direct
physical validation. This study describes the design
and performance of a testing fixture developed
specifically for that purpose.

PROCEDURES

The pressure vessel test fixture is shown
schematically in Figure 1. It consists of a
hemispherical dome, a base plate, and a specimen
holder, all machined from 6061-T6 aluminum. The
dome bolts to the base plate, forming a closed vessel
capable of sustaining internal pressure with very
small deformation. A port in the dome wall
connects the vessel to a precision regulator

(0-7 MPa) and high pressure air cylinder.

Femoral heads that are obtained for testing, either at
autopsy or at resection for total hip arthroplasty,
usually have only a short length of femoral neck
remaining. This neck serves as a support for the
head when it is mounted inside the vessel. The head
is placed in the center cup of the specimen holder
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and potted with PMMA, shown crosshatched in the
figure. A small vent tube allows marrow egress to
prevent nonphysiologic buildup of pressure inside
the head. '

Threaded through the wall of the dome are 3 linear
variable displacement transducers (LVDTs). They
lie on a single meridian and are radially directed
toward the center at 0, 30, and 60 degrees elevation
relative to the equator of the dome. When a head is
mounted concentrically inside the vessel, the tips of
the LVDTs very lightly spring load against its
surface, and transduce deformation when the vessel
is pressurized.

Through position indexing of both the dome and the
specimen, it was possible to sweep the LVDTs
around the surface of the head at 15 degree
increments of rotation, re-pressurizing the dome at
each position and recording deformations. This
allowed sampling of 72 discrete sites per head.

RESULTS

Head surface radial deformations measured with this -
equipment were found to be highly reproducible and
very nearly pressure-linear (r > 0.99). Series
average results for four normal femoral heads are
presented in Figure 2 as radial microstrain contours.
The conversion to microstrain (using head radius for
the gage length) was done to facilitate calculation of
average values. The infero-medial surface positions
(toward the fovea) were consistently more compliant
than corresponding supero-lateral positions. This is
consonant with the underlying cancellous bone
density and orientation, since the principal
(compressive) trabecular system aligns to
preferentially reinforce the superior portions of the
subchondral plate. In addition to infero-medial bias,
anterior-posterior deformation symmetry about the
coronal plane is evident. These results are in good
agreement with corresponding FEM-predicted
deformation (Baker et al.,1989).
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Figure 1. Cross section schematic of pressure vessel showing LVDT and femoral head mounting. I-M and
S-L denote infero-medial and supero-lateral positions in the coronal plane of the head.
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Figure 2. Radial Compression Microstrain under 0.67 MPa Pressure. Average of four normal femoral

heads.
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THE EFFECT OF SPECIMEN END SUPPORT ON EXPERIMENTAL MEASUREMENT OF CANCELLOUS BONE
MECHANICAL PROPERTIES

TE Wenzel, DP Fyhrie, MB Schaffler, and FR Brodie
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University/Henry Ford Health Science Center, Detroit, MI 48202

Introduction

The way in which the ends of a cancellous bone specimen
are supported during a compression test has been shown to
have a significant effect on the measured material
properties. In this study, thirty-six cores of bovine
cancellous bone were destructively tested to 15% strain in
compression. Eighteen of the specimens were restrained at
the ends by adhering them to aluminum disk supports with
glue and the remaining eighteen were not. It was found that
end restraint had no significant effect on maximum
modulus, ultimate stress, or ultimate strain, but had a
significant effect on modulus at 0.6% strain and residual
strain.

Review and Theory

Previous work done to determine material properties of
cancellous bone from compression testing [1,3] was done
without end support. Recently, the influence of end effects
on the measurement of material properties was investigated
and found to be important. Linde and Hvid [5] showed that
fixing the ends of the specimen to the test column resulted
in a 40% increase in elastic modulus at 0.8% strain and
reduced the energy dissipation to 67% of unconstrained
values. To reduce end effects, Keaveny et al. [4] machined
cancellous bone test specimens with a dumbbell (waisted)
shape and measurements were recorded by a mini
extensometer attached directly to the gage length region.
Neither of these studies looked at the effects of end restraint
on ultimate properties. Our work was done to investigate
the effect that gluing the ends of the specimens to
aluminum disks had on ultimate properties, as well as to
compare non-destructive material property data reported by
other investigators.

Procedures

Thirty-six cylinders of trabecular bone (diameter=8mm)
were cored from bovine proximal tibiae and distal femora
using a diamond core drill. Coring was done while the
samples were immersed in saline to prevent dehydration
and overheating. The cores were trimmed to a 10mm
height using a low-speed diamond saw. Parallel faces were
ensured by using a gang-cut method. Specimens were
assigned into one of two test groups. The ends of the cores
of one group were glued to 1mm thick aluminum disks with
cyanoacrylate adhesive (Krazy Glue). After allowing a few
seconds for the glue to set, specimens were compression
tested between unpolished, unlubricated steel platens.
Preliminary studies showed that glue penetration was
consistently less than 250 microns. Cores from the second
group were compressed between the platens with no
additional preparation of the bone-platen interface. All
specimens were preconditioned with a 5N force and then
strained 15% in compression at 1%/sec. Specimens were
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then returned to zero strain at 15%/sec. Tests were
conducted using an Instron 8501 servo-hydraulic test
system. Loads were monitored using the system load cell

- and displacements were measured using an extensometer

mounted on the load platens. Elastic modulus at each data
point was calculated as the slope of the least-squares
regression line of the stress vs. strain data of that point plus
the ten previous data points and the ten after it. Ultimate
stress was measured where the slope of the stress-strain
diagram was zero and ultimate strain as the strain at the
ultimate stress (Figure 1). Residual strain was defined as
the strain during unloading when the stress returned to zero
(Figure 1). A Student's t-test was used to compare the data
from the two protocols. Significance is reported at p<0.05.

Results and Discussion

Ultimate stress, ultimate strain, and maximum modulus
were not significantly different between the glued and non-
glued groups (Figure 2). The modulus at 0.6% strain was
more than 2.5 times greater for the glued specimens than
for the non-glued specimens. Residual strain was 23%
higher for the glued group than for the non-glued group. In
examining the changes in modulus over the course of the
test, note that both the glued and non-glued specimens
reached approximately the same maximum modulus, but
that the glued specimen became stiffer faster (Figure 3).
We propose that the constraint imposed by the adhesion of
the end trabeculae to the aluminum disks limits the amount
of bending in these end surface trabeculae. Accordingly,
they were subjected to a more direct axial compression,
whereas the end trabeculae of the non-glued specimens
could bend and slip before finally compacting as the test
progressed. This may explain why the glued specimens
were stiffer at 0.6% strain than the non-glued specimens.
‘When comparing data from tests with different end
restraints, it may be more accurate to compare the
maximum modulus obtained rather than the modulus at a
given strain level. :

If gluing the ends to a support had the proposed effect of
not allowing bending of surface trabeculae, both groups
should have similar mechanical behavior once the specimen
has settled in. This is supported by the fact that we found
no differences in maximum modulus, ultimate stress, or
ultimate strain between groups.

All specimens recovered more than 90% of their original
height when loading was removed, consistent with the work
of Fyhrie et al. [2] on human cancellous bone. However,
there were significant differences in amount of residual
strain between glued and non-glued groups. When
unloaded, the non-glued cores recovered more of their
original height than the glued cores. We suspect that this
was again due to limited bending of the surface trabeculae.
The surface trabeculae of the glued specimens would tend



to break due to the more direct axial compression load, at
which point the specimen's height would be unrecoverable.
Those of the non-glued specimens, however, would have

~more of a tendency to bend when loaded and thus the
specimen would have a greater chance of returning to its
original height.

Our results have important implications for compression
testing of cancellous bone. The significant difference in
residual strain showed that more permanent damage was
sustained by the glued specimens in a destructive test.
Also, providing no end support results in a delay in the
onset of stiffness in a non-destructive test. Thus the
modulus measured at a given strain was greater. The
maximum modulus, ultimate stress, and ultimate strain,
however, were not affected by end restraints.
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Figure 1: Typical stress-strain graph for
compression test of bovine cancellous cores.
Specimens were loaded to 15% strain

and then unloaded to zero strain. Positive
stress and strain indicate compression.

Material Group | Mean (SD) P-
Property value
Utimate Stress Glued ]9.32 (4.30)]| .604
(MPa) Non-glued | 8.59 (4.03)
Ultimate Strain Glued |.034 (.008) | .248
Non-glued | .037 (.007)
Maximum Glued 541 (302) 451
Modulus
(MPa) Non-glued | 477 (192)
Modulus at .6% | Glued 437 (344) .004
Strain (MPa) | Non-glued| 169 (141)
Residual Strain Glued |.059 (.015) ] .022
Non-glued | .048 (.011)
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Figure 2: Test results. p <0.05 indicates
significance
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QUANTIFICATION OF MATRIX COLLAGEN ARCHITECTURE IN MURINE CORTICAL BONE TO ASSESS
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INTRODUCTION

The composite nature of the extracellular matrix
(ECM) plays a fundamental role in defining the
mechanical properties of cortical bone, particularly in
regard to fracture mechanisms. Our approach to
investigating ECM structure-function relationships
involved the use of type I collagen mutations to
disrupt the composite nature of the ECM. The
transgenic mouse, Mov13, has a genetic mutation
altering the 'synthesis of type I collagen and has been
shown to exhibit increased bone brittleness. In the
current study, we employ a birefringence method to
quantify matrix collagen architecture in order to
explain the increased bone brittleness observed in
Mov13 mice. We found that in addition to reduced
collagen content, the type I collagen mutation also
appeared to disrupt collagen packing in a significant
manner which may have compromised the fracture
properties of Mov13 femurs.

" REVIEW -

We have recently undertaken a series of investigations
using models of type I collagen mutations as a new
approach to characterizing ECM structure function
relationships in cortical bone. In a previous study
(Jepsen et al, 1992) we reported the mechanical
properties of femurs from a strain of transgenic mice
(Mov13) which has a retroviral mutation shown to
result in a loss of one functioning proa1(I) collagen
gene (Hartung, et al, 1986)). The mechanical
properties of eight week male Mov13 femurs were
found to be identical to their littermate controls (C57
BY/6) in regard to stiffness and failure load but
exhibited a significant reduction in post-yield
deformation (taken here as a measure of bone
brittleness). Given the nature of the genetic
perturbation, we hypothesized that the increased
brittleness of Mov13 cortical bone was a consequence
of altered tissue composition and/or structure. We
recently demonstrated (Jepsen et al, 1993) that the
collagen content of Mov13 femurs was significantly
reduced compared to littermate controls. To complete
this tissue level assessment of matrix perturbations,
the current study presents the results of an
investigation which quantifies the matrix collagen
architecture of Mov13 femurs and discusses how
perturbations in collagen packing may account for
altered whole bone mechanical properties.
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PROCEDURES

Study Design: Femurs from 8 week male Mov13
mice (n=5) and 8 week male littermate controls (C57
Bl1/6) (n=4) were examined. Prior to sacrifice, the
mice were labeled with fluorescent dyes using a triple
pulse of double IP injections. Oxytetracycline (30
mg/kg), xylenol orange (90 mg/kg), and calcein green
(10 mg/kg) were administered starting at six weeks of
age with five days between labels and four days
between the last label and sacrifice.

Tissue Structure: After harvest, left femurs were
fixed in Bouin's reagent, decalcified in formic
acid/sodium citrate, and embedded in paraffin. Five
micrometer (lm) transverse serial sections were
obtained at 200 pum intervals. The sections were
stained with Picrosirius Red F3BA according to the
protocol described by Sweat et al (1964) and examined
using Nomarski Differential Interference Contrast
(DIC) microscopy. Picrosirius Red has been shown
to enhance the birefringency of type I collagen and
DIC enhances the contrast between tissue structures.
Using this contrast method, it was possible to
quantify matrix architecture for each cross-section.
Four tissue types were identified with regard to
collagen fiber orientation:

1. Transverse/lamellar bone (lamellar bone with
collagen fibrils running transversely in alternate
lamellae),

2. Longitudinal/lamellar bone (lamellar bone
with collagen fibrils running predominantly in
longitudinal direction), ‘

3. Transverse/nonlamellar bone (fine fibered
bone; fibrils exhibiting long range structure but
without lamellar appearance), and

4. Woven bone.

- These tissue types were similar to those described by

Ascenzi and Bonucci (1967). Area fractions occupied
by specific tissue types were measured using a
standard point counting technique at 400x
magnification for 3 random diaphyseal sections.

Lamellar Thickness: Average lamellar thickness was
determined by counting the number of bright lamellac
using a reticule micrometer. Because apparent
differences bright and dark lamellar thicknesses were
observed, the reported lamellar values represent an
average of the two lamellar types. Lamellar thickness
measures were corrected for tissue shrinkage.



Mineral Apposition Rate (MAR): Undecalcified
samples from the contralateral limbs were used to
assess MAR. Right femurs were fixed in 70% EtOH,
embedded in methyl methacrylate, and serially
sectioned using a metallurgical saw. Three random
transverse sections spanning 3 mm of the diaphysis
were polished to 100 um thickness, mounted, and
examined under UV light at 400x magnification.
MAR was determined from the average interlabel
distances for each quadrant using a video image
analysis system.

Statistics: Differences in structural properties
between Mov13 and C57 B1/6 femurs were determined
using the Wilcoxon-Mann-Whitney rank sum test.
Significance is reported at p<0.03.

RESULTS

Table 1 summarizes the matrix collagen architecture
results for Mov13 and C57 Bl/6 femurs. Mov13
femurs exhibited a 35% reduction in the area fraction
of longitudinal/lamellar bone and a 30% increase in
the area fraction of woven tissue. No significant
differences were noted in the area fractions of the other
tissue types. A significant reduction in average
lamellar thickness was noted in the Mov13 femurs.

Table 1: Area fractions (%) of tissue types and

lamellar thickness (um).

Tissue Type Movl3 C57 Bl/6
Trans./lamellar 30.4+5.8 27.6+4.1
Long./lamellar 21.4+£5.9* ] 32.842.5
Trans/nonlamellar 13.8+6.0 13.2+4.0
Woven 34.4+3.8* |26.4+3.0
Lamellar Thickness 1.2740.12* | 1.44+0.01
Cortical Area (mm”2) | 0.60+0.03 | 0.67+£0.03

Table 2 summarizes the MAR results. Fluorescent
labels were observed on the endosteal surface,
primarily in the anterior region and extending into the
lateral and medial quadrants, and on the periosteal
surface, primarily in the lateral and posterior
quadrants. This pattern of bone mineralization
indicated that an antero-medial to postero-lateral
modeling drift was occurring and this was evident for
both Mov13 and C57 B1/6 femurs. No difference in
average MAR was found along the periosteal surface.
However, Mov13 femurs exhibited a 34% increase in
MAR on the endosteal surface.

Table 2: Mineral appositional rate (um/day).

Cortical Surface | Mov13 C57 Bl/6
MAR-Endosteal 2.5440.45* | 1.89+0.29
MAR -Periosteal 1.79+0.28 1.95+0.37

* p<0.03 by Wilcoxon-Mann-Whitney rank sum test.
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DISCUSSION

The results suggest that the type I collagen mutation
of the Mov13 transgenic mouse significantly altered
cortical bone structure. The reduced area fraction of
longitudinal/lamellar bone and the increased area
fraction of woven bone indicated that collagen
packing was different in the Mov13 femurs. This
was further supported by the significant reduction in
lamellar thickness of the Mov13 femurs. The reduced
lamellar thickness is line with the nature of the
mutation and supports the observation that collagen
content is reduced in Mov13 femurs (Jepsen et al,
1993). Thus, the type I collagen mutation appeared
to disrupt both the amount of collagen and the
organization of collagen in Mov13 femurs.

Differences in the way collagen is incorporated into
the extracellular matrix has been shown to have
profound effects on the elastic (Ascenzi and Bonucci,
1967) and fracture properties (Simkin and Robin,
1974) of cortical bone. Since no differences in whole
bone stiffness were noted between Mov13 and C57
Bl1/6 femurs (Jepsen et al, 1992), the changes in
matrix architecture may not have been severe enough
to alter cortical stiffness. However, the increased
proportion of woven tissue and the loss of
longitudinally oriented collagen fibrils in Mov13 may
have contributed to the loss of post-yield deformation
observed in Mov13 femurs by reducing the resistance
to transverse crack propagation. This may account
for a large portion of the apparent brittleness of
Mov13 femurs when tested in bending. Tissue level
fatigue tests are currently underway to better
characterize the mechanical effects of the alterations in
tissue structure and composition.
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THE THREE-DIMENSIONAL MORPHOLOGY AND MECHANICAL
PROPERTIES OF HUMAN VERTEBRAL CANCELLOUS BONE
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Case Western Reserve University/Henry Ford Health Sciences Center
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INTRODUCTION

The three-dimensional (3D) morphology of human
vertebral cancellous bone cubes was digitized at a 50
micron resolution using the technique of
microcomputed tomography. Mechanical tests were
performed to determine the compressive strength and
stiffness of the bone. The structural and mechanical
properties were then compared to determine their
relationships. Results indicate that bone specific
intercept count is proportional to bone volume fraction.
Bone's ultimate strength and stiffness are also
correlated to its volume fraction. Residual strains
following unloading reveal that crushed bone cubes
regain much of their original height; however, this
parameter is unrelated to any structural properties
examined.

PROCEDURES

One hundred and ten cubes of cancellous bone eight-
millimeters on a side were prepared from T12 or L1
human vertebrae obtained during routine autopsy of 6
women (ages 49, 56, 64, 74 and 81) and 1 man (age
62). The specimens were cut so that their vertical axis
coincided with the anatomical (infero-superior) axis of
the vertebra. They were stored frozen at -20C until
they could be scanned using microcomputed
tomography (MCT), a technique which allows direct
3D analysis of trabecular bone microstructure (1,2).
The structural parameters examined were bone volume
fraction (BV/TV), and the specific intercept count Pp
along each principal axis, measured by counting the
number of intersections an array of straight lines makes
with the bone-marrow interface per length of line.
Invariant functions of the tensor defined by using the
principal intercept counts as the diagonal of a matrix
were also calculated. The invariants were combined
into the functions (3):

8) 13 = (P +Pp+Pp)3
b) (/3)1/2 = (P *Ppp +Pp*Pp3 + Py  *Pp)/3)1/2

o) M3 = (P *Pp*p )13
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The specimens were then refrozen until mechanical
testing. Using an INSTRON 8500 hydraulic testing
system, the bone cubes were compressed between
unlubricated steel platens in the infero-superior
direction to 15% strain at either 15%/sec ("fast") or
1%/sec ("slow") using a havertriangle displacement
waveform. The mechanical parameters examined were
the ultimate stress, residual strain upon unloading and
Young's modulus, determined as the maximum slope of
successive regression lines plotted along the pre-failure
portion of the stress-strain curve.

RESULTS

The failure curves of the bone cubes showed the typical
behavior of a porous foam in compression (FIG. 1)
with an initial linear region, a clear ultimate stress, and
a post-failure plateau region. When the load was
removed, the bone cubes did not remain fully
compressed, but regained an average of 95% of their
original height.

The data was pooled to combine specimens tested at
both fast and slow rates. Strong correlations were
found between each principal value of P and BV/TV, -
but overall, the P} invariant functions produced much
better relationships than the raw data (R2=0.91, FIG.
2). The mechanical parameters of ultimate stress and
Young's modulus were also related to BV/TV, with
R2=0.64 and 0.42, respectively (FIGS. 3,4). The
residual strains, however, were unrelated to any of the
microstructural parameters measured (R2 <0.01).
Significance in the above relationships was taken as

p <0.001.

DISCUSSION

The relationships between the raw data indicate that P}
is essentially proportional to bone volume fraction,
which is consistent with the findings of Snyder and
Hayes (4). The results for the invariants (FIG. 2) show
that these functions of the intercept tensor are strong
linear functions of bone volume fraction (BV/TV).
Since none of these measurements are related
theoretically, their close relationship implies that the



trabecular structure of vertebral cancellous bone is
strongly constrained. This is consistent with the
hypothesis that different bone volume fractions are
formed by the removal of trabeculae from a primal
structure in a programmed way. The prediction of
mechanical strength and stiffness from BV/TV is to be
expected, as an increase in the amount of material
present enhances its ability to resist applied loads. The
residual strain reflects cancellous bone's ability to
"spring back" from a damaging compressive load,
which may be fundamental to the tissue's ability to heal
itself and restore function. The lack of a relationship
between residual strain and structural properties implies
that the mechanisms responsible for the "rebounding”
properties of cancellous bone may lie more at the
ultrastructural rather than microstructural level.
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A BIOMECHANICAL STUDY OF THE EFFECTS OF AGE ON RECOVERY FROM IMPENDING LATERAL FALLS

X. Zhang, J.A. Ashton-Miller, A.B. Schultz and N.B. Alexander

Biomechanics Research Laboratories, Department of Mechanical Engineering and Applied Mechanics,
University of Michigan, Ann Arbor, MI 48109-2125

INTRODUCTION

Falls are the second leading course of accidental death in the
United States, with 75 percent of all falls occurring in the
elderly (for example, Kelsey et al.). Commonly associated
factors include environmental factors such as trips and slips,
reactions to prescribed drugs, visual impairments, and dementia
(for example, Morgan et al.). Although falls can occur forward,
backward, or to one side, it is the falls to one side that are
increasingly being identified as being associated with the
highest risk of one of the more serious outcomes of a fall, a hip
fracture (Robinovitch et al.). In earlier studies we have
examined the effects of age on the ability to recover from an
impending backward fall caused by a perturbation consisting of
an impulsive force applied to the pelvis (for example, Luchies et
al.). Those studies showed that balance was recovered using
sway and, when necessary, step-taking in the direction of the
disturbing force. When stepping was necessary elderly subjects
took multiple steps to recover from a disturbance that in the
young would only require only a single step. In the present
paper, we will test the hypothesis that age has no effect on the
strategies used to recover from an impending lateral fall caused
by a laterally-directed impulse to the pelvis.. Specifically, we
tested the null hypotheses (a) that there is no difference in
biomechanical parameters describing how young and elderly
recover from a lateral fall; and that their response is not
significantly affected by (b) the magnitude of the disturbance,
or (¢) by whether the feet are placed together or apart; or (d)
with eyes open or closed.

METHODS

Subjects — Twenty four healthy adult female volunteers gave
their informed consent to participate in these studies. Twelve
young adults adults (YA) with a mean (standard deviation, SD)
age of 23.4 (2.7) years were recruited from university staff and
students. Twelve elderly (OA) adults with a mean age of 71.7
(4.3) years were recruited from social support and recreation
programs sponsored by a university-affiliated genatrics clinic.
Examined by a physician-geriatrician (NBA) no subjects had
histories of significant head trauma, otologic or neurologic
disease, limb fracture, musculoskeletal impairments, or
persistent problems with vertigo, lightheadedness, unsteadiness,
or falling. There were no significant differences in height and
body weight between the two groups.

Apparatus — Subjects stood upright without shoes, with arms
folded across their chests, and exactly half their weight
supported by 6 channel force plates as indicated by a visual
display at the instant of the lateral disturbance. The force
plates were sampled at 100 Hz. Subjects wore a torso safety
harness, suspended from the ceiling, adjusted to safely arrest
the subject before any major fall could occur. A snug semirigid
harness was worn just below the level of the iliac crests. This
allowed a laterally-directed force to be imparted to the pelvis
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from either side via a computer-actuated dropped weight
system, cables, pulleys and series force transducers (which
were used to measure the time course of the impulse). The
magnitude and duration of the lateral pull (approximately 20 %
of body weight) was adjusted to produce initial broom-stick
whole body lateral sway equivalent disturbance angles (EDA)
of 1, 2 or'3 degrees subtended at the ankle. Subjects were
instructed that they would be pulled randomly from either side
and could use any method that was comfortable to recover their
balance. After the drop mechanism was triggered five seconds
of data were collected in each trial. Twenty four trials, in a
fixed randomized sequence, were conducted per subject, 12 to
each side. At each EDA the subject stood: (a) with eyes open
and feet together (three trials), (b) with eyes open and feet
apart by one foot length (three trials); (¢) with eyes closed and
feet together (one trial); and (d) with eyes closed and feet apart
(one trial). A two camera Watsmart optoelectronic motion
analysis system was used to track (at 100 Hz) the 3-D locations
of five infrared emitting diode (IRED) markers placed on each
heel, the low back, neck and one force plate, respectively. The
force transducers were used to measure the time history of the
disturbance force exerted on the subject, specifically, the
disturbance onset time, the time and magnitude of maximum
force and the overall disturbance time. The force plates were
used to measure the time course of the vertical and horizontal
reaction forces, the foot reaction onset time, and the time of
maximum force.

Data Analysis - The Watsmart data were used to characterize
the stepping patterns as follows: when pulled suddenly to the
side subjects exhibited one of four patterns of kinematic
responses to recover their balance. Pattern I: a sway response;
Pattern II: stepping the ipsilateral (pull-side) foot in the pull
direction; Pattern III: stepping the contralateral foot opposite to
the pull direction; or Pattern IV: stepping the contralateral foot
across the pull-side foot in the pull direction. We used the
force plate data to analyze the time course of the ground
reaction. Analysis of variance (ANOVA) was used to examine
the effects of age, disturbance levels, and foot placement and
visual feedback. P values <0.05 were considered statistically
significant. Post-hoc comparisons were conducted using
independent t tests and Boneferroni's correction. .

RESULTS

There were no significant age differences in the time from pull
onset to maximum pull force. For the EDA 1 this time averaged
45 msec, for EDA 2 it averaged 65 msec, while for EDA 3 it
averaged 76 msec. Thus for the largest EDA the disturbance
force acted approximately 70% longer duration than the
smallest EDA.

The disturbance levels significantly affected the frequency of
use of the four different response patterns as well as the value
of the maximum vertical ground reaction. There were,



however, no significant age differences in the frequency with
which the four different patterns were used to resist the three
levels of postural disturbance (ANOVA, P=0.31). The presence
or absence of visual feedback did not significantly influence
subject responses. None of the disturbances caused a subject to
actually fall sideways. Subjects usually resisted an EDA=1
with a sway response not needing to take a step: for example, in
40/48 OA trials and 30/43 YA trials subjects used a Pattern I
strategy to resist the disturbance. At an EDA 2 with feet
together, only 13/47 OA trials showed continued Pattern I
usage, and the OA needed to use each of the other Patterns II-
IV strategies in approximately equal measure. YA essentially
abandoned the Pattern I sway strategy, mostly (22/37 trials)
adopting a Pattern Il response. When the feet were separated to
give a larger base-of-support, both groups again mostly adopted
Pattern I. Finally, when resisting an EDA 3 disturbance, a
bimodal distribution showed that most OA either adopted
Pattern IV (24/45) or Pattern II (16/45), while most YA (31/46)
adopted a Pattern II response. With feet apart, most OA
adopted Patterns IIT and IV, while most YA adopted Patterns I
and III. The mean pelvic lateral velocity of the young group
was higher than that of the elderly group at every EDA level,
despite there being no significant differences in young-old
disturbance magnitudes, perhaps reflecting a less conservative
pattern of use of joint torques and stiffnesses. At EDA 1 the
step lengths, when used, ranged from 3 cm to 19 ¢cm in the YA
and from 5 cm to 22 cm in the OA. The reaction time as
evidenced in the foot reaction ranged from 200 ms to 400 ms in
the YA but from 390 ms to 470 ms in the OA. It was apparent
that the YA were quicker to start and finish their response to an
EDA=1 than OA. At an EDA=3, which seldom resulted in a
sway response, foot reaction onset times were again
significantly quicker in the YA (200-270 ms) than the OA
(360410 ms).

Effects of Age - A significant slowing in foot response onset
time (P=0.002) and time to maximum foot vertical reaction
force (P=0.005) was found with age (ANOVA). However, the
distance subjects stepped, when they did step, did not change
significantly with age.

Effect of Size of Base-of-Support - When compared to
standing with a narrow base-of-support, the use of a broad
base-of-support significantly affected the choice of response
pattern used (P=0.001), the onset time for the reaction foot
(P=0.000) the time for the reaction foot step (P=0.003), the
time for the stance foot peak force (P=0.000) and the
normalized peak vertical force on the pull-side force plate
(P=0.003, ANOVA).

DISCUSSION

This is one of the first studies reporting how healthy subjects
recover from an impending lateral fall. Subject used fairly
stereotyped sway/stepping responses to the disturbance
depending upon the EDA magnitude. Interestingly, these
responses could involve the use of either foot to step, a behavior
we did not initially anticipate. Such alternative strategies allow
the threat of having one foot obstructed by an obstacle to be
circumvented if recognized early enough. The study suggests
that a sway response is used until the perturbation is recognized
as being of sufficient magnitude that a sway response will no
longer suffice. This may be partially mediated through
proprioception and vestibular estimates of linear and angular

head accelerations. Even though such information takes on the
order of 40 msec to reach the cerebellum and brain stem, and
efferent commands another 40 msec to travel down the
appropriate pathways to the limb muscles, significant
trunk/lower extremity joint torques, however, are not generally
avaliable for 300 to 400 msec after the perturbation due to the
central processing latencies and finite rates-of-developing joint
strength. Significant age differences were found, but even
though a large step will arrest more momentum than a small
step, the elderly did not employ a more conservative stepping
strategy than the young as evidenced by longer steps or
multiple steps. It is possible that had we used larger EDA's, we
might have observed multiple step taking by the OA. But the
absence of multiple stepping behavior in OA differs from the
use of such behavior by OA when arresting impending
backward falls initiated using identical EDA values (Luchies et
al. 1992). This suggests impending lateral falls are not
‘perceived to be as threatening as lateral falls.
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DYNAMIC BALANCE RECOVERY: STEPPING RESPONSES TO POSTURAL PERTURBATIONS
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INTRODUCTION

The question of interest is whether or not paraplegics can
utilize functional neuromuscular stimulation (FNS) to
maintain a standing posture in the presence of unexpected
postural perturbations. It is hypothesized that the time lags
in (i) sensing and processing the disturbance information,
(ii) determining and implementing control actions, and (iii)
developing force in muscles and tendons, coupled with
strength and fatigue limitations in muscles excited via FNS,
may make it impossible to correct for large postural
perturbations during FNS induced standing, regardless of
postural recovery strategy. In order to study the limitations
of FNS technology and explore the feasibility of using FNS
to restore a working stance to paraplegics, i.e., a stable
standing position in which a paraplegic can perform a
vocational task (such as lifting, machining, etc.), we have
begun a dual track study (experimentation and computer
simulation) of stepping responses to postural perturbations.

REVIEW AND THEORY

While postural responses of the young and old to small
perturbations of standing position have been studied in
some detail (Nashner et al., 1985, 1989; Keshner et al.,
1988; Woollacott et al., 1986), the biomechanics of
responses to large perturbations of stance which require
stepping movements remain largely unstudied. Likewise,
dynamic analysis and modeling of FNS used to effect
standing postures has been restricted to small perturbations
and planar movements. Khang and Zajac (1989) developed
optimal control algorithms utilizing sagittal-plane and
frontal-plane models with a sophisticated musculotendon
actuator set; however, perturbations were small and easily
corrected using ankle and/or hip strategies.

In order to restore the ability of a paraplegic to work safely
in the presence of real-world perturbations, one would need
to enable them to take steps to restore their balance. Thus,
it would be desirable to utilize both computational and
experimental approaches to explore multi-directional non-
planar balance recovery stepping movements. Because of
the 3-D asymmetric nature of these movements, sagittal
plane analyses coupled with frontal plane analyses are
inadequate. Though complex, experimental measurement
and dynamic modeling analysis of these movements can be
employed synergistically to explain (a) how normals effect
balance recovery by taking a step and (b) whether or not
FNS will be a feasible means of restoring stepping as a
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means of balance recovery in paraplegics. In this paper,
we restrict our discussion to the first topic, normal balance
recovery via stepping.

PROCEDURES

Model Development. A 9 segment, 16 degree-of-freedom
(DOF) dynamic musculoskeletal model has been developed
(Green, 1992). This model has separate stance and swing
legs (2 DOF ankles, 1 DOF knees, and 3 DOF hips), a
three segmented torso (with 2 DOF between the pelvis and
low trunk, and 1 DOF between the low trunk and upper
trunk), 46 musculotendon actuators, and is capable of
analyzing and simulating asymmetric 3-D motions.

Experimentation. Our experimental facility consists of a 16
channel custom manufactured electromyographic (EMG)
detection and recording system, a four-camera motion
tracking system, dual Bertec 4080H six-component force
platforms surrounded by raised a experimental platform,
and an electro-pneumatic perturbation system. The
perturbation system is comprised of: (i) four Speedair
1 .25" bore pneumatic cylinders, each mounted on metal
frames located in front of, behind, and laterally to each
side with respect to the force platforms, (ii) an adjustable
cabling, pulley, and release system to transmit the forces
developed in the pneumatic actuators to the subject, (iii)
Interface tensile loadcells to measure the applied
perturbation force, and (iv) a Festo electro-pneumatic .
controller card to provide remote control of pneumatic
cylinder activation.

T hus far, experimentation has been performed on two male
subjects, age 23 and 25. The subjects were asked to stand
comfortably in the center of the force sensing area, with
one foot on each force platform, looking straight ahead
with the eyes open and arms folded across the chest. A
belt was tightly secured over the subject’s anterior superior
iliac spines, and cables from the pneumatic cylinders were
connected to the belt anteriorly, posteriorly and bilaterally.
T hree of the four cables were then partially released so that
only one could sustain a sizable force, yet all appeared to
be similarly connected. Upon actuation of the appropriate
cylinder, a waist level horizontal force (approximately 25
pounds peak) was applied to the subject via one of the four
cabiles in either the forward, backward or lateral direction,
while the other three cables released. In this way, neither
the timing nor the direction of the perturbation force was
evident to the subject prior to its application.



Each subject was perturbed 4 times in each of the 4
possible directions (forward, backward, left, and right) for
a total of 16 trials per subject, with the sequence of
directions being randomly determined. For each trial, 3-D
body segment kinematics were measured using spherical
reflective markers (3 per rigid-body-segment) and a four
camera motion tracking system. Additionally, 16-channel
EMG activity, ground reaction forces, and the perturbation
force were simultaneously measured.

RESULTS AND DISCUSSION

Preliminary results include recordings of 16 channel
bilateral EMG, ground reaction force, perturbation force,
and 3-dimensional kinematic data for multiple trials in each
of the four directions (forward, backward, right and left).
An EMG recording for subject #1 during a forward
perturbation is included below in Figure 1. ’
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Figure 1. EMG record for subject #1 during a forward
perturbation. The vertical line in the figure denotes the
initiation of the perturbation force. The subject responded
by stepping forward with his right foot.

g

~

The EMG recording in Figure 1, coupled with the
corresponding ground reaction and kinematic results,
indicates an assistance reflex type response with the latency
period between the initiation of the perturbation force and
onset of response muscle activity being approximately

80 ms.

Complete detailed analysis of the results is pending the
collection of data from additional subjects.
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THE EFFECT OF IMPAIRED LOWER LIMB JOINT FUNCTION ON POSTURAL BALANCE AND FALLS
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" INTRODUCTION

The balance of upright stance has been hypothesized to
be maintained primarily by the ankle joint [1], and to be
modulated mainly by the activity of lower limb muscles
[4]. However, the evidence based on the biomechanical
studies of posture suggested that joint strength might not
be the primary risk factor to elderly falling [2].

It is the aim of this study to investigate the role of the
lower limb joints in maintaining balanced upright
posture, and to investigate how people react to a fall
provoking stimulus when constraints are placed on
movement at the lower limb joints.

BACKGROUND

Many studies have been conducted to determine the
changes in the musculoskeletal system with age, and the
extent to which these changes are associated with
decreased balance abilities. The results suggest that
declines in lower limb strength and joint range of motion
in the elderly may account for postural instability; and
extreme dorsiflexion weakness may be particularly
responsible for backward falls [3]. However, a recent
study has shown that the strength required at the ankle to
maintain body balance is much less than the maximal
strength that the joint is able to generate [2], suggesting
that joint strength might not be the primary risk factor to
elderly falling. Overall, it is not clear yet exactly how
elderly falls are related to the decline in lower limb
muscular functions due to aging.

This study investigated the effect of impaired lower limb
joint function on balance and falls. It is hypothesized
that: (1) the incidence of falls will increase when the
ankle joints are immobilized; (2) muscular response to
the perturbation will show significant differences in the
magnitude and response latency between normal and
ankle immobilization conditions.

METHOD

Four healthy young subjects participated in this study.
Each subject was asked to stand on the platform of the
perturbation device, with arms located at the sides of the
body. A well illuminated, solid colored screen was
placed in front of the subject to control the visual field. A
headphone was worn by the subject to avoid
environmental disturbance. The postural perturbation
was applied to the subject through an unexpected,
electromagnetic motor driven toe-up rotation. The speed
was set at 50deg/sec, and the total angular rotation was
varied from 5 to 14 degrees. The acceleration of the
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platform was measured by an accelerometer to record the .
on-set of the perturbation.

The movements of the ankle and knee joints were
restrained by commercially available joint immobilizers.
Such joint restraint device was able to eliminate
completely the joint motion. Six electromyography
(EMG) electrodes were attached to tibialis anterior,
gastrocnemius, rectus femoris, hamstring, erector spinae,
and rectus abdominus on the left side of the body,
respectively. Raw EMGs were digitized at 500 Hz and
were processed to calculate the mean magnitudes and
latencies to the perturbation through visual inspection.

One controlled and three immobilized conditions were
conducted. For each condition, multiple trials at three
angular rotations (5, 10 and 14 deg) were collected. The -
sequence of these perturbations was random, but it was
the same for every subject. In response to the platform
perturbation, the subject was asked to maintain a
balanced posture, that is not to reposition the foot (or
feet) and not to support the body by hand(s). If either of
the above responses occurred, that trial was considered to
be fall trial and was recorded.

RESULTS AND DISCUSSION

First, it was found that the total number of falls increased
dramatically when the ankle joints were completely
immobilized compared to when they were not, regardless
of the constraints at the knee joints (Fig. 1). For example,
during 10 and 14 degree toe-up perturbations the rate of
falls was higher than 80% under ankle immobilization
while the rate of falls was less than 6% under the control
condition. This result supported the hypothesis that the
ankle is the primary joint in the lower limb for
maintaining balanced upright posture.

Second, the number of falls under smaller perturbation
angles (e.g. S degrees) was much less (17%) than that
under larger perturbation angles (>80%); and the rate of
falls was similar for both 10 and 14 degree perturbations
(Fig. 1). This suggested that a perturbation threshold
might exist below which the human body is able to
maintain balanced upright posture even though the ankle
joints are completely immobilized.

Third, it was found that under the ankle restraint
condition, about all the six muscles monitored tended to
activate earlier than they did under the normal condition
(see Fig. 2). Furthermore, it was observed that the
decrease in the response time was independent of the
level of perturbation among the lower limb muscles,
except for the RF muscle, whereas the amount of



decrease in latency was increased as the degree of
perturbation was increased for the trunk muscles. This
finding suggested that the central nervous system might
have regulated postural control strategy, to a certain
extent, in coping with the physical changes at the lower
limb.

Last, it was found that the level of muscular activities
after the ankle joints were immobilized were suppressed
for the agonist muscles of the ankle and knee joints (i.e.
the TA and RF), whereas it was enhanced for the rest of
the muscles (see Fig. 3). Moreover, the amount of the
enhancement tended to increase for the more proximal
muscles. This finding suggested that (1) the responses of
the muscles around the ankle joint to the perturbation
were initiated in part by the joint receptors; (2) the
inhibition in the ankle joint muscles resulted in the
increase in the activation of the proximal joint muscles in
order to maintain the postural balance.

CONCLUSION

Despite the earlier responses and the enhanced level of
muscle activation after the ankle joints were
immobilized, the fact that the incidence of falls was
increased significantly under ankle immobilized
condition suggested that the proper function of the ankle
joint is vital in maintaining balanced posture upon
perturbation. Although the postural strategy may be
altered by utilizing more of the other muscles, it may not
be effective, especially when the perturbation is large.
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INTRODUCTION

In healthy adults, activity of postural muscles is
observed prior to fast voluntary movements. This
anticipatory activity provides a quick albeit crude
postural correction prior to the perturbation '
introduced by the movement. Certain neuromotor
disorders (in particular, Parkinson's disease, PD) and
normal aging are associated with decreased or even
absent anticipatory postural activity. However, such
individuals usually demonstrate slower voluntary
movements that are likely to give rise to smaller
postural perturbations and cannot be compared to
those in young healthy adults. We have attempted to
elaborate a method of testing anticipatory postural
reactions that would be independent of the ability of a
person to perform fast voluntary movements.

REVIEW AND THEORY

Voluntary limb movements are virtually always
associated with changes in the activity of postural
muscles (Cordo & Nashner, 1982; Bouisset &
Zattara, 1983; Brown & Frank, 1987). Some of these
changes occur prior to the movement and can be
described as anticipatory. Their assumed role is to
minimize perturbations of the vertical posture that
would otherwise be induced by the movement.
Bouisset & Zattara (1987) have suggested that these
reactions initiate an acceleration of the body that
would oppose the expected perturbation due to an
intended limb movement. Anticipatory postural
corrections before a voluntary movement have been
observed in only a small fraction of patients with PD
(about 5%) as compared with 100% among control
subjects (Bazalgette et al., 1986). Postural reactions
in patients with PD occurring in the course of a
voluntary movement are not specific to the
movement and occur bilaterally in cases of both uni-
and bilateral voluntary movements (Bouisset &
Zattara, 1987).

PROCEDURES

Five healthy adults stood on a biomechanical
platform (OR-65 AMTI). The subjects performed
either fast voluntary shoulder flexion and extension
movements, or were required to drop or catch
weights (2 or 5 Ib) with arms extended. Forces and
moments of forces in three directions were calculated
from the signals recorded by the platform. Surface
electromyograms (EMGs) of the following muscles

from the right side of the body were recorded:
‘Shoulder flexor (m.pectoralis major) and extensor

(m.deltoideus posterior), and also 6 postural muscles
(mm. erector spinae, rectus abdominus, rectus
femoris, biceps femoris, tibialis, and gastrocnemius).
Besides that, markers (infrared diods) were placed on
the right hip, shoulder, elbow, wrist, fingertip, and
the load. Their movements were recorded and
analyzed by an OPTOTRAK system. All the signals
were sampled at 500 Hz and later processed with a
386 IBM computer. The trials were aligned according
to the first visible agonist EMG increase in trials with
voluntary movements and to the load kinematics in
the trials with load dropping and catching. The final
stage of data processing and plotting was performed
on a Mac-Ilci.

RESULTS

Anticipatory reactions in all the subjects were seen
prior to the beginning of the agonist activity during
voluntary movements and prior to the load impact or
release. They represented changes in th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>