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THE EFFECT OF DEFECT SIZE ON THE STRESS CONCENTRATION
AND FRACTURE CHARACTERISTICS
FOR A TUBE WITH A TRANSVERSE HOLE UNDER TORSION

R.F. Kuo, E.Y.S. Chao, K. Rim*, J.B. Park*
Biomechanics Laboratory, Department of Orthopaedics,
Mayo Clinic Rochester, MN 55905
*Department of Biomedical Engineering,
University of Iowa, Iowa City, IA 52242

INTRODUCTION
In the present study, tubular models with transverse circular
defects were carefully examined by both experimental and
finite element techniques. Both single and double-cortex
penetration were considered. The torsional fracture pattern
and fracture torque were obtained from torsional fracture
tests; stress concentration factors were calculated by finite
element analyses. The effect of defect size on the location of
the maximum stress point was examined from the resulting
fracture path. By incorporating the strain energy density
criterion in the finite element analysis, the fracture toughness
associated with a unique defect was explored.

METHODOLOGY
Experimental Model A commercially available cast acrylic rod
was machined into tubular structures with six defect ratios
(d/p) from 10 to 60%. The outer and inner tube diameters were
31.75 mm and 19.05 mm, respectively. To eliminate residual
stress, all specimens were annealed in an oven before testing at
a temperature of 160°F for 24 hours, followed by slow cooling.
Fracture testing of the acrylic specimens was then performed on
an MTS machine under a high of twisting, 10°/sec. Prior to the
mechanical testing, a 45° helical curve was marked on each tube
to provide a reference line to determine the location of the
fracture path for a particular defect ratio, d/D. To identify
the shifting of the maximum stress location, elastic torsional
strain measurements were designed for the d/D = 60% specimen
using six 120° strain gage rosettes along two 45° spiral helix
paths on the tube surface. Tensile tests were performed on the
acrylic specimens to generate elastic material properties for
finite element modeling, Young’s modulus (E=2.25 GPa), Poisson’s
ratio (v=0.34) and data for the critical strain energy density.
The critical strain energy density was obtained by integrating
the area under the true stress and strain curve.
Finite Element Model The range of the defect ratios included
in the linear elastic finite element analysis were 10, 20, 30
and 40%. Models were composed of twenty node quadratic
isoparametric solid elements with a model length of 99.75 mm.
A) Global modeling - Stress concentration factors were
determined by applying a 1 N-m torque to the top of the model
while the bottom remained fixed. Evaluation of the fracture
toughness was performed by application of the failure torques
obtained from mechanical testing as the model loading
conditions.
B) Local modeling - Utilizing the specified boundary
displacement method, stress recovery was performed on a
localized portion of the model centered around the defect.

3



Strain Enerqgy Density Criterion(1) For a linear isotropic

material the oritical strain energy density factor S_ was
defined as S_ = r_ * (dW/dV)_...(a). The length parameter, r,
represents the arc length along the fracture path with its
origin at the defect. By incorporating the known value of
(dw/dVv)_ from tensile testing along with its associated SED
distribution along the fracture path determined by finite
element analysis, the value of critical length r_ was
determined. Solving for the unknown S_ in equation (a) and
substituting S, into equation (b), one can solve for K,.,

Kic = 2%M*E*S_/(1+v)(1-2v)...(b).

RESULTS AND DISCUSSION
The location of the maximum stress point shifts parallel to the
45° helix with increasing defect size. An illustration of the
shift in the fracture helix path is shown in Figure 1. By
measuring the shift angle associated with each unique defect
size, a linear relationship, AP =-6.28+0.55*(d/D), was
determined. The threshold value of d/D at which shifting was
initiated in the acrylic tubular models was calculated as 11.3%.
Results from elastic torsional strain measurement support the
initial findings; the shift in location of the peak stress is
strongly influenced by defect size. This indicates that the
amount of parallel shifting is proportional to the amount of
material loss which is directly related to the defect size. The
amount of helical shifting as a function of the wall thickness
still remains unanswered. Table 1 shows the stress
concentration factor, Kg, as a function of defect size.
Enlarging the defect size results in a direct increase of Kg.
It is also interesting to note that no significant change in Kg
was determined in the comparison of single and double-cortex
tube defects. Finally, fracture toughness values were obtained
based on a selected deformation rate of 100 mm/min. In Table 1
finite element results show the increasing trend of the K,
values associated with the four defect sizes demonstrating a
greater resistance to crack growth for larger defect sizes.
This may be due to the curvature of the hole which is related to
the material loss associated with defect size.

Table 1 Figure 1

Single-Cortex Double-cortex Fracture Torque H

d/D Kg Kye Kg Tmax {N-m) ::?If:'::. propagation

0.1 3.78 61.8 3.75(3.71)= 230.223.6%*(n=3)

0.2 4.39 74.5 —— 204.4210.4 (n=5) $e wx 45" halix

0.3 4.95 78.8 4.99(4.59)%  18B4.6410.3 (n=5) "X Shittea
0.4 5.28 89.7 - 178.324.7 (n=d) / el
® Data in Parentheses are from Jessop’s results.(2) z

@® Values presented 235 meani$S.D.

ey SN
Fixed eng
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AN EXPERIMENT SHOWING LATERAL DRIFT OF
PLATELET-SIZED BODIES IN FLOWING BLOOD

C.-J. Yeh and E.C. Eckstein
Department of Biomedical Engineering, P.O. Box 248294
University of Miami, Coral Gables, FL 33124

INTRODUCTION

The scale and nature of platelet transport
depend greatly upon whether the suspension
contains red cells. The use of augmented
diffusion coefficients for blood flows is a well-
known illustration of this point. Near-wall
excesses of platelets or platelet-sized latex
beads are observed during the flow of blood
suspensions through small tubes; these also
occur because of lateral motions induced by
red cells. Such excesses are limited by the dif-
fusion of material away from the peak. To
form a near-wall excess, some lateral platelet
motions must have a preferential direction.
The purpose of this paper is to show an
experimental technique that illustrates the
scale of the directed lateral motions of plate-
lets that are caused by flow-induced inter-
actions with the red cells.

REVIEW AND THEORY

Platelet transport in blood flow is highly
influenced by interactions of platelets with
red cells. The importance of such interactions
to diffusive motion of platelet is well recog-
nized; see, e.g., the review of hemorheology by
Goldsmith and Turitto (1). Commonly, inter-
actions with blood cells cause a diffusion
coefficient that is two or more orders of
magnitude greater than the Brownian dif-
fusivity. Since diffusive motions are small,
studies of transport of dilute suspensions often
emphasize the non-random, directed lateral
motion of the species. A particularly classic
example for rigid particles is the tubular pinch
effect (aka the Serge-Silberberg effect) that
describes the tendency of particles in flows
with small amounts of inertia to accumulate
at a position located 60% of the radius from
the central axis. For flexible particles, the
centerline is the preferred position for ac-
cumulation in tube flow. Blood, being a

suspension of particles of different properties
(flexible red cells and smaller, relatively rigid
platelets), exhibits a more complex effect.
Near-wall excesses of platelet-sized particles
occur for many rheological conditions (2).

METHODOLOGY

Major elements of the freeze-capture
method (2) were used for the experiments re-
ported here. Briefly, a flow of blood suspen-
sion was established, and the tube and blood
were rapidly frozen by pouring liquid nitrogen
over the tube. Segments of frozen tube were
mounted in a cryomicrotome on a fluorescence
microscope and sectioned; images of the
freshly exposed surface were collected. The
platelets or platelet-sized latex beads were
readily found in the images because they were
the only fluorescent objects in the blood
suspension. The least distance from the tube
wall to each fluorescent object was measured
and added to a list. A kernel estimate tech-
nique was used to determine the radial proba-
bility density of fluorescent objects from the
list of measured distances. The concentration
profile was calculated from the probability
density.

To allow flow of suspension with marker
particles into a tube that previously conveyed
suspension without marker particles, a two
chamber stirred reservoir was used. The
reservoir walls included resealing rubber dia-
phragms. The end of the tube through which
blood flowed was mounted in a short length
of needle. Initially the needle and tube passed
through the diaphragms and the near chamber
so that the tube entrance was in the far
chamber, which was filled with suspension
without fluorescently platelet analogues. The
near chamber contained suspension with the
analogues. The two chambers had suspensions
of identical hematocrit. Note that this cham-
ber/flow protocol avoids any transient effects



due to difference of hematocrit. The suspen-
sion characteristics are equal except for the
presence of the fluorescent tracer particles.
Suspensions of zero hematocrit were used as
a control. The flow rate in the tube was set
by a syringe pump operating in withdrawal
mode; a wall shear rate of 800 s™' was used.
Tubes of approximately 200 ym i.d. and 55 cm
length were used. Steady flow from the far
chamber without platelet analogues was
allowed for a period of 30 minutes. The
needle and tube were then pulled into the
near chamber and the tube was frozen after
15 to 25 seconds of flow. This time of flow
permitted a tongue of labelled suspension to
move into the tube. Segments of tube were
collected at axial locations that corresponded
to deciles of the maximum distance the tongue
could extend into the tube (marked on the
figure as % tube length). Concentration
profiles were determined in a fashion similar
to our prior work (2).

RESULTS AND DISCUSSION

Typical profiles for three locations are
shown in the adjacent figure. Without red
cells (dashed lines), the expected events occur:
the tongue moves in, and at stations further
from the entrance, the tongue has not had
enough time to diffusively spread to the wall.
When there are red cells (solid lines), a much
different set of profiles occurs. These profiles
exhibit near-wall excesses. The tongue of
labelled fluid extends a shorter distance into
the tube when the suspension contains red
cells; this outcome is due to a combination of
blunted velocity profile, red-cell-enhanced
diffusion, and the directed lateral motions that
cause the near-wall excess.

CONCLUSION

The experiments indicated that flow-induced
interactions of platelets with red cells caused
directed as well as random lateral motions.
These motions are directed to the site of the
peaks observed in the steady flow of similar
suspensions through similar tubes.

1. Goldsmith HL, Turitto, VT Thromb. and

Haemostasis

55:415 1986

2. Bilsker DL, et. al. Biorheology 26:1031 1989
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COMPARISON OF MARROW FLUID PRESSURES VS TIME
IN CORED AND UNCORED FEMORAL HEADS - AN
ANALYTICAL SOLUTION
R.H. Kufahl and S. Saha
Department of Orthoapedic Surgery, LSU Medical Center
P.0. Box 33932, Shreveport, LA 71130

INTRODUCTION

One possible cause of avascular necrosis of the femoral head is an
increase in the fat cell volume in bone marrow. The subsequent
increase in pressure within the femoral head can cause the collapse of
the veins draining the femoral head. This loss of blood supply causes
bone cell death. High femoral head pressures are relieved by drilling
a hole through the femoral mneck into the femoral head.

THEORY

The equation governing fluid pressure (P) in bone marrow is derived
and solved analytically for the cases of a cored and uncored femoral

head. The laws which govern fluid pressure in the marrow are: (1)
conservation of volume for an incompressible fluid: -dq/ gx = de/dt
where q = flow rate/(total) area and e = fluid vole/(total) vol., (2)
Darcy's law: ¢ = -k/u dP/dx where K = permeability and y = fluid
viscosity, (3) Stress—-strain relation: de =¢€ where €= AL/L
(longitudinal) strain and ¢ = percent of total cross sectional area
occupied by the fluid. Replacing € by Hook's law o = ¢/E where E =
longitudinal stiffness of the cancellous bone and o 1is the

longitudinal stress in the cancellous bone. Even though the fluid is
incompressible, e can increase at the expense of collapsing the small
veins in the marrow. (4) Equilibrium: s = (1-¢)o + oP
where S is the applied compressive stress. Combining these four
relations the equation governing fluid pressure is obtained:

—dp/dt = (1- ¢ )KE/( ¢ 2, )d?p/dx? (5)
This equation is solved for two geometries: (A) an uncored cylinder
impervious to fluid flow on all sides except for the bottom face which
is maintained at O pressure and (B) a cored cylinder whose hole along
the cylinder axis is maintained at 0 pressure. For an applied
compressive stress S, the inital pressure developed in the
incompressible fluid is given by: P(t=0, x>0) = ¢S/3. The solution
to eqs. (5) for the pressure in an uncored cylinder is (A):

P(X,t) = 45 T  1/n EXP(-nt/t ) SIN(AmX /(2L)) (6)
T n=odd

L = cylinder height and t, = 4L21@2/UQKEU.’¢H



The solution for the pressure in the cored cylinder is expressed in
terms of Bessel functions (Jgp, Jj, Yg) and 1s given by (B):

P(r,t) =7 ;30 sz_(knm)vo()\nr/ri) E}(P(u)‘rzxat/ri) (7
n=1 "
Jg (An) _Ji (}\nm)

where Vo(Anr) J (A r)Y (A r. )—Jo(knrl)Yo()\nr)

and )\n are the roots of
J, (Ar, - =
1 0 )Y, (Ary) = I (Ar)Y, (r) =0

and m=ro/ri and a=(l-¢)KE/ (u¢2)
RESULTS

Figure 1 compares the maximum bone marrow fluid pressure vs time in
the cored and uncored femoral heads. The maximum fluid pressure
occurs at the impervious cortical bone, which corresonds to the
clinical finding that the blockage of veneous drainage occurs near the
cortical bone. The much faster rate of decay of fluid pressure in the
cored femoral head 1s due to the shorter distance (L) from the
cortical shell to the low pressure core., The solution (6) shows that
the time constant t, is a sensitive functin (L4) of the distance from
the cortical bone to the closest low pressure region. A clinical
application of this finding would be to replace a single large core in
the femoral head by smaller diameter holes.

MAXIMUM PRESSURE vs TIME
in uncored and cored femorai heads

*
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FIGURE 1 Maximum pressure vs. time in cored and uncored femoral heads
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A FLUID MECHANICAL MODEL OF CYTOKINESIS IN ANIMAL CELLS

Metin Ger and Nuri Akkas
Department of Engineering Sciences
Middle Bast Technical University, Ankara, Turkey

INTRODUCTION

The cortical layer, enveloping cells, contains microfilaments and
microtubules. It is treated as an elastic or viscoelastic membrane
{Akkas 1980,1981). Yoneda (1973) treats the cell as a liquid drop.
There are tension elements uniformly distributed over the cell sur-
face before cleavage begins (Greenspan 1977). As the uniformity of
the surface tension is disturbed, the elements move towards the equa-
torial surface and cleavage starts. Once triggered, it is completed
without further stimulus. Greenspan’s work is concerned with cleavage
initiation. Here we will study if a fluid disc can be divided into
two completely by a constricting agent applied around its equator.

METHODOLOGY

A disc of incompressible viscous fluid is immersed in another viscous
fluid. The disc’s peripheral zone (PZ), with a thickness of 5% of the
disc radius, separates the interior zone (IZ) from the exterior zone
(EZ). The viscosity of the IZ is twice that of the EZ. Effect of the
viscosity of the PZ will be studied. The penalty—-finite element
method is used to analyse the disc subjected to a constant equatorial
rate of strain. The total area of the dividing disc remains constant
in accordance with the well-accepted fact in animal cell cleavage.
The finite element grid is shown in Fig. 1. The pressure is constant
on the outermost boundary. The numerical results do not differ
significantly when the EZ is discarded and the constant pressure
condition is applied at the surface nodes of the PZ.

RESULTS AND DISCUSSION

Figure 2 shows the dividing disc when the PZ has a uniform viscosity
which is six times that of the EZ. Figure 3 is for the same problem;
now the uwniform PZ viscosity is ten times that of the EZ. The general
trend of the shapes in Figs. 2 and 3 is named the "pointed form™.
This form becomes more pronounced as the uniform PZ viscosity in-
creases. For a flatter shape, a nonuniform viscosity must be given
to the PZ. The case in which the viscosity of the polar region of the
PZ is ten times that of the EZ and the viscosity of its equatorial
region is six times that of the BEZ is shown in Fig. 4. The case in
which the viscosities of the polar and equatorial regions of the PZ
are interchanged is shown in Fig. 5. The general trend of the shapes
shown in Figs. 4 and 5 is named the "rounded form". A dividing animal
cell has a rounded form. The pointed and rounded forms are compared
in terms of their polar displacements in Fig. 6. The rate of polar
displacements is almost constant for the cases with rounded form. The
polar displacements demonstrate a stepwise increase in time, implying
an instability phenomenon, for the cases with pointed form.
Ackowledgement . The second author acknowledges the NATO grant 87/342.
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Fig. 1. The finite element grid.
Fig. 2. The uniform PZ viscosity is six times that of the EZ.
Fig. 3. The uvniform PZ viscosity is ten times that of the EZ.
Fig. 4. The PZ has nonuniform viscosity. The ratio between the
viscosities of the polar and equatorial regions is 10/8.
Fig. 5. The PZ has nonuniform viscosgity. The ratio between the

vigcosities of thé polar and equatorial regions is 6/10.
Fig. 6. The polar displacements of the pointed and rounded forms
as a function of time.



HYDRODYNAMICS OF TURTLES
W.R. Krause, A.J. Beaudoin, C. Krause, and J. Keinath
Medical College of Virginia and VA Institute of Marine Science

Introduction

The turtle is one of the oldest living species of animals on the earth
today. The turtle's longevity results from its hard outer skeletal
structure that has protected this species from its enemies and predators
over millions of years. The shell's primary function is for protection,
however it must also be hydrodynamic. A hydrodynamic shape helps the
turtle move through the water with ease and mobility whether the turtle
is escaping from oncoming death by predator or traveling to another area
to feed or migrate. The shell of a turtle plays a role in the turtle's
way of survival and its way of travel. Having the shell in a shape
designed to give 1lift may help reduce the energy expenditure of the
turtle as it moves through the water.

Davenport, Munks, and Oxford [1] performed an experiment comparing the
swimming forces of marine and freshwater turtles. The average thrust
over five seconds was 0.67+0.21 N for the marine Green turtle (Chelonia
mydas), 0.45+0.22 N for the freshwater Caspian terrapin (Mauremys
caspica), and 0.26+0.20 N for the freshwater Red Eared Slider (Chrysemys
scripta). They hypothesized that the shell has a hydrofoil
characteristic and functions to some extent as a lifting body.

Wyneken [2] studied the comparative and functional considerations of
locomotion in six hatchling Green turtles (Chelonia mydas) and four
hatchling Loggerhead turtles (Caretta caretta). Each turtle was
attached to a brass rod which was attached to an aluminum force beam in
a flow tank to determine the lift and drag forces. Analysis of the
results showed that slight differences in body design can result in
significant hydrodynamic differences. Green turtles had significantly
higher lift and drag coefficients than did loggerheads.

Methods and Materials

Shells from a Yellow Bellied Slider (Trachemys Scripta Scripta) and
a Red Bellied Turtle (Pseudemys Rubrivetris Rubrivetris) were obtained.
Molds were made from both the carapace (top) and plastron (bottom)
shells and a clay model of the turtle was made. A preserved male Red
Bellied Slider (Pseudemys Rubriventris Rubriventris) was also obtained
for evaluation. The turtle shell model was placed on a force transducer
in a flow tank at two water velocities (0.23 and 0.46 m/s) and six
angles of attack (-5,0,5,10,15,20 deqg). The transducer was connected to
an A/D board in a IBM PC/AT computer. The 1ift and drag forces were
measured at two velocities, 0.23 and 0.46 m/s.

An FEM model of the preserved Red Bellied Slider was made and run
using the FIDAP program [3]. The pressure distribution and velocity
vectors and streamlines about the turtle were determined for the
experimental conditions.

Results and Conclusion

"Both the Yellow and Red Bellied Slider models showed an increasing
1ift force as the angles increased at the higher velocity of water
(0.461 m/s), Figure 1. At the lower velocity (0.229 m/s) the results of
the 1lift force gradually decreased as the angles increased. The drag
force increased at the higher velocity (0.461 m/s) from 10.0 to 16.0 N
as the angles increased. At the slower velocity (0.229 m/s) the drag
force gradually increased slightly with an increase in angle.
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The results for the preserved male Red Bellied Slider alsoc showed
similar trends. The l1lift force at the higher velocity (0.461 m/s)
increased as the angle increased. At the slower velocity (0.229 m/s) the
lift force showed an erratic variation but had an overall increase with
increasing angle. The drag force gradually increased at the higher
velocity (0.461 m/s) in a curve from 1.0 to 17.5 N. At the slower
velocity (0.229 m/s) the drag force gradually increased. The results
from the FEM analysis, Fig. 2, shows a negative pressure (shaded area)
and higher velocities along the carapace and generally a positive
pressure and lower velocities along the plastron.

The conclusions of this study, supported with an FEM analysis,
indicate that the turtle shell does act as a hydrofoil creating lift.
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Fig. 1 Lift forces of the Red Fig. 2 Velocity and Pressure
Bellied Slider. Distributions
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PREDICTING TRABECULAR BONE INGROWTH PATTERNS USING A
STRUCTURAL TOPOLOGY OPTIMIZATION SCHEME

S.J. Hollister, N. Kikuchi*, K. Suzul;i*, and S. A. Goldstein

Biomechanics, Trauma, & Sports Medicine Laboratory, Section of Orthopaedic Surgery, and
*Department of Mechanical Engineering & Applied Mechanics, The University of Michigan,
Ann Arbor, MI 48109

INTRODUCTION: Porous coating has become increasingly popular as an alternative to
cement for total joint fixation. While it is widely believed that the interface mechanics will
influence bone ingrowth, little is known about how trabecular bone adapts to the mechanical
environment in the porous coated interface. The purpose of this paper is to present predictions
of bone ingrowth using a recently developed structural topology optimization program
developed by Bendsoe and Kikuchi (1988).

BACKGROUND: The physiological processes of the interface region are generally
considered to be similar to a fracture healing response. The large changes in bone structure
during fracture healing have been hypothesized to follow a structural optimization scheme
(Wolff 1892). Based on this hypothesis, the structural topology optimization scheme of
Bendsoe and Kikuchi was used to predict bone ingrowth patterns in two dimensional models
of porous coated implant interfaces. This scheme assumes that the structure is composed of
small microstructural voids which determine the average or apparent structural compliance.
The structural compliance, calculated from a finite element model, is updated by changing both
the density and orientation of the microstructure. The final shape of the structure is shown by
plotting a density map on the original finite element mesh of the structure.

METHODS: Predictions of bone ingrowth patterns using the topology optimization
program were performed for two different animal models. The first was the in vivo
remodeling implant model of Goldstein and associates (1986) which has a cylindrical geometry
with a flat porous coated loading surface. The second animal model utilized a prothesis with
multiple porous coated cone projections implanted in the canine tibia (Goldstein et al, 1989).
The initial meshes modeled the implants as symmetric. The surrounding trabecular bone was
modeled as idealized struts with fixed displacements and the implants were loaded under
uniform compression. Parametric studies of boundary stiffness and loading conditions were
performed to assess how these variables affected bone ingrowth.

RESULTS: The results for the prosthesis are shown in Fig. 1 along with an SEM
photograph of the experimental ingrowth. The optimization program predicted general bone
apposition along the bottom of the cone and some bone ingrowth within the porous layer along
the lower one third of the cone side. The predicted ingrowth shows very good agreement with
experimental results where bone appostion and ingrowth is seen primarily in the bottom one
third of the cone. The prediction of ingrowth for the flat cylindrical loading piston were also
consistent with experimental results (Fig. 2), although the model did not predict as much depth
of ingrowth as was found experimentally. Changing the boundary conditions from being fixed
to elastic springs changed the distribution of bone apposition, although the general pattern
remained the same. For the instancone model, reduction in boundary stiffness caused
ingrowth to be distributed along a greater portion of the cone. The effect of boundary stiffness
was much less significant for the flat piston. Different loading conditions also changed the
ingrowth pattern slightly, but their effect was not as significant as either the implant geometry
or trabecular boundary conditions for the two models.

DISCUSSION: The good agreement between predicted and experimental ingrowth
patterns suggest that trabecular bone adaptation in the porous coated region may follow some
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structural optimization scheme. Validation with experimental ingrowth results adds confidence
that this microstructural modeling procedure may be used to evaluate the potential of different
implant designs for inducing bone ingrowth. Initial evaluation of two implant designs shows
that implant geometry is the most important mechanical variable for determining ingrowth
pattern. The cone interface of the instacone prosthesis imposes multiaxial stress fields on the
surrounding bone which is more conducive to bone ingrowth than the more uniaxial stress
fields imposed by the flat ended implant geometry. Stiffness of the surrounding trabecular
bone and implant loading conditions play a secondary but nonetheless important role in
determining bone ingrowth. The results of both models showed that boundary conditions may
moderately effect ingrowth distribution, which suggests that the density of the surrounding
trabecular bone may influence the ingrowth patterns in different parts of the implant. The
loading conditions had the least effect of the three variables on the predicted ingrowth pattern.
- 3 y ‘

Figures 1 and 2. Figure 1 above shows the experimental and predicted ingrowth patterns for
the conic prosthesis. Figure 2 shows the experimental and predicted ingrowth patterns for the
flat ended implant. In the plot of predicted ingrowth, dark areas are solid material and whitc
areas are fibrous tissue.

REFERENCES: 1) Bendsoe, MP & Kikuchi, N (1988), Com. Meth, App. Mech, Eng., 71:197 - 224; 2)
Goldstein SA et al (1986), Trans 32nd ORS, p. 432; 3) Goldstein SA et al, ASME AMD-48, p. 289-290. 4)
Wollf, The Law of Bone Transformation,1892. Acknowledgements: We wish to thank Fred Champlain
and Rob Goulet for their assistance. Support was provided by the NIH(AR 34399, AR 31793, AR 20557).

i8



EFFECTS OF AGE AND SEX ON THE STRENGTH AND CROSS-SECTIONAL
GEOMETRY OF THE FEMUR SHAFT IN RHESUS MONKEYS

R.B. Martin
Orthopaedic Research Laboratory
University of California at Davis
Davis, CA 95616

INTRODUCTION: Macague mulatta monkeys, being primates, may be
especially useful as models for human skeletal problems. This
possibility has not been fully tested, however, and there is
relatively little data on macaque bone physiology and biomechanics.
This study analyzed the bending strength of 54 macaque femurs as
a function of age and sex. It was found that female femurs are
weaker than male femurs, and that femur strength is well correlated
with body weight. The bending strength and cross-sectional moment
of inertia of male femurs peaks at 6 years of age, then declines
significantly with age. This senile diminishment in strength is
contrary to the situation in modern American men, raising some
question as to the suitability of this species for studies of
senile osteoporosis, and underscoring the importance of using age-
matched controls in various experiments involving the rhesus femur.

REVIEW AND THEORY: It has previously been established that the
cross-sectional geometry of the human femur shaft changes with age
in ways which significantly affect the diaphyseal bending and
torsional strength [2]. For example, in modern American men,
periosteal apposition causes cross-sectional moment of inertia
(CSMI) to increase with age, effectively compensating for endosteal
resorption and diminished material strength of the cortical bone.
Such compensation is not sufficient in the female cohort because
resorption on the endosteal surface is too great to be balanced by
periosteal apposition. In other populations, compensatory radial
expansion may or may not maintain bone strength in aging men
[3,4,5]. Whether or not such effects occur in rhesus monkeys is of
interest to physical anthropologists, and because these animals are
often suggested as a superior experimental model for human skeletal
biology because the two species are primates. In order to properly
plan and interpret the data from such experiments, it is important
to understand the relationships between age, sex, and femoral
geometry and strength in this animal. The limited amount of
information available for the macaque femur is not sufficient to
answer these questions [1].

METHODOLOGY: Fifty-four femurs were obtained from 16 male and 22
female rhesus monkeys ranging in age from newborn to 20.8 years.
Four of these animals had been controls in experiments at the
NASA/Ames Research Center and the remainder were obtained from the
california Primate Center at Davis. Each femur was tested to
failure at the midshaft in quasistatic three point bending.
Subsequently, the fractured bone was reassembled and a 100 micron
thick cross-section was prepared and stained with tetrachrome. This
cross-section was digitized and its CSMI was computed with respect
to the antero-posterior (I,,) and medio-lateral directions (I, ): the

19



mean of these values was also computed (I,y) - These variables were
related to age and sex using analysis of variance and regression
analysis.

RESULTS: Figure 1 shows the relationship between femoral shaft
bending strength and age. There was a sigmoidal increase in femoral
strength as the juvenile animals aged. The male femurs were
stronger than the female femurs at intermediate ages, exhibiting
maximum strength at about six years of age. After age 6, there was
a significant decline in male femoral yield (r = 0.72, p < 0.01)
and failure (r = 0.64, p < 0.05) strength, as well as mean CSMI (r
= 0.68, p < 0.05). There was not a significant age-related change
in work-to-failure.

When male and female animals were pooled, yield and failure
strengths correlated similarly with Twpr Ty, and I,, (r about 0.90,
P < 0.01). Body weight was nearly as good a predictor of bending
strength as CSMI (r > 0.85). CSMI and body weight were poor
predictors of work-to-failure, however.

DISCUSSION: It is important to remember that three point bending
of whole bones involves large shear stresses; however, such data
may serve as an index of strength with respect to species, sex,
and age.

The lack of female specimens at intermediate ages makes it
impossible to know whether the female strength-age curve also peaks
at about age 6, or increases more linearly with age. It is certain,
however, that male femoral strength and CSMI diminish with age in
adult macaques. This behavior appears to be contrary to that found
in the femurs of modern American men, and more similar to that seen
in the their female counterparts, who experience excessive
endosteal resorption [3]. At this point it is unclear whether this
difference, or that between modern American men and Eskimo men, is
determined primarily by endo-

steal - resorption or another

factor, and by genetic or epi-
genetic influences. Correlated
studies of macaque femoral bio-
mechanics and remodeling may
help to resolve these questions
and the extent to which rhesus
monkeys may serve as models for
human skeletal problems.

REFERENCES: 1. DeRousseau, CJ,
Amer J Phys Anthrop, 68:157-17,
1985. 2. Martin, RB, et al,
Clin Orthop, 149:268-282, 1980.
3. Martin, RB, et al, Amer J
Phys Anthrop, 67:371-380, 1985,
4. Ruff, CB, & Hayes, WC, Amer
J Phys Anthrop, 60:383-400,
1983. 5. Ruff, CB, & Hayes, WC,
J Orthop Res, 6:886-896, 1988,
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Fluoride ion effect on interfacial bonding and mechanical

properties of bone.

W.R. Walsh and N. Guzelsu

University of Medicine and Dentistry of New Jersey-SOM Biomechanics
Rutgers University Biomedical Engineering 675 Hoes Lane

Piscataway, NJ 08854

The mechanical properties of a composite material rely on the properties of the individual
constituents as well as the interfacial bonding between constituents. Interfacial bonding
forces, which reflect quality, are due in part to the adsorption forces between the
constituents. These forces include electrostatic (coulombic), Van der Waals', hydrogen
bonding and hydrophobic interactions. The adsorption forces between the mineral and
organic constituents of bone are related to the interactions between the lattice ions of bone
mineral (Ca, PO4 and OH) and the ionic domains of the organic constituents.

Bone is porous fluid containing composite of a mineralized matrix containing inorganic
bone mineral (hydroxyapatite (HA) and organic constituents (type I collagen and non-
collagenous proteins). The porosity of bone consists of micropores in the matrix and the
organic lined vascular channel system (Haversian and volkmann's canals). The organic
linings of the vascular channel system functions like a diffusional barrier to ions and
separates bone fluid spaces.

Electrostatic interactions between the mineral and organic constituents of bone can be
influenced by the composition, ionic strength and pH of the fluid they are equilibrated in.
The organic linings of the vascular channel system must be removed to some degree to
allow ions access to the mineral-organic interface through diffusion. Nonionic detergent
treatment (Nonidet P40, NP40) removes enough organic layers to permit ions access to the
mineral organic interface. Previous mechanical testing in our laboratory on phosphate ion
treatment of NP40 treated samples reduces the interfacial bonding forces and lowers the
mechanical properties compared to control samples. Phosphate ions compete with the
anionic domains of organic consituents for cationic bonding sites of the mineral (Ca++).
This study examines the effect of fluoride ions, the effect on interfacial bonding forces and
the reversibility of the effect on the mechanical properties. Fluoride is specifically adsorbed
by HA and has been used in osteoporosis therapy.

MATERIALS AND METHODS: 18 adult femur tension samples were prepared through
wet grinding and milling with an aluminum templated submersed in treatment solution.
Uniaxail tension experiments were performed on an Instron testing machine at a strain rate
of 2.65 x 10-3 sec-1. Samples were treated with 0.1 % NP40 for 24 hours at room
temperature, Detergent treatment removes some of the organic linings present in the
vascular channel system allowing ions access to the mineral-organic interface. Treatment
solutions used were, 2.0 M NaCl pH 7.5 and 2.0 M NaF initial pH 7.5. Samples were
separated into three groups following detergent treatment as follows;

Group 1; NP40 (1 day) + 2.0 M NaCl (pH 7.5) (3 days)

Group 2; NP40 (1 day) + 2.0 M NaF (pH 7.5) (3 days)

Group 3; NP40 (1 day) + 2.0 M NaF (pH 7.5) (3 days) +

2.0 M NaCl (pH 7.5) (3 days).

Elastic modulus and ultimate stress were calculated for all samples. Student t-tests were
performed on the means to assess statistical significane.

RESULTS: Previous mechanical testing performed in our laboratory has shown the use of

nonidet does not alter the mechanical properties. Electrokinetic studies reveal that ions are
able to access the mineral-organic interface following detergent treatment. The pH of NaF
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solutions (group 2 & 3) rose from 7.5 to 10.1 following three days equilibration. The pH
of group 1 did not vary during equilibration. The pH of 2.0 M NaCl of group 3 rose to
7.95 after equilibration. The mechanical results are summarized in table 1. Elastic modulus
and ultimate stress were determined for all samples.

The elastic modulus and utlimate stress for fluoride treated samples were statistically lower
than control samples (group 2 vs 3). Equilbration in 2.0 M NaCl after NaF equilibration
did not bring the mechanical parameters back to control values (group 1 vs 3). Fluoride
treated groups (group 2 and 3) were not statistically different.

DISCUSSION:

The rise in pH of detergent treated samples equilibrated in fluoride buffer indicates that
fluoride ions were able to access the mineral surface. Fluoride ions can exchange with
hydroxyl ions (OH) on the bone mineral surface. The exchange of F and release of OH
accounts for the increase in pH.

The reduction of interfacial bonding and mechanical properties with fluoride ion treatment
may be multi-fold. The exchange of fluoride ions for hydroxyl may effect organic bonding
to mineral due to an alteration in surface energy. The release of hydroxly ions will create an
unfavorable electrostatic environment at the mineral-organic interface due to a local rise in
pH. An increase in pH will shift the bone mineral above its isoelectric point of pH 8.5 (IEP
is defined as the pH where species has zero zeta potential; a species will be positive at a pH
below its IEP and vice versa). This will cause a charge reversal for the bone mineral from
positive to negative, The organic constituents have very low IEP and a rise in pH will
increase their negativity. Finally, the negatively charge fluoride ions may function like
phosphate ions and compete with anionic domains of organic constituents for cationic
bonding sites on the bone mineral surface (Ca++.) The reduction in interfacial bonding
forces between the mineral and organic constituents results in an alteration in the
mechanical properties of bone.

Samples were equilibrated in 2.0 M NaCl (pH 7.5) after 2.0 M NaF (group 3) to determine
if the action of fluoride was reversible. The pH of 2.0 M NaCl rose slightly from 7.5 to
7.95. However, the mechanical properties remain reduced as in the fluoride treated samples
(group 2). The local unfavorable electrostatical condition between the mineral and organic
constituents may still exist even though the pH of the bulk is no longer high. The organic
layers remaining on the mineral "shields" the mineral-organic interface from pH changes in
the bulk. However, ions which preferentially adsorb to bone mineral can cause a local
change in pH or electrostatic conditions at the mineral-organic interface. Fluoride ions
exchange with OH and become part of the lattice of bone mineral and may not simply
desorb from the surface with a shift in concentration gradient.

Fluoride treatment reduces the interfacial bonding forces between the mineral and organic
constituents of bone and lowers the mechanical properties. This change in bone quality
(mineral-organic interfacial bonding) may play a role in the aged and diseased
(osteoporosis) properties of bone.
Table 1: Sample Ultimate (MPa) Elastic Modulus (GPa)
Nonidet + 2.0 M NaCl (pH 7.5) 121.5 (99) 234 (1.2)
Nonidet + 2.0 M NaF (pH 10.1) 107.4 (10.8) 19.1 (1.3)
Nonidet + 2.0 M NaF (3 days) 100.5 (3.7)  20.8 (0.5)

+ 2.0 M NaCl (3 days)

Acknowledgment: This work was supported by the NIH-National Institute of Health
Arthritis, Musculoskeletal and Skin Disease, Ortho. Grant # R23-AR26951.
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STRUCTURAL QUALITY OF THE PROXIMAL FEMUR IN DIABETIC RAT
TREATED WITH MINOCYCLINE

Edward P. Lanigan, Steven D. Bain and Clinton T. Rubin
Musculo-Skeletal Research Laboratory
Department of Orthopaedics, SUNY at Stony Brook, NY 11754-8131

INTRODUCTION:

The structural quality of the bone organ is a product of its morphological and
material properties. Biochemical, cellular, or tissue abnormalities which are
observed at microscopic levels may or may not produce significant risk to the bone
structure. In the case of diabetes, defective collagen metabolism has been
implicated as a mechanism which exacerbates diabetic osteopenia (1,2,3). Recent
studies suggest that low dose tetracycline prophylaxis reduces collagenolytic
activity (4,5) and thereby normalizes bone formation in the tibia of diabetic rats
(6). However, even though these biochemical, cellular, and tissue level studies
suggest the potential of tetracyclines as a treatment for this connective tissue
disorder, studies at these levels neglect the responsibility of bone as a

structure. Therefore, the purpose of this study was to identify changes in the
structural quality of the proximal femur due to the effects of experimental
diabetes, as well as diabetes plus tetracycline prophylaxis, and compare them to
the structural properties achieved in normal controls.

METHODS:

Twelve adult (350g) male Sprague-Dawley rats were randomly assigned to control (C),
diabetic (D), or minocycline treated diabetic (MTD) groups. To induce diabetes,
animals were injected with 70mg/kg of streptozotocin. Criteria used to establish
the diabetic state included glycosuria, polyuria, and weight loss. Minocycline
(20mg/day) suspended in 2% carboxymethyl cellulose vehicle was administered daily
via oral gavage to the MTD group while control and diabetic rats were gavaged with
vehicle only. After a four week experimental period, the animals were anesthetized
with halothane and sacrificed by cervical dislocation. The right and left femora
were excised while leaving soft tissue intact. The bones were then wrapped in 0.9%
saline solution soaked gauze, stored in a plastic bag, and then frozen at -20°C

until testing. Prior to testing, the femora were put in a bath of 21°C normal
saline and allowed to thaw (2 hours). The soft tisue on the distal end was
dissected off and the bones embedded up to the mid-diaphysis in a 2cm cube of
methylmethacrylate.  Soft tissue was left on the proximal end of the femur. Care
was taken to keep the specimen moist during all procedures. Whole bone testing was
utilized to assess rigidity and ultimate load to failure of the femoral neck.

Rigidity gives an indication of the structure’s resistance during deflection, and

in this case, was defined as force as a function of displacement within the elastic
region. In this study, a linear displacement transducer was used to measure the
deflection and a load cell measured the resistance. The peak load, measured at the
point of absolute failure, was recorded to characterize the ultimate strength of

the femoral neck. The specimen was mounted such that the long axis of the femur
was parallel with the axis of the actuator, and aligned with the femoral head under
the load cell. The soft tissue was retracted to expose the cartilage of the head

to assure proper visual alignment. Using an interactive microcomputer package, a
hydraulic testing machine (MTS, 442 controller) was driven under stroke control at

a constant rate of 10 mm/sec onto the femoral head until absolute failure occured.
Displacement and force were digitally recorded at a 500 Hz sampling rate.

23



RESULTS:

The average calculated rigidity of the diabetic group (165N/mm *+36) was
significantly lower than that of the normal control group (220N/mm *27; p<0.05).
Although no significant difference was found between the treated diabetic group
(187N/mm #*40) and either control or diabetic animals, the average caiculated
rigidity for the treated group was greater than the untreated group (Figure 1).
The average ultimate strength, defined as the peak load to absolute failure, was
greatest for the control group (124N *33) and least for the diabetic group (81N
*18), with the peak load of the treated diabetic group falling in between (93N
+17).

DISCUSSION:

By testing the whole bone structural properties of the proximal femur, this study
demonstrates the diabetic state will result in a statistically decreased rigidity

of the bone organ. Although the potentiai for tetracyciines to inhibit this
structural deterioration is not statistically supported, strong trends were

evident. Further study of this unique prophylaxis, from the biochemical through
the structural level, may identify an optimal treatment regimen.
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Figure 1. Mean (S.D.) rigidity across treatment groups. Control
group was significantly more rigid than the diabetic group at p=0.05.
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VERTICAL QUADRIPODAL STANCE ASSSESSMENT IN ROCK CLIMBING

Patrice ROUGIER Paul ALLARD Jean-Pierre BLANCHI
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INTRODUCTION

This paper describes a system to study the interaction between posture and movement in vertical
human quadrupedy. The forces exerted during vertical stance on an artificial climbing wall are used
to test the climber's level of expertise.

REVIEW

Standing equilibrium following body movement (Bouisset et al., 1987) or random postural
perturbations (Nashner, 1971) has retained much attention in man. Similarly, quadripodal
equilibrium following these types of perturbations has been mostly studied in animals (Rushmer et
al., 1983; Dufossé et al., 1982). Yet, quadripodal equilibration in man has retained little attention
and has been limited essentialy to the horizontal posture (Dunbar's et al., 1986). Although
recently, Dee and Adrian (1989) studied the loads and speeds on the kinematics of climbing, little is
known about vertical quadripodal equilibrium situations; eventhough, this situation is quite common
during the practice of some sport activities such as rock and ice climbing. This paper presents an
original dynamometric device for measuring the hands and feet reaction forces while the subject
maintains a vertical quadripodal stance on an artificial climbing wall.

METHODOLOGY

The measuring device consists of a fixed and movable 0,60 m by 2,20 m vertical wall-mounted rigs
to which adjustable hand and foot plates are independantly instrumented by means of a load cell. The
right vertical rig can be moved laterally to adapt itself to different body breath while the four plates
can be adjusted according to body height. In all, 8 competion artificial holds are mounted at four
different levels not exceeding 2,20 m in height. Each instrumentated plate has 2 holds, the lowest
one always being the starting point while one of the upper one can chosen as the target hold. The hand
holds allow a cling prehension while the feet holds allow only medial shoe border support. These
have been particularly selected to force the climbers close to the wall.

Sixteen male rock climbers participated in this study. Six are occasional climber of level 5.7; five
are experienced climbers of level 5.10c/d and the last five are high level climbers, of level 5.12b.
Subjects wear climbing shoes with rigid soles and were allowed to use magnesia powder on their
hands. Subject were instructed to climb on the lower foot and hand holds of the measuring device.
Load cell data are displayed on a four chanel oscillocsope and stored on a Olivetti M 380 micro-
computer. Once a stable signal is obtained, they were asked to move either their right or left hand
or foot to the target hold located just above it, on the same plate. The choice is randomized to avoid
learning effects. After the signal is again stabilized, the subject dismounted the instrument and
rested for one minute. In all the subject carried out 24 trials, six for each different limb
displacements.

To quantify the load distribution, we used the diagonality index, D (Dufossé et al., 1982; Gahéry et
al., 1980), defined as D = 1-(JAFL - AHR| + |AFR - AHLJ) / (JAFL| + |AHR| + AFR| +|AHL]| ),
where HR, HL, FR and FL are the load variations occuring at the right and left hand and foot
respectively. Fig 1 illustrates a load variation observed for a right foot displacement. The D index
provides an estimate of the hands and feet contibution to the diagonal postural adjustment which
takes place during limb displacement. It has a value of 1 when the load variations are identical but
of opposite sign on the diagonals. For values increasing towards unity, the D index reflects a
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diagonal behaviour. When it iends towards zero, the ioad transfer is done by the conira-iaierai
limb.

RESULTS AND DISCUSSION

The hand displacement resulls are quite variable and as such are not of immediate interest; while the
right and left foot displacementis results are quite similar. Consequently, only the right foot
displacement results are presented here. The mean (S.D.) diagonality index for the Occasionai,
Experienced and High Level groups are 0,29 (0,03), 0,23 (0,03)and 0,19 (0,04) respectively.
Using a Mann and Whitney U test, significant differences were found between ali groups (o < 5%)

The mean D values are generaly close to 0,25, indicating a non-diagonality behaviour. The index
appears to decrease as the ability levei increases; whereas, its standard deviation remains constant
regardiess of the level of expertise.

As found in cat studies for horizontal quadrupodal posture (Dufossé et al., 1982; Gahéry et al.,
1980), the training effect is also present in man for a limb displacement, while maintaining a
vertical quadrupodal posture. After training begins, they indeed observed a shift from diagonal to
non-diagonai behaviour. This change permiis the animai io have a more stabie suppori wiile ihe
non-diagonal behaviour implies a lateral shift of the position of the center of mass. Additionaly,
they showed that this type of support behaviour was more energy efficient than that of the diagonal
one. We could think that the same evolution is present in our climbers, the expertise level inducing
a shift to a more non-diagonal behaviour.
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, INTRODUCTION
Joint power and work were calculated at the ankle complex and knee relative to three-dimensional
(3D), anatomically meaningful axes during the stance phase of barefoot walking over level, uphill,
and downhill (8.3%) grades. Taking a simple situation, with a predictable outcome (increased
power generation and positive work with increased grade, increased power absorption and negative
work with decreased grade), parameters for axes often neglected showed results similar to those for
primary axes.
METHODOLOGY
The kinetic analysis required the combination of information from three basic areas. Body segment
parameters were estimated from cadaver studies and from geometric modeling. Kinematic parame-
ters were calculated using screw-axes [1,2] with global position data obtained through cinematogra-
phy. (The accuracy of the kinematics software was determined through analysis of a machine with
known translation and rotation.) Ground reaction forces were measured using a piezoelectric force
plate. Data were combined in custom FORTRAN software on a laboratory-based microcomputer.
Nine adult males were studied.
RESULTS AND DISCUSSION
Comparison of the level data (patterns and magnitudes) to results reported in the literature (3]
served to validate the kinetic analysis. Results from primary axes (ankle dorsiflexion/plantarflexion;
knee flexion/extension) showed the ankle complex to be critical in propulsion, with the knee’s
function being primarily shock absorption and control. The peak plantarflexion moment, peak
power generation, and positive work performed at the ankle were significantly increased with grade
(p<0.05). Figure 1 shows corresponding graphs for a typical subject. Results at the knee were not
consistent across grades, but shock absorption at heel-strike seemed more important than control
at mid-stance for uphill and downhill walking, while the reverse was true for level walking (Figure
2). Results for secondary axes were similar for both joints, though magnitudes were often less than
33% of primary axis values.
CONCLUSION
Data indicated that all three anatomical axes can show biomechanically relevant effects, such as
those due to grade. Although magnitudes for parameters along secondary axes are relatively small,
it seems unwise to disregard them as unimportant.
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AN INTRINSIC PARAMETER FOR THE STUDY OF
COMPLEX THREE-DIMENSIONAL HUMAN MOTION
Raymond R. Brodeur and Robert W. Soutas-Little
Department of Biomechanics, Michigan State University,
East Lansing, MI 48824

INTRODUCTION

A complete understanding of joint kinematics is essential to the diagnosis
of joint disorders, athletic training, and for assessing treatment and/or
training progress. However, most joint motions involve complex three-
dimensional rotations and translations, making it difficult to compare
joint motions within and between subjects. The motion of two relative body
segments is best characterized by the instantaneous screw axis (ISA). The
path created by a line moving in space is called a ruled surface. The
moving line is called the generator of the ruled surface. Thus, the motion
of the ISA creates a ruled surface with the ISA as its generator. A ruled
surface can be completely described in three-dimensional space using five
scalar quantities (1). However, a single intrinsic parameter can describe
the first order equivalency (defined below) of two generators. Thus, for a
given instant in time, the generators of two ruled surfaces can be compared
by a single scalar quantity. In addition, there exists a kinematically
defined coordinate system called the generator trihedron, which, by itself,
provides significant insight to the motions taking place at a joint. The
purpose of this presentation is to provide the theoretical background and
to discuss the ramification of the application of the above theory to the
study of human motion.

THEORETICAL BACKGROUND

Figure 1 shows the instantaneous screw axis (ISA) of a rigid body at time
t. Define a coordinate system:

e, = w/|wl

ex = w x o/|lw x 0

ep = e X ey
where w and o are the angular velocity and angular acceleration of the
rigid body. Locate the origin of the coordinate system at the center
point, A, of the ISA. The center point, A, is defined as the point on the
ISA where the acceleration in the ey direction is zero (2). It should be
noted that the center point cannot be uniquely defined if o is parallel to
w. The above coordinate system is called the generator trihedron. It
describes both the first and second order motion of the rigid body. First
order motion (velocity) is the screw motion of the body about the e, axis.
Second order motion (acceleration) has two components: (i) a screw motion
of the body about the ISA (e,) and (ii) a screw motion of the ISA about the
line ey.
At time t + dt the ISA moves to ISA’, as shown in Figure 1. In general the
ISA and ISA’ are two non-intersecting lines in space. The shortest
distance, ds, between ISA and ISA’ occurs at the center point of the ISa,
along the line ep. The line ey is perpendicular to both ISA and ISA’.
Between the time t and t + dt, the ISA translates along ey by a distance ds
and rotates about ey by an angle dd. The ratio:

p = ds/d@
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is called the distribution parameter of the ISA. P is an intrinsic
variable that describes the geometry of the ruled surface. The
distribution parameter, P; can be defined relative to the kinematics of the
point A:

ds/dt = (ap-ep)/iwl - (ovep) (Vaey)/ (ww)

d8/dt = weq/ W]

P = ds/d® = (ds/dt) (dt/d8) = ap-ep/cep - Vaey/lwl
where ap is the acceleration of A, and Vap is the velocity of A. Two ruled
surfaces are said to have zero order equivalency when their generators
coincide. For first order equivalency, the coinciding generators must have
the same distribution parameter (1). Higher order equivalence exists (1-3)
however, it requires higher order differentiation, making it more difficult
to accurately apply to human motion.
There are two special cases for p: (i) If the motion of the rigid body is
conical, then p = 0. This is equivalent to motion about a fixed point,
(ii) If o is parallel to w, the motion of the body is cylindrical. For
cylindrical motion p = oo, Although the center point cannot be defined for
cylindrical motion, the generator trihedron can still be defined:

e, = w/|w|

e, = w x aQMw X aQI

er = ex X e,
where ag is the acceleration of any point, Q, that lies on the ISA. The
above definition allows the generator trihedron to be defined for planar
motion.

DISCUSSION

Intrinsic parameters of rigid body motion have been used in robotics and
mechanism design for several years (4). The theory described in this
presentation relates to only the first order equivalency of two generators.,
Equivalency to the nth order can be shown to exist, but derivatives of the
n + 1 order are necessary to describe nth order motion, making equivalency
of 2 and higher difficult to apply to human motion. However, even first
order equivalency provides a powerful tool for describing and comparing the
motions taking place at a joint. It also provides a new avenue of approach
for developing and studying more advanced prosthetics,

x
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THREE-DIMENSIONAL KNEE JOINT REACTION FORCES
DURING WALKING AND STAIR CLIMBING

J.Li, U.P. Wyss, K.J. Deluzio, P.A. Costigan
Clinical Mechanics Group and Department of Mechanical Engineering
Queen’s University, Kingston, Ontario, Canada, K7L 3N6

INTRODUCTION

Accurate prediction of bone-to-bone reaction forces at the knee joint during
level walking and stair climbing has many applications in prosthetic design
and rehabilitation. Most previous investigations were two-dimensional since
only sagittal plane forces and moments were evaluated (1,2). Although there
were a few three-dimensional (3D) mathematical knee models available (3,4),
data of 3D joint reaction forces was limited. The purpose of the current
study was to develop a 3D dynamic algorithm which incorporates information
from gait analysis, EMG and Questor Precision Radiography (QPR, 5) to
calculate the bone-to-bone reaction forces at the proximal tibia during
walking and stair climbing. This paper focuses on the dynamic aspects.

REVIEW AND THEORY

In order to describe the motion of the tibia in 3D space, three orthogonal,
body-fixed coordinate axes are defined based on properly placed surface
markers attached directly on the skin. The tibia orientation in space is
defined by a set of Cardan angles which may be determined from the following
equations:

> >
B = arc sin(-j » K)

> > > O
a = arc sin( i ¢« K / cosp) a=a if kK« K>0
> >
a = 180 - « if k+ K<2©0
> > > >
4 = arc sin( j « I / cosp) vy =9 if j-J>0
V > 9
v = 180 - « if J«J<O0
> > > > 2> o

where i, j, k and I, J, K are the unit vectors of the body fixed coordinate
system and the global coordinate system, respectively. Anatomically, a, B and
v correspond to the clinical definitions of flexion-extension,
abduction-adduction and internal-external rotation angles. The angular
velocity and acceleration of the tibia can be expressed in terms of Cardan
angles and Cardan angle velocities (6). Since the position of the center of
mass of the tibia can be determined as well, the net joint reaction forces and
net moments at the proximal tibia can be calculated using the classical
dynamics equations.

METHODOLOGY

A two-camera 3D WATSMART system and an AMTI force platform were utilized for
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a collection. A foot switch was taped on the subject’s heel to record
the heel strike. A total of fourteen young, healthy subjects (8f, 6m) were
tested. Five walking and five stair climbing trials were collected for each
subject and the results averaged.

RESULTS AND DISCUSSION

Figure 1 shows the average net joint reaction forces for fourteen subjects
during level walking. In figure 2 are the average net forces for the same
group during stair climbing. As expected, large forces existed in the
sagittal plane in both trials. Forces in the medio-lateral direction were
relatively small in comparison to those in other two directions. Results of
net moments also showed the largest moment in the sagittal plane, which was
about ten times of those in the frontal and transverse planes. With the
addition of muscle forces and their lines of action based on EMG and QPR data,
the actual bone-to-bone reaction forces at the knee joint could be estimated
in three dimensions-with adequate accuracy.

¢fﬁﬂ ] T 2 3’ R N
s ] R e
24 é o D '\
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Figure 1. Average net joint Figure 2. Average net joint
reaction forces at the reaction forces at the proximal
proximal tibia for 14 tibia for 14 subjects during
subjects during walking. stair climbing.
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Relationships Among Ankle Muscie Moments and Joint Kinetics
During the Stance Phase of Locomotion in the Cat

E.G. Fowler, R.J. Gregor, J.A. Hodgson and R.R. Roy

Department of Kinesiology and Brain Research Institute, UCLA Los Angeles, CA 90024-
1568

INTRODUCTION - Control of joint motion depends on the production of appropriate
moments over a sufficient time period. The moment required about the joint is determined
by environmental factors such as movement speed, gravitational forces, and ground
reaction forces. Joint moments may be quantified by modeling the segments as a rigid
body system and using principles of inverse dynamics (Bresler and Frankel, 1950). Using
this approach, a generalized muscle moment (GMM), the sum of all active and passive
tissues acting about the joint may be determined (Hoy et al., 1985). The contribution of
individual muscles to the GMM may be determined using tendon transducers, implanted in
freely moving animals (Walmsley et al., 1978, Gregor et al., 1988, Fowler et al., 1988).
The purpose of this study was to quantify the relative contribution of individual muscles
to the GMM, acting about the cat ankle joint, during locomotion.

METHODS- Three adult male cats (3.6-5.0 kg, body weight) were trained over a two month
period to locomote within a plexiglass enclosed walkway. Tendon force transducers were

placed on the soleus (SOL) in one hindlimb of each animal, under sterile conditions, such

that mechanical interference was prevented. In the contralateral hindlimb, a transducer

was placed on the PLT or MG and LG tendons. Lead wires were passed subcutaneously to an
amphenol connector secured to the skull with dental cement.

Force recordings and high speed filming occurred approximately cne week post
operatively. Both hindlimbs were shaved and markers placed on the iliac crest, greater
trochanter, approximate knee joint center, lateral malleolus, base of the fifth metatarsal,
and head of the third distal phalanx. An external multilead shielded cable wired to
recording equipment was attached to the amphenol connecter on the skull. The hindlimb
was filmed at 100 fps by a cine camera, placed orthogonal to the plane of movement. The
animal was coaxed to walk across the walkway. Limb position data, tendon forces, and
ground reaction forces were synchronized using a DC pulse and light in the camera field of
view. Tendon force transducers were calibrated in sitw. The limb was secured by pins
and clamps and the force transducer left undisturbed on the tendon which was connected
distally to a force lever. A calibration factor was determined by comparing tendon
transducer output to calibrated lever output during a series of isotonic contractions.

Muscle moment arms, about a instantaneous center of joint rotation, were obtained using a
photographic method proposed by Lieber and Boakes (1988). Individual muscle moments

were computed by multiplying muscle forces by their corresponding moment arms for each
trial. Coordinates (x,y) of skin markers were obtained from serial film frames. Kinematic
data were smoothed using a 4th order zero lag digital filter.

Vertical components of the ground reaction forces were used to calculate the point of force
application on the plantarsuface of the paw. Anthropometric data were obtained for each
segment using regression equations with cat mass and segment lengths as predictor
variables (Hoy et al., 1985). The cat's shank, tarsals, and digits were modeled as a planar,
three-segment, rigid body system. Egquations of motion were formulated using Newtonian
mechanics and the ankle GMM determined. :

RESULTS/DISCUSSION - A direct relationship was found between moments produced
by individual muscles and the ankle GMM. Peak MG, LG, and PLT moments increased as a
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Peak Muscle Momenlts (H.cm)

function of peak ankle GMM during level locomotion (p<.05), while peak SOL moments were
relatively constant (Fig. 1).  These results indicate that changes in peak ankle GMM were
due to increased force output in fast twitch extensor muscles. Changes in the ankle GMM-
time integral; however, were positively related to changes in SOL and PLT moment-time
integrals (p<.05) (Fig. 2). These results demonstrate that while fast extensors are
important in determining the maximum output in a limited region of the moment-time
curve, the SOL and PLT output continues throughout the period of moment production. The
SOL role can be explained by its slow twitch fiber composition while the PLT moment
contribution may be explained by its role as both a primary ankle and
metatarsalphalangeal joint extensor. Exemplar data, obtained from different trials of
similar peak GMM, show that the sum of muscle moments was similar to the average GMM
curve, for these same trials.
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KINETIC ANALYSIS OF LOAD SHARING BETWEEN ANKLE EXTENSORS OF
THE CAT HINDLIMB DURING WALKING AND JUMPING

K. L. Perell, R. J. Gregor, J. A. Tjoe and R. R. Roy
Department of Kinesiology and Brain Research Institute, UCLA, Los Angeles, CA 90024-1568

INTRODUCTION. Load sharing among ankle extensors of the cat hindlimb has been
indirectly estimated using EMG and information concerning the physiology of these
muscles, particularly cross-sectional area, Pg, and fiber type. Muscle forces, however can
be measured directly using chronically implanted force transducers. Previous studies
demonstrate load sharing between the medial gastrocnemius (MG),- a relatively fast-twitch
muscle and the soleus (SOL), a slow-twitch muscle (Walmsley, et al., 1978) during walking
and jumping or the SOL and the lateral gastrocnemius (LG) using EMG (Smith, et al., 1977)
during locomotion. The purpose of this study is to evaluate the load sharing relationship
between four ankle extensors (SOL, MG, LG, and PLT) using direct force measurements
during jumping and walking.

METHODS. Two normal adult male cats (weight = 4.65 + 0.35 kg) were trained to
vertically jump to a platform height of 0.62 m and to walk through an enclosed plexiglass
walkway. Force transducers were implanted, under sterile conditions, on the SOL, MG,
plantaris (PLT) and LG tendons (Sherif, et al., 1983).

Force recording and high speed filming occurred approximately one week following
surgery. Markers were placed bilaterally on the iliac crest, greater trochanter,
approximate knee joint center, lateral malleolus, base of the fifth metatarsal, and base of
the distal phalanx of the third toe. The plexiglass walkway contained two concealed force
platforms placed in succession on the side of the walkway floor closest to the camera.
(Fowler, et al., 1989) For the jumping trials, the cats were placed directly upon one force
plate and rewarded for jumping up to the platform. Film speed was at a rate of 100 fps and
the camera lens placed orthogonal to the plane of movement. Film, tendon forces, and
ground reaction forces were synchronized using a DC pulse and light in the camera field of
view. A calibration factor was obtained for each tendon transducer during a terminal
experiment in situ (Sherif, et al., 1983).

Paw contact (PC) and paw off (PO) were signaled using the vertical component of the
ground reaction forces and synchronized to digitized film frames. Coordinates (x,y) of
skin markers were obtained from serial film frames. Kinematic data were smoothed using
a fourth order zero lag Butterworth digital filter and first and second derivatives
computed (Whiting, e al., 1984). The beginning of the jump was defined as the point in
time when an increase in angular acceleration at the ankle joint occurred, while take off
(TO) was signaled by zero ground reaction force. Ground reaction force records were
acquired on line to an IBM PC, multiplied by appropriate conversion factors, and point of
force application on the paw calculated. Anthropometric data (segment mass, center of
mass, and moment of inertia) were obtained for each segment using regression equations
with cat mass and segment lengths as predictor variables (Hoy, et al., 1985). Standard
rigid body mechanics were employed to calculate the generalized muscle moment about the
ankle (Fowler, et al., 1989).

RESULTS AND DISCUSSION. Mean data are shown in Table 1 for both cats. During
the stance phase of walking the SOL assumed a large proportion of the load sharing as the
other muscles singularly produced only a quarter to a half of that produced by the SOL.
During the terminal phase of jumping, however, the MG, LG, and PLT showed approximately
2x the force production relative to the SOL force due to a 6-fold increase in MG, a 10-fold
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increase in LG, and a 4.5-fold increase in PLT peak force.

slightly (8%) from walking to jumping.

muscle contributed little after mid stance during walking.
demonstrated unloading of the muscle during the terminal phase of the jump, while MG,
LG, and PLT were still producing substantial forces.

The SOL peak force decreased
In additon, force curves for the LG showed that the
The SOL force curves

The timing characteristics of peak force showed differences primarily between the LG and

PLT from walking to jumping.

PLT (19.7

decreased to almost zero by mid stance.
muscles occurred at the same time relative to TO (76.7 + 11.5 ms).

In walking the LG peak force occurred prior to that of the
+ 3.3 % vs. 36.3 £ 2.2 % of the stance phase relative to PC) and the LG force
During jumping, however, the peak forces of these
For the jumping trials

the timing of peak force for all four muscles showed consistency within a cat, but not
necessarily between cats as different strategies could be utilized by different cats.

These findings are supported by Walsmley, er al. (1978) for changes in peak SOL
force during the two conditions.

Predictions based on architecture,
and EMG of the LG and PLT also support these data.

his

stoche

and MG

emical nrofilesg

t’ .......

Table 1. Mean peak forces, percentages of maximum tetanic tension, and timing of peak
force as a percentage of stance time during walking and jumping.
SOL MG LG PLT

Peak Force (N)

Walking 331 + 44 11.0 = 3.3 84 £ 2.3 141 + 1.0

Jumping 30,6 + 3.6 70.8 £20.7 89.2 + 2.0 55.6 £10.6
% Py (%)

Walking 95.2 +12.6 9.1 £ 2.6 7.8 £ 2.1 163 £ 1.1

Jumping 87.6 + 9.7 66.7 £32.2 826 + 1.8 64.0 +£12.2
Timing of Peak
Force--Walking

(% stance time) 314 + 7.0 235 £12.7 19.7 + 33 363 £ 22
Timing of Peak
Force--Jumping

(ms prior to TO) 126.7 £16.3 115.0 +20.7 76.7 £ 11.5 76.7 £ 11.5
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ENERGY OPTIMAL TRAJECTORY DURING
UNIDIRECTIONAL TRUNK FLEXION AND EXTENSION

Mohamad Parnianpour, Ph.D. & Gerardo Lafferriere, Ph.D.
CIOC, Hospital for Joint Diseases Orthopaedic Institute
Robotics Laboratory, New York University, N.Y. 10003

INTRODUCTION: Evaluation of trunk performance must include not only the strength
and endurance but also analysis of the strategy of performance. In order to establish a
physical basis for such evaluation, optimal control theory is used to predict the optimal
trajectory of trunk movement with respect to different cost functions (strategies).

METHOD: In a first stage we use the classical inverted pendulum model for the study
of the flexion/extension movement on the sagittal plane. For this first approximation we
assume that all the trunk muscles combine to generate a resultant torque 7 about, the
L5/S1, an axis perpendicular to the sagittal plane. The motion will be described using as
a variable the angle § that the trunk forms with the vertical. The dynamic equation of the
motion is given by

d? )

A— —Bsinf=7 L<L<t<U
dt?

where A = I. + ml?, B = mgl and m is the mass of the trunk, I, is the moment of
inertia of the trunk at its center of mass, ! is the distance from the center of mass of
the trunk to the axis of rotation, ¢ is the gravitational acceleration, and 7 is the torque
generated by the muscles. While this is a simplified model it is already fully nonlinear
in its characteristics. Equating sin8 with the 8 is a valid approximation for values of §
near 0° and is used in studying the behavior of an inverted pendulum near the vertical
(Hemami and Golliday, 1977). However, our interest is in studying the trajectory profiles
of the upper trunk during flexion/extension. Such motions include full flexion where the
approximation above is no longer valid. It is assumed that human motion trajectories
satisfy some additional optimization criteria. Model will be verified by comparing optimal
trajectories corresponding to various cost functions predicted by our nonlinear model to
actual position and velocity of normal subject performing trunk flexion and extension
using B200 Isostation, a triaxial dynamometer. The energy optimal trajectory will be
the function #(t) that satisfy the derived nonlinear differential equation of motion and
minimizes the following cost function:

T
[ o= el

The optimal trajectory 6(t) is approximated by a third degree polynomial plus a linear
combination of Fourier terms with weighting coefficients

k
8(t) = p(t) + Z Cidilt).

The polynomial is used to match the boundary conditions and the Fourier terms ¢; are
chosen so that they vanish at the end points. In that way the resulting trajectory satisfies
the boundary conditions (Schmitt et al 1985). Using the equation of motion we obtain
the torque 7 corresponding to the given trajectory as a function of the linear combination
of the coefficients C;. The cost is then a function of the coefficients C; and the final time
T. This function of several variables (the coefficients and the time) is optimized using the
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Nelder-Meade nonlinear optimization technique. We use the method in two stages. First
using one approximating function ¢; we found the time T that minimized the energy. Then,
with the time fixed we added more terms to converge to the optimal energy trajectory.
After two more terms the improvements were minimal (less than 1074).

RESULTS: The results of optimization procedure provided some qualitative properties
of the optimal trajectories. Both for flexion and extension the velocity profile is unimodal
(Figure 1). An analysis of the model shows that the total time remains constant, how-
ever, the time to peak velocity is different depending on whether flexion or extension was
performed, the longer time occuring during flexion. Moreover there is no overshoot in
the position. The results of the theoretical prediction correspond qualitatively with the
experimental data. We are currently in process of validation of the model and using other
cost functions.

CONCLUSION: The comparison of the results of the mathematical model and the
experimental data collected using B200 allows us to develop a physical basis upon which
to evaluate the dynamic trunk movement. This will be an advancement over the existing
emphasis on the range of motion measurement.
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THE MECHANICAL STABILITY OF POROUS COATED ACETABULAR COMPONENTS IN TOTAL
HIP ARTHROPLASTY

J. B. Stiehl, D. A. Skrade, Dept. of Orthopaedic Surgery, Medical College
of Wisconsin, Milwaukee, WI 53226 USA

Introduction: Five different porous coated acetabular prosthetic
configurations underwent invitro testing to assess mechanical stability in
embalmed cadaver hemipelves: Harris Galante II cup with three cancellous
screws; Biomet Universal cup; Whiteside cup with peripheral pegs;

Whiteside cup with two cancellous screws; and Whiteside cup plain.

Following implantation in a neutral frame, cyclic load testing was done

using 33 specimens at 100 kilogram load for 100,000 cycles using an MTS
machine. Subsequently, static load to failure testing was done in all
specimens. Subsidence and micromovement were determined for each

specimen using linear variable differential transformers. (LVDT's) Relative
bone mineral density studies were done using thin slice high resolution com-
puted axial tomography. With cyclic testing, overall cup subsidence revealed
a significant increase (p<.0001) from 500 to 100,000 cycles. Overall cup mic-
romovement revealed a significant decrease (p<.002) and all cup groups demon-—
strated less than 125 microns of average mean micromotion at the completion of
cyclic testing. The best cup configuration was a one millimeter over-sized
press fit cup using two 6.5 cancellous screws for additional fixation which
revealed an average mean of 60 microns of micromovement. Static load testing
revealed unacceptable micromovement over 150 microns in most cups with 300
kilogram loads. Relative bone mineral density was not a factor in fixation.

Review and Theory: Clinical experience has shown the need for rigid
initial fixation in order to achieve bony ingrowth into porous coated
acetabular components. Pilliar suggested that micromovement of 28
microns is compatible with biologic ingrowth but movement over 150 microns
was not compatible with ossification. (1) Previous authors have shown that
invitro micromovement and subsidence measurement offers an effective means
to study initial implant fixation. (2, 3)

Methodology: Embalmed cadaver hemipelves were mounted to a neutral frame

and each acetabular component was inserted according to the manufacturer's
protocol. Load transmission was done to approximate neutral single leg

stance with the hip in extension. Three dimensional subsidence and
xmicromovement of the acetabular components with respect to bone were
measured with two pods of three LVDT's attached to the anterior and posterior
rim of each cup. Cyclic loading was done on an MIS machine with load of 100
kilograms for 100,000 cycles with frequency of 5 Herz. Static load to failure
was done at successive loads of 150, 200, 250 and 300 kilograms performing 5
cycles at each increment. All data from LVDTs was recorded simultaneously
with information from the load cell and integrated with a computer. Statisti-
cal analysis was completed using the ANOVA method. Indirect mineral density
was done. A new technique called thin slice high resolution computed axial
tomography was utilized which is accurate to within 5% of actual ashed bomne
mineral density.

Results: Mean micromotion values diminished significantly for all cup groups
(p(SOOZ). The average mean for anteromedial and posterolateral transducer
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placement was nearly identical. The best cup configuration was a 1.0 mm
pressfit using two cancellous screws. Subsidence demonstrated a significant
crease for all cups tested (p<$0001). Anteromedial and posteriorlateral
transducer placement gave nearly identical results for subsidence, similar to
to micromovement.
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Load to failure demonstrated incremental increase for both micromovement and
subsidence. No statistical difference was seen with these trends and rates of
increase were similar for both. All cup groups except one millimeter press
fit with two screws revealed over 150 microns average micromovement at 300
kilogram load. There was no statistical trend seen with bone mineral density
values which varied from 847 to 1078 mg./cc.
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Discussion: This study has shown that excellent initial fixation can be
achieved with existing porous coated acetabular designs. With progressive
seating of the implant, micromovement actuall decreased and the average mean
for all cup groups was below 125 microns. Static load testing demonstrated
potentially unacceptable micromovement for biologic ingrowth if exaggerated
(2-3 x body weight) forces are applied to the implant. Bone density did not
appear to affect acetabular implant fixation as long as the subchondral plate
was preserved.
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ASSESSMENT OF STRENGTH AND STABILITY OF PEDICLE SCREW FIXATION

Narayan Yoganandan, Frank A. Pintar, Dennis J. Maiman, Anthony Sances, Jr.

Department of Neurosurgery, Medical College of Wisconsin
8700 West Wisconsin Avenue, Milwaukee, WI 53226
Marquette University, Milwaukee, WI and
Veterans Administration Medical Center, Milwaukee, WI

INTRODUCTION

Although many biomechanical investigations have been conducted to evaluate the
effectiveness of pedicle screws for posterior lumbar spine stabilization, alterations in the
strength and stability of the spine under increasing compression-flexion forces on human
cadaveric spinal columns have not been addressed. Therefore, this study was undertaken to
determine the biomechanical strength and motion analysis of transpedicular fixation to the
lumbar spine.

MATERIALS AND METHODS

Seven fresh human cadavers with ages ranging from 38 to 75 years, height ranging from 157 to
185 c¢m, and weight ranging from 59 to 86 kg were used. The T12-L5 column was fixed at the
proximal and distal ends according to standard techniques. The specimen was placed on an
x-y cross table firmly positioned on the platform of an electrohydraulic testing device.
Retroreflective spherical targets were placed on the bony landmarks of the specimen at each
level of the spinal column. Four targets at the vertebral body, two in the anterior and two in the
posterior regions near the endplate, one in the facet column, and one at the tip of the spinous
process were used. A total of 20 to 30 targets were used to span the entire thoracolumbar spine.
To insure that the specimen is injured with anterior vertebral compressions accompanied by
posterior element distractions so that the spine can be appropriately instrumented with pedicle
screws, the continuity of the vertebral cortex was disrupted using an osteotome. This procedure
not only permitted a specific injury for applying the implant, but also served as its own control
for evaluating the efficacy of the instrumentation technique. Following this procedure a
radiograph was taken to document the position of the retroreflective targets and spinal
configuration.

The specimens were tested under increasing compression-flexion forces. Three cycles of
force application were conducted on each specimen: intact, injured, and stabilized. The
specimen was loaded to failure in the first cycle. At the point of failure, the piston was held in
place, a radiograph was taken with the specimen still experiencing the failure load. Failure
was defined as the point on the biomechanical response at which an increasing compression
resulted in a decrease of the applied force. The second cycle of force application (injury cycle)
was conducted by limiting the applied compressions to the maximum deflection achieved at
failure during the intact cycle. Following this, the spine was radiographed and
transpedicular screws were inserted in the pedicle bilaterally at one level proximal and one
level distal to the level of injury. Two or three slot spine plates were fixed to the pedicle screws
using standard surgical procedures. A radiograph was taken to insure proper placement of the
implant. To this instrumented spine, the final cycle of loading (stabilized cycle) was applied
using the procedure adopted in the previous cycle.
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RESULTS AND DISCUSSION

The biomechanical strength data included the force and displacement histories from the force
gauge and the linear variable differential transformer attached to the piston on the testing
device, and generalized force histories from the distal six axis load cell. Localized kinematic
data were retrieved from RS170 video signals and a video motion analyzer. The
biomechanical strength response for the intact cycle indicated nonlinear and sigmoidal
characteristics with continuously changing resistance. This behavior is typical of biological
materials. Failure forces and deformations ranged from 2.2 to 5.4 kN and 7.6 to 18.2 mm,
respectively. At these forces, compressions at the vertebral body routinely occurred at the
middle of the spinal column accompanied by distraction of the posterior elements. In the
injury cycle, forces ranged from 0.5 to 2.2 kN for deformations of 14.8 to 25.4 mm. These
increases in the deformation together with the decrease in the load represents a relatively
flexible structure. The load-deflection response was primarily bilinear with initial and final
stiffnesses ranging from 25 to 78 N/mm and 161 to 500 N/mm, respectively. For the stabilized
specimen the forces ranged from 0.8 to 3.1 kN with accompanying deformations of 14.6 to 24.6
mm. These load-deflection responses were also bilinear with initial and final stiffnesses of
48 to 124 N/mm and 186 to 526 N/mm, respectively. The significant (P<0.001) increase in
initial stiffness by as much as 100 percent in the stabilized specimen compared to the injured
specimen is indicative of the strength added to the posterior part of the spinal column due to
fixation. However, the relative insignificant change in the final stiffness between the
stabilized and the injured cycles corresponding to the load share by the anterior column
(portion of the structure anterior to the instantaneous center of rotation) may support the
hypothesis that above a critical strain level in the posterior column, the anterior column
absorbs the majority of the external load. Beyond this level little stability and strength is
imparted to the structure. Therefore, in order to enhance the strength of the column, it may be
necessary to fixate the anterior column using bone graft or fusion of the vertebral body.

Localized kinematic data indicated decreased motion between the fixated levels (anterior
compressions and posterior distractions compared to the injured specimen). Steffee plate
fixation significantly decreased the superior-inferior movements of the posterior portion of the
vertebral body as measured by the relative motion between the two posterior vertebral body
targets. However, anterior vertebral compressions were not significantly reduced suggesting
that the fixation contributes primarily in stabilizing only the posterior column. In addition to
this increased rigidity between the fizxated levels, in general, motions were more pronounced
at levels proximal and distal to the fixation indicating an added flexibility at these
neighboring levels. Increased motions may lead to other spinal disorders such as
hypermobility and degeneration during repeated in vivo loading of the spine.
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THE ORGAN RESPONSE OF BONE
TO THE REMOVAL OF FUNCTIONAL STIMULI
Ted S. Gross and Clinton T. Rubin
Musculo-Skeletal Research Laboratory
Department of Orthopaedics, SUNY at Stony Brook, Stony Brook, NY 11794

INTRODUCTION

Bone is unique among structural materials as it possesses the ability to alter its

mass and morphology in response to new functional demands. If the functional
environment does, in fact, act as the controlling mechanism to maintain skeletal
mass, removal of this stimulus should engender an organ wide adaptive bone loss.
Previous work has demonstrated bone loss in response to reduced mechanical stimulus
at various trabecular and cortical sites in both humans and animal models

(1,2,3,4), but the extent and uniformity of the adaptive process has not been
determined. The purpose of this study was to determine how bone, as an organ,
adapts to the removal of functional stimuli.

METHODS

Under general halothane anesthesia, the right radius of three adult male turkeys
were isolated from functional stimuli with parallel metaphyseal osteotomies.

Delrin caps were filled with 5cc of methylmethacrylate bone cement and placed over
the exposed diaphyseal bone ends to insure that the radius remained unloaded
through the experiment. The musculature, vasculature, and innervation of the
diaphyseal shaft was left undisturbed. The radii were isolated from their normal
functional environment for a period of eight weeks, after which the adaptive
response of each isolated radius was contrasted with its intact, contralateral

control. Fluorescent labels were administered at two week intervals during the
protocol. Three transverse sections were extracted at 1.5cm intervals spanning the
middle 3cm of the diaphysis of the experimental and control radii. The sections
were ground to 100 microns, microradiographed, and digitized to determine areal
properties. The area bounded by the endosteal envelope and intractortical
porosities were subtracted from the periosteal envelope area to determine total

bone area for a given cross section. The ground sections were then examined under
ultraviolet light, and sites of intracortical fluorescent labeling were counted as

an indication of the level of cellular activity.

RESULTS

Eight weeks of isolation from functional stimuli precipitated a loss of bone tissue

in all experimental cross sections. When compared to the intact, contralateral
control, the isolated sections demonstrated an average (5.D.) 13.8(6.3)% reduction

in bone area. Mean bone loss varied between turkeys (Figure 1). However, within
each animal, bone loss was more uniform in magnitude (Figure 2). The loss of bone
was achieved primarily via expansion of the endosteal envelope, with the
experimental radii demonstrating a mean 13.5% increase versus the contralateral
control. Increased intracortical porosity accounted for 16% of the bone loss. The
experimental periosteal area was within 2.0% of the control area indicating the
absence of periosteal adaptation. Fluorescent labeling confirmed that the removal

of mechanical stimulus activated an otherwise quiescent skeleton, as the average
(S.D.) number of active intracortical remodeling sites increased from 21.7(15.4) in
the intact control, to 80.4(46.5) in the functionally isolated radius.
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DISCUSSION

Similar to that observed in humans (5), the adult turkey radii responded to the
removal of functional stimuli by activating quiescent cellular populations which,

in turn, reduced bone mass primarily by expansion of the endosteal envelope.
Although each of the three turkeys lost bone during the eight week isolation
protocol, the extent of the loss varied between turkeys. The magnitude of bone
loss varied to a smaller extent across the three sampling sites, suggesting a drive
toward a uniform adaptive response within each bone. As bone loss precipitated by
the removal of functional stimuli appears to be an organ response, future research
will examine whether adaptation to increased functional stimuli is site specific,

or is mediated by some, as yet undefined, organ imperative.
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THE EFFECTS OF COMPONENT DESIGN VARIATIONS ON MECHANICAL PERFORMANCE
OF PROPHYLACTIC KNEE BRACES
B.J. Daley, J.L. Ralston, T.D. Brown, and R.A. Brand.
Biomechanics Laboratory, Department of Orthopaedics
University of Iowa, Iowa City,IA 52242

INTRODUCTION: Prophylactic knee braces (PKBs) are widely employed
to reduce major knee morbidity, despite the lack of scientific
concensus on their efficacy. Several studies of commercial braces
reported reductions in severity and number of injuries (4,5).
However, a larger series in 1987 failed to find braces effective

(7). The most recent and rigorously controlled epidemiological
study showed a reduction in number, but not severity, of injuries
(6). Biomechanical testing cannot be done in vivo, and the manifold

problems of cadaveric specimens discourage their use. A new
surrogate leg (8) provided a limited but reproduceable setting for
valgus forces simulating a lateral blow to the knee, resulting in
medial collateral ligament (MCL)  injury. This surrogate was
validated with cadaver studies. Tests of commercially available
braces have been reported (9).

The surrogate has now
been augmented to include
muscle forces, simulated by
pneumatic actuators
connected to cables tethered
to anatomic insertion
points. (Muscular forces %ﬁh
are probably the greatest
stabilizers of the knee

Hyperextension
Stops

(2)). Individual component

design parameters were KEIEEE};:RCACE
studied to find if one or

more aspects of brace design

correlated with MCL strain Figure 1.

relief. Baseline and
perturbation ranges of the design variables were chosen from a
survey of commercially available PKBs. A modular generic brace
(Figure 1) was constructed with interchangeable components,
facilitating a systematic approach to design variable testing.

METHODS: Design variables studied included hinge length, hinge
offset, upright thickness, upright breadth, upright length, and cuff
configuration. Fit of thigh and calf cuffs was controlled by
instrumented tension bands. Generic brace placement was centered on
the joint line in all cases. The surrogate is based on anatomically
representative components, assembled with interchangeable ligament
blanks made of polybutylene, a polymer with tensile properties
mimicking those of ligament. Femur and tibia are aluminum rods
casted in PMMA to anatomic likeness. The soft tissues are simulated
by a latex foam rubber. The gastroc, medial and lateral hamstrings,
and the quadriceps muscle forces were simulated at 50% of the values
calculated from Cheng (3) and Andriacchi (1) . A proximal actuator
provided a 350 newton hip contact force. The distal tibia is held
in a SACH prosthesis within a running shoe bolted to the baseplate.
MCL analogs were tested to failure and then replaced with unused
blanks. Liquid metal strain gauges (LMSG) were used to measure MCL
analog distension.
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A massive steel indentor was driven abruptly into the lateral
side of the surrogate by the servohydraulic actuator of an MTS model
810, operating under stroke control. A valgus preload of 150
newtons was implemented to overcome static weight of the
horizontally suspended limb. Command signal, actuator deflection,
valgus load uptake,and LMSG ouput were recorded on a storage
oscilloscope. After each impact, the surrogate was disassembled,
MCL analog replaced, and a new brace configuration assembled.

RESULTS: Addition of muscle forces more than doubled the gross
stiffness and load at failure of both the unbraced and braced
surrogate, from 450N to 1100N, and 625N to 1400N, respectively.
Compared to the unbraced case, the standard generic braced surrogate
showed a statistically significant increase in the load at failure
(32%) , gross stiffness (23%), and MCL strain relief (19%). The
Anderson-Omni brace also showed significant increases in all these
parameters over the unbraced leg, (as was observed in the unmuscled
case {(9}}, but not to the extent seen for the baseline generic
brace. Load at failure and gross stiffness are greater for the
stiffer mechanical constructs; e.g. tripling hinge offset from 0.5
to 1.8cm increases load at failure by 300N. Thicker components and
upright breadth increases had similar effects. But, importantly, no
individual component was found to produce statistically significant
increases in load to failure. Permanent angular deformation (2-25
degrees) of the brace occured in all cases, in a manner dictated by
the shape of the soft tissues.

DISCUSSION: Rule changes, shoe and surface changes, and improved
player conditioning have been implemented to reduce knee injuries in
football. Another approach to protection is bracing, but with the
violent nature of the game it is obvious that bracing needs to be
substantial. Therefore, protection comes at the cost of speed,
agility and comfort. We have found that very substantial increases
in component size and weight are necessary to achieve even small
gains in mechanical protection

The present data do demonstrate that the muscle forces about
the knee contribute very substantialy to valgus stability. In the
surrogate, simulation of 50% of the physiologic maximum muscle force
more than doubled the stiffness and load to failure, a far greater
increase than any PKB has yet demonstrated. The generic modular
design concept was found to be a rapid and efficient means for
evaluating individual comnponent contributions.
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THE EFFECT ‘OF SUBCHONDRAL PLATE INVOLVEMENT ON STRESSES
IN SEGMENTAL FEMORAL HEAD OSTEONECROSIS

Kelly J. Baker, Thomas D. Brown, and Richard A. Brand
Biomechanics Laboratory, Department of Orthopaedic Surgery
The University of Iowa, Iowa City, Iowa, 52242,

Introduction: In osteonecrosis of the femoral head, an often-used clinical
sign is a crescent-shaped fracture, typically present at the interface
between subchondral and cancellous bone. The close proximity of the
subchondral plate to the site of potential crescent fracture suggests that
its structural integrity may be important in crescent sign genesis. The
structural role played by the subchondral plate, potentially influenced if
necrosis or fracture has ensued, has not been explicitly investigated. We
have included a subchondral plate in an existing three-dimensional femoral
head model, to investigate the influence of plate integrity on dangerous
stress levels existing in a segmental lesion. Insight into the structural
importance of the crescent sign may provide useful diagnostic information.

Methods: Our existing finite

element model (Baker et al., 1989) /'7 Ny
was modified in order to study the ,//z’ll;/‘l".‘h‘l\}\}\\‘:&\
importance of the subchondral plate. ’fl.'.'.lll l==““"\
The present isotropic model, as AR
shown in Figure 1, includes a - -'
subchondral plate of parametrically- X

variable thickness, and the number
of elements has been increased in
the head proper, yielding about
13,200 degrees of freedom. Material
properites of subchondral bone of
the femoral head were extracted from
existing literature (Brown and
Vrahas, 1984). Lesion geometry,
modelled. as a uniform 75% stiffness
deficit, was mapped directly from
MRI scans of a typical segmental
lesion patient. Figure 1.

To evaluate the role of the subchondral plate viability, seven specific
cases were created in which the geometry and loading were identical, except
for the ’peripheral’ extent of lesion involvement. Case 1 is an intact
head; cases 2-7 have an MRI-defined lesion with a central region of
necrosis, but varying necrotic involvement of the associated lmm-thick ,
subchondral bone and underlying dense cancellous bone (subjacent): (2) both
subchondral and subjacent regions necrotic, (3) viable subchondral plate but
necrotic subjacent region, (4) both subchondral and subjacent regions
viable, (5) necrotic subjacent layer and viable subchondral plate but low
modulus peripheral rim (to mimic crescent sign initiation), (6) viable
subchondral plate, but compliant tissue between the plate and lesion (to
imply a developed crescent sign), and (7) necrotic subjacent layer
subchondral plate with the inner 50% of lesion subtended arc viable and the
outer 50% necrotic (to simulate necrotic invasion). A coronal midsection
view of the MRI-defined lesion as well as the associated subchondral plate
and subjacent region, specifically case 2, are illustrated in a Figure 2.
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Results: Juxta-articular stress distributions in the entirely necrotic
segmental lesion (case 2) were similar to the fully intact femoral head
(case 1). For a subchondral plate modelled as intact (case 3), principal
stresses increased three-fold from those seen with a necrotic plate (case
2) . However, these primarily tangentially-elevated stresses were not
accompanied by any stress concentrations at the necrotic/viable interface,
or at the subchondral periphery of the lesion. Figure 3 shows shear stress
to yield strength ratios at specific sites from the subchondral plate down
through cancellous bone (sampled points indicated in Figure 2).
Stress/strength ratios in this region are considerably higher at the
subjacent/cancellous interface. Simulation of fracture initiation at the
subchondral plate periphery (case 5) exhibited minimal stress deviation from
the case of an intact plate. The fully-developed crescent sign condition
(case 6) also failed to produce a substantial redistribution of stresses.
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Figure 2. Figure 3.

Discussion: When the subchondral plate remains viable and elevated
tangential compressive stresses develop in the plate, the associated
transverse shear stresses peak in the underlying subjacent layer where
crescent fractures commonly occur. This phenomenon may indicate that
crescent sign development occurs via Mode II (shear) crack propagation.
Since the arch effect of passing load through the strongest material
(subchondral bone) is only responsible for a small portion of load
transmission in the head, the presence of a crescent fracture does not
appear to interfere with longitudinal compression through the underlying
lesion. However, while global mechanics do not change, local mechanics
probably do; the fracture line compacts and articular congruity is
progressively lost, leading to degenerative changes.
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EXPERIMENTAL DETERMINATION OF BREAKING STRENGTHS OF LIVE REEF CORALS
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Reef building scleractinian corals inhabiting reef crest habitats in tropical coral reefs fracture
during storms (Woodley 1980). Scleractinians propagate asexually via fragmentation
(Highsmith et al. 1981). Live storm-generated fragments of reef crest scleractinian species
are recovered several hundred meters leaward of the reef crest following major storms
(Porter et al. 1981, Knowlton et al. 1981, Turnicliffe 1981). Immunocompatibility studies have
shown that individual asexual propagate lineages may survive thousands of years and
predominate over extensive areas. Reproduction via fragmentation appears to be a very
important reproductive mechanism for these species.

The Caribbean scleractinian coral, Acropora cervicornis, has a prolific occurrence on and
surrounding reef crest habitats where wave energy during storms is greatest (Graus et al.
1976). A. cervicornis has a skeletal microarchitecture where pores are organized as serial
planes that are particularly susceptible to shear fracture (Constantz 1984). Two differing
selective forces appear to be relevant to the biomechanical adaptive strategy of this coral
species. First, routine exposure to tidal and wave force would require a skeletal structure
able to withstand the routine mechanical stresses the reef crest habitat. Second, skeletal
fracture would have to be common enough during certain periodic high mechanical stress
regimes (storms) to generate fragments for asexual propagation.

The fracture strength of A. cervicornis was measured with whole pieces of skeleton. Since
published past studies of coral skeleton mechanical properties have used bleached or dried
skeletons, identical testing was performed on live and bleached specimens to evaluate the
importance of the hydrated skeletal organic matrix in approximating in vivo skeletal
mechanical properties (Chamberlain 1978). Figures 1 and 2 diagram cantilevered and
tensile test set-ups and the results of testing with both live and bleached specimens.

Observations of skeletal fracture surfaces are consistent with the precise failure plane noted
in the microarchitecture of A. cervicornis (Constantz 1984). Mechanism of failure appears to
have been the same in both bleached and live groups. Strengths between the bleached and
live groups are not statistically significant.

These findings indicate that the strength of A. cervicornis are is quite low. Significant
similarity of breaking strength with and without the hydrated skeletal organic matrix correlates
with earlier findings on its quantitative significance, despite its qualitative similarity to other
skeletal organic matrices (Constantz et al. 1988). The predominant mechanism of failure is
along a preferential plane of fracture in the skeleton's microarchitecture.
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Figure 1: Both tests are shown statistically significant by calculating the Student's {
distribution for the four experimental groups of A. cervicomis and analyzing the variance with
a single-factor ANOVA. The median value for the bleached tensional breaks was 2.3 MN/m2,
The 99% confidence interval for the mean of the tensional strength (bleached), 1.0 MN/m2,
was between 1.0 to 2.8 MN/m2. The median value for the live tensional breaks was 3.0
MN/m2. The 99% confidence interval for the mean of the tensional strength (iive), 1.6
MN/m2, was between 0.9 to 2.3 MN/m2. The calculated F-value for the two groups is 1.92
and the critical value for F at the 99% confidence interval is 7.08. The test fails to reject the

null hypothesis that there is no difference in the tensile strength of A. cervicornis branches
measured in tension when alive versus when bleached.
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Figure 2: The median value for the bleached cantilevered breaks was 10.0 MN/m2. The
99% confidence interval for the mean of the cantilevered strength (bleached), 9.6 MN/m2,
was 8.9 to 10.3 MN/m2. The median value for the live cantilevered breaks was 11.0 MN/m2,
The 99% confidence interval for the mean of the cantilevered breaks (live), 10.2 MN/m2, was
9.4 to 11.0 MN/m2. The calculated F-value for the two groups is 0.5 and the critical value for
F at the 99% confidence interval is 7.31. The test fails to reject the null hypothesis that there

is no difference in the tensile strength of A. cervicornis branches measured as a cantilever
when alive versus when bleached.
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EFFECTS OF FREEZE-DRYING ON
THE MECHANICAL BEHAVIOR OF PATELLAR LIGAMENT
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INTRODUCTION

The purpose of this study was to determine the effects of freeze-drying on
the mechanical properties of various candidate materials for anterior
cruciate ligament replacement and to identify materials with the
appropriate strength for this application.

REVIEW AND THEORY

It is now well known that untreated anterior cruciate ligament tears lead
to knee instability, meniscal tears, degeneration of the articular
cartilage and eventually degenerative osteoarthritis Lz. Because of this
natural history, attempts have been made to substitute the anterior
cruciate ligament with biologic grafts fashioned from the patients own
patellar ligament, other tendons or fascia or by bovine xenografts. The
biomechanical analysis of these substitutes is, as yet, incomplete.

Several stu%ies have established standards for testing techniques using
1igaments3ﬁl :

1. Rate dependence of soft tissue testing; 100% strain/sec. best
simulates injury conditions and mode of failure;

2. End conditions: ligament must remain attached to bone at both ends
during testing;

3. Direction of the load: parallel to the orientation of the collagen
fibers;

4, Testing conditions: specimens must be kept moist and tested fresh.

Testing to date has established a tensile strength for normal
anterior cruciate ligament to be 1730 + 269 Newtons for young healthy
humans. Several allografts [frozen (FF) or freeze-dried (FD)] have been
used with success in the reconstruction of anterior cruciate ligament
(patellar tendon, anterior cruciate, and Achilles tendon.) Hovever,
information is not available in the literature on the mechanical properties
of all of these materials and particularly the effects of freeze-drying on
them. The purpose of this study was to determine the effects of freeze-
drying on the mechanical properties of patellar tendon ligament.

METHODOLOGY

Fresh patellar ligament harvested from cadavers were kept cool (<50) until
processing by one of two methods: 1) quick freezing and 2) freeze-drying.
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¥hole patellas and at least 2 cm X 2 cm X 4 cm of the tibial tubercle vere
left attached to the patellar ligament specimens. Freezing was in liquid
nitrogen vapor. Freeze-drying with a condensor was at -700C, shelf at 30-
40°C and vacuum in the chamber at mtorxr or less.

Mechanical testing took place after 24 hours of reconstitution of the
freeze-dried specimens in normal saline. The bone attachments were embedded
in methylmethacrylate and gripped with standard mechanical wedging javs.
Load was applied at a constant displacement rate of one ligament length
(100% nominal strain rate) per second to failure. The load and displacement
vere monitored so that load to yield, ultimate load, stiffness and energy
to failure were measured or calculated.

RESULTS

Twenty-nine specimens vere tested. Eight were FF and 21 were FD. Most
specimens failed at the ligament-bone junction or by avulsion of bone from
the attachment point. This study showed that patellar ligament was
significantly stronger than ACL (P < .005), see Fig. 1. There was no
significant difference in the strength or mechanical behavior apparent
betveen FD and FF specimens, see Fig. 2. The weak link in the patellar
ligament-bone complex, the interface, is not significantly different from
the ACL in strength.

ANTERIOR CRUCIATE vs. FRESH PATELLAR LIGAMENT ANTERIOR CRUCIATE va. PATELLAR LIGAMENT
INTRALIGAMENTOUS FALURE BONE AND/OR INTERFAGCE FALURE
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Figure 1. FF vhole specimens Figure 2. ¥hole and partial FD
compared to ACL, all with and FF specimens with bone-
intraligamentous failure. interface failure.
CONCLUSION

This study shoved freeze-drying did not alter the biomechanical properties
of human patellar tendons.
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THE EFFECT OF NON-SYNERGISTIC ELBCW FLEXOR ACTIVITY ON THE ESTIMATION OF
ISOMETRIC ELBOW FLEXION TORQUE

Marc Van Leemputte and Graham E. Caldwell
Institute of Physical Education, Katholieke Universiteit Leuven,
Tervuursevest 101, 3030 Heverlee, Belgium

INTRODUCTION

Quantification of raw EMG, from which the degree of muscular activity is
derived, is often used to estimate muscle force. For isometric
contractions, linear relations have been reported between a weighted sum of
muscle activities and the torque around the joint, suggesting that the
force per unit of muscle activity is constant. However, non-linear
relationships have also been reported and it is the purpose of this paper
to address this inconsistency. :

METHODOLOGY

Subjects were seated on an inclined chair (30 degrees back from the

" vertical), with the shoulder constrained and the upper arm supported
horizontally. A handgrip was positioned such that the rotation of the
forearm was in midposition and the angle at the elbow was 90 degrees.

The static torque about the transverse axis (flexion -extension) and about
the longitudinal axis of the forearm (supination - pronation) was measured.
The raw EMG of m.biceps brachii, m.brachialis, m.brachioradialis and
m.triceps were recorded using surface electrodes. These two torques and
four EMG's were recorded (500 Hz) for 4 seconds.

19 male subjects performed 9 different tasks, all starting from rest. The
first 3 tasks involved a gradual increase to maximum effort for extension,
flexion and co-contraction (between flexors and extensors). In task 4, 5
and 6 the subject performed a flexion torque at 30Z, 70% and 1002 of
maximum flexion, and maintained this flexion while adding maximal
supination. In trial 7, 8 and 9 the same flexion torques were performed,
but maximal pronation was introduced.

Flexion and extension torques were expressed as a percentage of the maximum
flexion torque. Supination and pronation torques were expressed as a
percentage of the maximum supination torque. The raw EMG’s are quantified
using a differentiation technique (Van Leemputte 1987) and then normalized
to the maximum activity in trial 1 or 2.

RESULTS

Table 1 presents the mean (n=19) and standard deviations of the two
normalized torques and the four muscle activities for the 9 trials (the
mean is based on steady state values near the end of the recorded
contractions). RMS1 and RMS2 represent the root means square error of a
linear regression between a weighted sum of 4 activities and the normalized
flexion-extension torque. RMS1 is based on individual trials, allowing the
weight factors to change from trial to trial. RMS is calculated from one
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regression line and one set of weight factors over 3 trials. The root mean
square error with one set of weight factors over the 9 trials is 8.3.

DISCUSSION

The mean activity levels of the 9 tasks show the expected trends: high
flexor activity in flexion and high extensor activity in extension, with a
co-contraction of about 20 Z in both cases. In the co-contraction trial,
activity levels of only about 50 Z were found in all muscles, although
maximal activation was requested. With respect to the activity of m.
brachialis, the activity of m.biceps is higher and brachialis lower in
supination, and the reverse in pronation.

0f significance is that the RMSl's of trials 4 to 9 are significantly
higher than for trials 1 to 3. This can be explained by the dual function
of biceps and brachioradialis (Caldwell and Van Leemputte 1990). However,
BMS2 for trial 1 to 3 is not significantly different from the other RMSZ's.
The introduction of a factor representing the amount of non synergistic
flexor activity significantly reduces the RMS error not only for the
combined tasks but also for the pure flexion and pure extension trials. It
is suggested that the force per unit of activity decreases with the amount
of non-synergy between the flexor muscles.

Trial FE SP Al A2 A3 A4 RMS1 RMS2
1 -82.1 0.0 18.9 43.2 30.3 95.5 4.2
(10.6) (9:.4) (9.3) (10.9) (7.1)
2 96.6 0.0 92.9 93.0 91.4 21.7 3.4 7.6
(19.6) (21.1) (19.4) (17.8) (8.7)
3 0.3 0.0 47.7 52.1 43.4 57.6 3.7
(3.2) (23.2) (23.0) (14.6) (16.2)
4 29.3 91.2 89.0 73.7 37.2 29.1 8.6
(6.6) (13.0) (24.0) (32.2) (10.5) (11.5)
5 70.5 88.7 102.7 93.1 65.5 26.9 8.2 8.1
(12.2) (23.7) (24.8) (32.1) (15.7) (10.1)
6 82.0 78.1 112.7 103.0 78.0 28.2 7.9
(17.3) (29.9) (32.3) (34.5) (14.1) (8.4)
7 28.0 -68.4 15.5 37.9 48.4 15.6 7.9
(6.5) (21.0) (13.3) (16.8) (14.2) (10.6)
8 70.0 -72.8 55.1 70.2 76.8 17.6 8.0 8.0
(9.0) (17.9) (21.0) (18.6) (11.3) (5.9)
9 79.3 -78.7 69.3 79.7 81.9 19.9 8.0

(15.9) (22.0) (25.0) (19.2) (13.4) (5.0)
Table 1. Mean and standard deviation of normalized flexion-extension
torques (FE), normalized supination-pronation torques (SP), activities of m
Biceps (Al), m Brachialis (A2), m Brachioradialis (A3), m Triceps (A4).
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THE CALCULATION OF LOWER LIMB SUPPORT MOMENT DURING
STANCE IN GAIT USING A FIVE-SEGMENT MODEL

Andrew W. Smith, PhD, School of Physical and Health Education,
University of Toronto, Toronto, Ontario, Canada M5S 1Al

INTRODUCTION

The purpose of the present study was to determine what effect using a five-segment
model has on the overall lower limb support moment of force (Winter, 1980) during
normal gait. Data averaged from eight subjects were used in a comparison of the
support moment calculated using Winter's four-segment model to that of the five-
segment model. A strong correlation between the two models was indicated with
respect to lower limb support during gait.

REVIEW AND THEORY

In 1980, Winter introduced the concept of the overall lower limb support moment of
force. The support moment of force demonstrates a pattern of positive (or
extensor) during stance and either slightly negative or zero during swing. The
equation used by Winter (1980) was:

M = M, - My - M, where: Mg = support moment of force; My = knee moment of
force; IX/I = 1}11'1) moment of force; M, = ankle moment of force

Winter felt that the support moment of force demonstrated the possibility that the
entire lower limb was being controlled by an overall pattern of either extension
(stance) or flexion (swing) which permitted compensations to occur between the

lower limb joints (typically the hip and knee).

METHODOLOGY

The eight subjects used in the present study were college students who volunteered
to participate. The subjects were screened for any neuromuscular dysfunctions and
were informed of the purpose of the study. Informed consent was obtained from
each subject prior to testing. The subjects, all males, each made one visit to the
laboratory and had four trials of data recorded. These were obtained from both the
right and left sides of the body (two trials from each side).

Specific details of the methodology used appear in the literature (Smith, 1990). In
summary, kinematic data were collected using a video camera. Video has been
shown to be sufficiently fast for gait analyses (Winter, 1982). These data were
synchronised with force platform data collected during each stride of walking.
Analysis of the data included calculating segmental kinematics and kinetics along
with the overall support moment of force. In the case of the second model which
used a two-segment foot, Winter's (1980) equation was adjusted to include a fifth
term on the right hand side, - My, i.e., the moment of force at the
metatarsophalangeal (MTP) joint.

*The author wishes to acknowledge the assistance of Paul Donovan in the collection
and analysis of these data. This study was partially supported by a Cumberland
College of Health Sciences (Sydney, Australia) Research Grant.
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RESULTS AND DISCUSSION

Joint moment of force data were time-normalised to 100% of stride and ensemble
averaged at each 2% of the gait cycle prior to the support moments being calculated
for each of the two models. To quantify the amount of variability within each
model, a percent coefficient of variability (CV) was caiculated which represented

the root mean square variability across the 32 strides (Winter, 1987; Smith, 1990).
The CV calculated for the four-segment model was 52% while the corresponding CV
for the five-segment model was 62%. A correlation coefficient was also calculated
between the two models, with a r® value of 0.977 being determined for the entire
stride and an r? value of 0.955 for stance (i.e., 0-60% of stride).

In addition to the above analyses, a linear regression was calculated for the average
knee moment during stance compared to the corresponding hip moment for both
models (Winter et al., 1987). The regression analysis revealed r? values of 0.692 and
0.308 for the four-segment and five-segment models, respectively.

The principle of overall lower limb support was proposed by Winter (1980) in order
to explain why, of the three main joints in the lower extremity, only the ankle joint
displays a consistent moment of force pattern. The hip and knee are quite variable,
with the knee especially being rather unpredictable, often demonstrating a flexor
pattern during single support. The algebraic summation of hip, knee and ankle
moments revealed a highly consistent trend resembling the vertical ground reaction
force pattern in shape. The question addressed in the present paper concerned the
effect of including an additional joint moment in the calculation of the overall
support moment. Theoretically, further partitioning of the total moment of force
acting in the lower extremity into another component should not have made any
difference; however, no attempt to do this has previously ever been done.

Results of the present study revealed two interesting findings: first, the algebraic
summation of four lower limb joint moments of force produced a very similar

support moment pattern to that calculated using four joint moments. Thus, the
theory of the existence of a single control pattern in gait for lower limb support is
strengthened by these data. Second, the inclusion of a MTP joint in the model did
reduce the predictability of the relationship between hip and knee moments found

by Winter et al. (1987). This finding may have to do with the fact that, in the four-
segment model, most compensations occurred between the hip and knee joints while
in the five-segment model, the MTP joint would also be able to make contributions
to this mechanism of compensation.
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Mechanical Output of the Cat Medial Gastrocnemius:
In-situ vs In-vivo Characteristics During

Locomotion & Jumping

R.J. Gregor, K. Perell, J. Tjoe, J.A. Hodgson and R.R. Roy
Department of Kinesiology and Brain Research Institute, UCLA, Los Angeles,
CA 90024-1568

INTRODUCTION - The ability of skeletal muscle to contribute to a joint
moment depends, in part, on its mechanical characteristics as measured in
isolation. By design the force-velocity properties of skeletal muscle are
measured under conditions of maximal stimulation and represent the force
production capabilities of the cross bridges. During normal movements
however, it is the properties of the muscle-tendon unit that are important to
movement control. Consequently any measurements of force, length and
velocity changes in muscle during normal movements represent the output
characteristics of the muscle-tendon unit. Additionally, this output is typically
under submaximal activation. The purpose of this investigation was to compare
the force output of the medial gastrocnemius in the cat. during walking and
jumping, ie. accelerating motion, to its maximal force-velocity properties
measured in isolation, in-situ.

METHODS - One adult male cat (weight 4.9 kg) was trained to walk and jump
(0.62m) within a plexiglass enclosed walkway with food reward. Tendon force
transducers were implanted, under sterile conditions, on the individual
tendons of the medial gastrocnemius (MG) and soleus (SOL) muscles (Sherif. e:
al., 1983).

Force recordings and high speed cinematography were employed
approximately one following surgery for data collection of all trials. Joint
markers were placed on the iliac crest, greater trochanter, approximate knee
joint center, lateral malleolus and base of the fifth metatarsal for kinematic
analysis. The cat was placed in the walkway containing two consealed force
platforms possessing two piezoelectric load washers capable of measuring
three components of the ground reaction force. Limb movements were filmed
at a camera rate of 100 fps with the optical axis of the lens placed orthogonal to
the plane of movement. Film, tendon force and ground reaction force data
were synchronized using a DC pulse and a light in the camera field of view.

Coordinates (x,y) of the segment endpoint markers were obtained via
serial film frame digitization (Numonics). Ground reaction force records were
acquired on-line by an IBM PC, multiplied by the appropriate conversion
factors, and point of force application on the paw calculated. Joint kinematic
data were subsequently used as input to a muscle length algorithm (Goslow,
1973) for calculation of length changes in the MG and SOL muscles during all
trials. Lengths were smoothed using a 4th order zero lag Butterworth digital
filter (10 Hz) with velocities calculated using finite differences.

Each tendon transducer was calibrated during a terminal experiment,
in-situ, where the buckle was left undisturbed on the tendon, connected
distally to an isotonic lever. The tendon transducer output was then compared
to the calibrated lever and a calibration factor determined. All procedures for
determining maximum isometric tetanic tension (Pgo) and maximum

shortening velocity (Vmax) in situ (360C +/- 10 C) have been reported
previously (Roy et al., 1984).
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RESULTS AND DISCUSSION. Exemplar data for one walking trial and

one jump are presented below. It is clear during the walking trial that the SOL
output is well above that of the MG both in force and velocity. It is also
speculated that there was no enhancement of the SOL at this slow speed. and
that the data are comparable to those previously reported for the SOL muscle
(Gregor er al., 1988). Although this type of information has not been reported
previously for the MG it appears that as the environmental demands increase
the MG output increases (jumping). Peak MG force and velocity markedly
increased while SOL velocity increased and peak force remained essentially
the same.

The more interesting comparison, however, is between the output of the
MG in-vive and its maximum output capabilities as measured in-sizu. The third
figure presented below illustrates this relationship. It appears that the MG did
not exceed its maximal capabilities during this jump. As previously reported,
the SOL did exceed its maximal F/V capabilities durmg treadmill locomotion
(Gregor et al., 1988) Since the jump height used in this current investigation
was only 0.62m we do not rule out the possibility of the MG in-vivo F/V curve
exceeding the in-sizu curve at greater heights or in other cats.
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FROG SEMITENDINOSUS TENDON MECHANICAL PROPERTIES DURING
PASSIVE LOADING AND ACTIVE MUSCLE CONTRACTION

Richard L. Lieber, Christine L. Trestik and Margot E. Leonard

Division of Orthopaedics and Rehabilitation, Department of Surgery
University of California and V.A. Medical Center
San Diego, California 92161

INTRODUCTION: The mechanical properties of tendons have been studied by a
variety of investigators (c.f. Butler et al. 1979). An understanding of the
relationship between muscle and tendon properties is important in
understanding the biomechanical basis of movement. Muscle-tendon interaction
may be very complex with the tendon providing more than simply a muscle force
conduit (Zajac, 1990).

We recently measured the relationship between muscle and joint properties in
the frog semitendinosus (ST) muscle during isometric force generation (Lieber
and Boakes, 1988). We then modelled the system in order to investigate ST
function during conditions other than isometric (Mai and Lieber, 1990). As a
first approximation, we assumed that tendon compliance was negligible. We
have now explicitly measured tendon properties in order to check the validity of
our previous assumptions. In addition, we measured tendon properties during
passive loading and isometric muscle contraction.

METHODS: The entire pelvis-tendon-ST muscle-tendon-tibia complex (BTMTB
complex) was isolated from 10 grassfrogs (Bana_pipiens). Dye lines were
applied to mark regions of the tendon, aponeurosis, and muscle. The pelvic and
tibial bones were clamped into a testing jig which was immersed in
physiological saline (21°C). The muscle was maximally activated at a frequency
of 100 Hz for 400 ms at a supramaximal stimulation intensity in order to
measure maximum contractile tension (Pg). The BTMTB complex was then
loaded at a constant rate of about 3% Pgo/s while measuring force and
videotaping the applied dye lines. The muscle was then stimulated to Pg while
again measuring the same parameters.

Muscle physiological cross-sectional area (PCSA) was calculated according to
the methods of Sacks and Roy (1982) and tendon cross-sectional area was
calculated by direct microscopic measurement of 8 um slices of tendons fixed
in 10% buffered formalin and embedded in Paraffin using standard histological
procedures.

Using load-time, strain-time (as measured off line using a video-dimensional
analyzer, Woo, 1982), and cross-sectional area values, tendon and muscle load-
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strain and stress-strdin relations were generated (Fig. 1). These properties
were also generated for the tendon during active contraction (Fig 1A, open
symbols).

RESULTS AND DISCUSSION: Tendon strain corresponding to Pg was
approximately 6% (Fig. 1A). Tendon stress at Po was approximately 2 MPa (Fig.
1B). These values are higher and lower respectively than the values calculated
by Zajac (1990) based on data from a variety of sources. In addition, at
physiological contraction velocities, the tendon was relatively stiffer
suggesting that the viscoelastic properties were significant, even during
isometric contraction (Fig. 1A open symbols). The results also demonstrate that
tendon compliance is sizeable even in the physiological range and cannot be
assumed to be negligible. Current efforts are underway to develop a model
which predicts the effects of tendon compliance on the physiological properties
of the muscie itseif.
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Figure 1: Tendon load-strain (A) and stress-strain (B) properties. Open
symbols in (A) represent those measured during isometric contraction. Tendon
strain at Py was approximately 6%. Tendon stress at Py was approximately 2 MPa.

REFERENCES:

Butier, Grood, Noyes, and Zernicke (1979) Ex. Sport Sci. Rev. 6:125-181.
Lieber and Boakes (1988) Am. J. Physiol. 254:C759-C768.

Mai and Lieber (1990) J. Biomech. (in press).

Sacks and Roy (1982) .. Morphol. 173:185-195.

Woo (1982) Biorheology 19:385-393.

Zajac (1990) CRC Crit, Rev, Bioeng. 17:359-411.

70



SESSION 6

EXERCISE AND SPORTS

71






EVALUATION OF RUNNING SURFACES: THE IN VIVO APPROACH

Wangdo Kim and Arkady S. Voloshin
Department of Mechanical Engineering and Mechanics

Lehigh University
Bethlehem, PA 18015

INTRODUCTION

The main objective of this experiment was to determine the running surface that
produces the least amount of impact loading on a runner. The impact generated during foot
strike may cause footaches, headaches, lower back pain and even bone fractures. Many lower
extremity injuries have been associated with "overuse phenomena’ resulting from the repeated
impact loading of the foot'. Most of these degenerative disorders more commonly affect the
lower extremity, particularly the knee’. Studies have been conducted to rate the
performances of the running shoes, but little has been done to compare different running
surfaces’.

METHODS AND MATERIALS

An accelerometric technique®® was employed to obtain quantitative values necessary
to evaluate the amplitudes of the shock wave invading the human musculoskeletal system
while running on different surfaces. In order to collect the data, a 2 gram accelerometer was
placed on a specially designed holder, which was. then attached to the tibial tuberosity with
a velcro strap below the knee. Thin wire ran up the subject’s leg into a bag secured around
the waist containing an FM recorder to store the accelerometer’s response. Three surfaces
were evaluated: asphalt road, which is the most accessible surface, 2 inch thick grass, and a
polyurethane over concrete - a race track. The subject’s average running velocity during
these tests was adjusted to approximately 0.75 sec/step. Approximately 70 heel strikes of the
right foot per surface were recorded for each subject and sampled at 1000 Hz. Six males and
three females, all in good health, averaging 21 years of age were chosen from a student
population to serve as test subjects. Each subject ran on all three surfaces consecutively to
- avoid influences caused by removing the accelerometer and replacing it.

RESULTS AND DISCUSSIONS

Frequency histograms in Figures 1 through 3 represent the average values and standard
deviations of acceleration (g) for nine subjects on the asphalt (13.66 + 3.12), grass (17.07
+ 4.32) and track (14.36 + 2.78). ANOVA showed that there are significant differences
between surfaces, with grass being the worst, since running on a grass resulted in the highest
dynamic loading on the runners’ musculoskeletal system. The graphs in Figures 1 - 3 show
the normal distribution curves fit to the histograms. It is obvious that the spread of data for
grass is higher than that for the asphalt and the track. For grass surface two percent of heel
strikes were observed as having values more than twice higher than its mean.

73



bopgassey Brsgten Sropoorsy B magea atosres B eragies

L™ o2u erany Trars brattng

asssraramse 1 Serien tg) ssnierma i

Figure 1. Asphalt Figure 2. Grass Figure 3. Track

This means that running on grass results not only in higher average values, but also
in a larger amount of higher heel strikes than other two surfaces. Grass was concluded to be
the worst of the three surfaces because it is uneven, and results in higher dynamic loading.

CONCLUSION

The results of the study show that running on grass results in higher impact loading
on the runner’s musculoskeletal system than running on the track or on the asphalt surfaces.
Because running on asphalt for extended time probably will lead to sidewalks, curbs, inclines
and potholes, it is recommended that track surface be used to avoid unnecessary injuries.
Grass should be avoided as far as possible, as it causes the highest impact on the runner, as
well as the largest standard deviation. Further testing should include additional surfaces such
as turf and basketball or tennis courts that are widely used in college and professional sports.
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