


PHYSIOLOGICAL PERIODS: EFFECTS OF SCALE

Thomas A. McMahon
Gordon McKay Professor of Applied Mechanics

Harvard University
Cambridge, MA 02138

Many periods or characteristic times in animal physiology

are found to be proportional to the 1/4 power of animal body
weight. These include breath period, heart beriod, the period
characterizing the first impedance minimum of the arterial
system, the time constant for elastic recoil of the Tung, and
the time constant for clearance of drugs from the plasma.

An argument is developed to account for these observations,
based on elastic similarity between animals of different

body size.



TRENDS IN SKIING INJURIES

R. Johnson, M.D. - University of Vermont, Burlington, Vermont

The skiing population and injuries at Sugarbush North ski area in Vermont
were monitored from 1972 through 1978. Over this time, 407,604 skier visits
were accrued and 1,711 injuries were sustained. A clinic in the base lodge .
was staffed full-time by orthopaedic surgeons and technicians. In addition
to medical diagnosis, treatment and questioning of injured skiers, a detailed
study of their equipment function was also performed. A control population
(999 skiers) was selected at random for identical study. We made over 11,000
parking Tot interviews and ski rack samples to be certain that our cantrol
population truly represented the average population skiing at the mountain.

A goal of this on-going study is to identify the high-risk group of the
skiing populaticn ard to determine if modern equipment and procedures can reduce
this risk. Although the attempt to determine the precise causes and prevention
of specific skiing injuries is still underway, significant trends for specific
groups of injuries are already apparent. These trends were measured using regress-
jon analysis with an exponential curve, which best fits this relationship.

Over the six- year per1od the general 1n3ur¥ rate has dropped 41% (r2= .49,
p>.1). Upper body injuries are down only 25% (r®= .12, p > .1), but Tower ex-
tremity injuries are down 50% (r?= .76, p < .025). Adjusting for age and sex to
a standard six-year composite popu]ation showed an even greater significance for
the Tower extremity injuries, but again the upper body decrease in rate was not
significant. Among the specific Tower extremity subgroups, ankle sprains were
down 71% (r2= .80, p < .025), anc tibial fractures were daown 74% (r°= .72, P < .05).
Other %roups such as knee sprains showed orly a modest reduction of 34% (r = .47,

p > ).

When injuries which occurred below the knee and could have been caused by the
ski acting as a lever to bend or twist the leg were grouped the reduction in
rate was 56% (r?= .83, p < OZK) The subgroup of injuries due primarily to
twist have dropped by 67% (r =2.92, p < .005), but injuries due to bending (boct-top
tibial and fibular fractures, boot-top cortusions and heel cord ruptures) have
dropped only 39% (r?= .42, p > .1). Thus protection from these bending injuries
may require improvements in both boct ard binding design.

‘The strong correlation between specific lower extremity injuries anc time
supports a reduction attributable to improvements in equipment technology. These
findings do not suggest the dramatically reduced lower extremity rates are ex-
plained entirely by improved instructions, snow conditions, trail grooming, and
other trail-related factors, as upper body injuries show no statistically significant
decrease in the same period.

Because knee sprains have not declined as rapidly as tibial fractures ard
arkle sprains more emphasis must be placed on better understarding of the mechar.-
isms of knee sprains anc the development of equipment and procedures to prevent
them. An increase in the relative frequency of properly functioninc equipment
is primarily vesponsible for the decline in LEER 1nJur1es A]though the relative
frequency of properly adjusted bindings is increasing, more than one-half of
the: equipment in use is still set higher than recommended.
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FUNCTLONAL ANTHROPOMETRY -

A BASIS FOR BIOMECHANICS OF THE HUMAN BODY

by

K.H.E. Kroemer
Professor and Director, Ergonomics Laboratory
Wayne State University, Detroit, MI 48202

Largely based on the results of the recent Symposium on '"Anthro-
pometry and Biomechanics" (July 1980, Cambridge, England), this
paper summarizes the current status of engineering anthropometry.
It indicates sources of anthropometric data needed by the
biomechanicaljéngineer. It discusses the practical application
of anthropometric information to the modelling and design of
manned systems for optimal fit to the humén, for highest safety,
and best performance. It also indicates techniques for design
evaluation, and for the procurement of additional anthropometric
data.



Applied Research in Sports Biomechanics: Performance Characteristics of
World-Class Cross-Country Skiers

by

Charles J. Dillman
University of Illinois

The purpose of this presentation is to illustrate how relatively
simple biomechanical analyses can make a significant contribution to the
understanding of a sports activity. At the request of the National Coach-
ing Staff of the United States Cross-Country Ski Team, an applied biomechan-
ical analysis was conducted to determine the significant technique differ-
ences between American and European cross-country skiers. High-speed films
were taken of five races during the 1979 Pre-Olympic competition which were
held in Lake Placid, New York. Three to four camera sites were utilized
every race to film both male and female world-class cross-country skiers
in order to maximize the number of performance samples for this select group
of skiers. TIn addition, a time interval investigation was conducted for two
races to provide continuous performance data on every skier. The timing data
served to validate and support the biomechanical results.

Tnitial analysis centered around the relationship between the stride
variables of length and rate with skiing velocity. For the diagonal stride
on a relatively flat terrain, stride length was found to be significantly
correlated with velocity for both men and women skiers. Fatigue did not
seem to affect these basic relationships. Similar findings were also found
for uphill skiing, in that stride length seemed to be the most significant
variable that was related to skiing velocity. BAnalysis within a stride indica-
ted that differences in stride length could be accounted for in the three
basic phases of the stride. These phases were the kick, glide, and poling.
Statistical analysis of other performance factors indicated, in general,
that the trunk was placed at a greater degree of flexion throughout the stride
for those who were the better performers. The resultant force of the kick or
- leg work phase seemed to be directed more in line with the desired path of
motion for those skiers that exhibited a longer stride length. During the glide
phase, those skiers who had longer stride lengths positioned the body more
towards the rear of the ski to facilitate the gliding of the ski in the track.
The highly-skilled skiers exhibited a distinct poling style which was character-—
ized by a more forward and vertical pole plant and were able to maintain the
movement of the ski in the track throughout the poling phase. These findings
indicated that there were some significant technique adjustments that should
be made by American skiers to increase their stride length and, consequently,
increase their speed of skiing. Associated with these technique changes has
to be a re-emphasis in training upon simulating actual competition speeds using
the technique adjustments that were recommended. This study has indicated that
relatively simple biomechanical analyses can provide meaningful information .
for the practitioner.



Philip M. Lintilhac. Dept. of Botany, The University of
Vermont. Burlington, Vt. 05405

The Role of Mechanical Stress in the Control of Plant Growth
and Development. _

This paper concerns the effects of mechanical stress
on the behavior of plant cells and tissues. Although most
other work on this topic is directed at an understanding of
mechanical stresses of external origin, namely wind and
vibrational stresses, our emphasis is upon mechanical
stresses of internal origin, in that we are concerned with
stress conditions which arise in a growing tissue because of
the growth and development of the tissues themselves. These
stresses, which one might term growth stresses, may serve as
an epigenetic developmental control system which determines
the orientation of new cell partitions as they are installed
in an actively dividing tissue, thereby directly determining
the final form of the growing organ. Furthermore, since
these "Locked-in-stresses" are severely altered or lost when
a portion of a plant tissue is explanted for culture in
vitro, the behavior of the explanted tissues is
correspondingly altered and frequently results in the loss
of the plant's ability to undergo normal morphogenesis in-
vitro, producing only an amorphous "Callus". ‘ :

In botanical terms, one of the most universal
observational truths which is still unexplained is the
ubiguitous formation of branch buds in the "Axil" of a leaf.
Branches always originate at the point of attachment of the
leaf. to the stem. At the stage when the location of branch
buds is being determined the subtending leaf is just a
cellular protuberance on the growing apex; nevertheless we
feel that the growth stresses which arise in the tissue
interact with this primordial bump, forming a stress
concentration in the axil - the notch formed where the bump
attaches to the growing apex. Thus we see the areas of
commonality of plant morphogenesis as being due to the
universal ability of plant cells to respond predictably to
mechanical stress. Plant cells apparently have an internal
mechanism whereby they can "See" the principal stresses
propagating through a tissue; even though such a cell is in
part a hydrostatic structure. This unknown mechanism is
what results in a plant cell's ability to install a new
division wall in a shear-free-plane, perpendicular to one of
the principal stresses. We have studied these guestions
using simple photoelastic models and have confirmed that the
cell wall patterns do in fact tend to conform to the stress
patterns generated by our models, even though our abilities
to reproduce in vivo loading conditions are most primitive.

Lintilhac, P. M. and T. B. Vesecky. 1980 Mechanical

Stress and Cell Wall Orientation in Plants. II.

Photoelastic Derivation of Principal Stresses in a

Model. With a Discussion of the Concept of axillarity

and the significance of the "Arcuate Shell zone".

Am. Jnl. Bot. Vol 66. In Press.
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FEEDING AT LOW REYNOLDS NUMBER: PARTICLE CAPTURE BY COPEPODS /77

M. A. R. Koehl
Department of Zoology, University of California, Berkeley, California 94720

Calanold copepods are abundant planktonic crustaceans that play a major role
in the transfer of energy through marine food chains. Many calanoid copepods feed
on particulate food (such as diatoms and flagellates) and have been described as
"filter feeders"., In spite of the ecological importance of copepod feeding, the
mechanisms by which these animals capture particles has been poorly understood,
The purpose of this investigation was to study copepod feeding mechanisms by
elucidating the water motions produced by various actions of their feeding appendages,

High-speed (500 fraﬂuﬁ'él) movies were made (in collaboration with J,R. Strickler,
who designed the optical set-up) of feeding Bucalanus pileatus. By marking water
near the copepods with ink released from a micropipette, I have been able to analyze
the feeding currents of these animals (diagrammed below). Copepods are not filterers
as they have been described in textbooks, but rather propell water past themselves by
flapping their feedins appendages and actively capture small parcels of that water
that contain food pairticies by flinging and closing their second maxillae.

The feeding mesnhanisims of sopepods can be best understood if the process is
considered in terms of the physical world of these tiny animals. Because copepods
are small (the E. piieatus studied were<1.5mm long), their physical world is
dominated by viscous forces rather than the inertial forces that large organisms
like humans encounter when moving through fluids. The bristles (setag on the tips -
of various feeding appendages attain maxigam Velocit}?s of 5 - 60 mm+s and operate
at maximum Reynolds numbers of only 2 x 10 to 2 x 10 (Reynolds number, which is
the ratio of inertial tr viccous forces for a flow situation, is given by’pVLAu )
where V is the relative velc:ity of a fluid across a solid object, L is a linear
dimension of the object, and , is the density and 4 the viscosity of the fluid).

In the viscous world of a copepod, water flow is laminar, bristly appendages behave
as solid paddles rather than open rakes, particles can neither be scooped up or left
behind because appendages have thick layers of water stuck to them, and water and
particle movement stops :mmediately when an animal stops beating its appendages.

This study,’which reveals how copepodé move water to capture food particles,
1llustrates the importance of considering the physical forces which are most
important at the size scale of the organisms being studied.

Diagrams of feeding appendage movements (stippled arrows) and the water
motion (striped arrows) they produce during one cycle of flapping of an
E. pileatus, Appendages beat at 15 - 25 Hz. :



Some Recent Results on Growth Stresses in Trees

Robert R. Archer
Department of Civil Engineering
University of Massachusetts
Amherst, MA 01003

The first systematic measurements of growth stresses in trees were
made about 40 years ago in Australia. In recent years, new methods have
yielded details as to both longitudinal and circumferential surface
distributions, as well as internal residual stress patterns.

The strains induced during the development of each new growth Tayer
at the periphery gives rise to increments of residual stress in the
interior. Continuum models have been derived to explain the Tongitudinal,
radial, and tangential residual stress distributions found in the interior
of Togs. '

Reorientation of stems and branch movements are associated with growth
stress patterns leading to recovery movements. So called tension wood (TW)
and compression wood (CW) cells develop in response to particular stimuli
and modify the normal growth strain level toward higher tension (TW) or
compression (CW).
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VISCOELASTIC PROPERTIES OF CONNECTIVE TISSUE FROM CHICKEND witn

SCOLIOSIS

Cutler, A.D.*, Riggins, R.S., Lin, H.J., Ramey, M.R.**, Herrmann, L.R.**
Dept. Orthopaedics, University of California, Davis, 4301 "X" St., Sacramento,

California 95817

Previous studies of an inbred line of chickens which
develop idiopathic scoliosis indicated the disorder was
associated with a connective tissue defelct as the animals
exhibited increased collagen solubility”. Furthermore,
chickens that develop scoliosis have abnormally high
levels of hydroxyproline in their plasma. This report is
concerned with the viscoelastic properties of the tendons
and spinal ligaments from these scoliotic chickens.

METHODS AND MATERIALS
Eleven chickens from the scoliotic strain and eigh-
teen from a closely matched hyline strain (Comstock)
provided the material. Age range was 10-20 weeks and

‘weight from 1.3 - 1.5 kg. Because of the smaller size of

the scoliotic chickens, the controls tended to be slightly
younger. . Flexor and exiensor tendons were removed
from the legs and stored in chick serum at -20 degrees F,
until testing. Similarly, the mobile spinal segment T5-T6
was removed preserving the ligamentous attachments
between the two vertebra and stored until testing.

Tests were performed with an Instrom. For the
tendons an initial strain of 4% was applied in 1 to 1.5 sec
and observed for 1000 sec. The force time curve was
plotted on an x-y recorder. For the spinal ligaments it
was not possible to apply a fixed initial displacement,
therefore a fixed initial force of 3 kg was applied. From
previous experience this force represented less than 1/3
the ultimate force required to disrupt the ligaments.

RESULTS
The results from testing the.tendons were linear when
plotted on Log normal paper. The mean slopes were
significantly different at p< 0.01 (Fig. 1). For the spinal

. ligaments, the results plotted on Log Log paper were

linear and the slopes were also significantly different at
p < 0.05 (Fig. 2).

CONCLUSIONS
The above study indicates that chickens from an
inbred line that develop idiopathic scoliosis not only
exhibit abnormalities in the metabolism of their connec-
tive tissue but also mechanical differences as well.
These findings may be related to the etiology of the
scoliosis, .

Riggins, R.S., Abbott, U.K., Ashmore, C.R., Rucker, R.B.
and McCarrey, J.R.: Scoliosis in Chickens, J. Bone and
Joint Surg. 59-A(8):1020-1026, 1977.

*Boeing Aircraft, Seattle, Washington
**Dept. Civil Engineering, University of California, Davis,
Davis, California 95616
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STRAIN MEASUREMENT IN THf (EDIAL COLLATERAL LIGAMENT

John Coyle
Steven Arms
Robert Johnson
Malcolm Pope

Purpose: In evaluating and treating injuries to the medial collateral ligament (MCL)
of the knee it is important to know the ligament strain characteristics with respect
to joint position and force application. Preyious studies have shown a wide variety
of findings. The intention of this study is to accurately "map" absolute strain in
the MCL as a function of joint angle and then to record changes in strain pattern
with the application of forces about the knee, i.e. abduction, external rotation.

Methods: We have developed a sensitive transducer for measuring strain. This device
emplays a tiny magnetic field sensing device to detect the Tinear displacement of a
.5mm diameter magnetic core within a slightly Targer diameter tube. The transducer
is accurate to .001" and can be attached to the ligament with a minimal amount of
influence on its physiologic behavior. Output from the device is amplified and
plotted on the Y-axis of an X-Y recorder.

The initial phase of investigation was carried out using 5 amputation specimens.
Fach knee was fixed at its tibial end to an apparatus which permits normal range of
motion and the application of forces. A potentiometer recorded flexion angle which
was plotted on the X-axis. E - SRR

The transducer was attached to 5 well defined areas on the MCL of each specimen.
Motion through a range of 0° (full extension) to 1200 was carried out and followed
with the application of known abduction forces on the femur. A strain "map" of each
Tigament as function of joint position both with and without abduction force was

obtained.

Results: Strain in the anterior long fibers (ALF) increased slightly as the knee was
flexed to 900 after which it decreased rapidly. Posterior long fibers (PLF) began to
relax immediately after flexion and continued to 120°. Posterior oblique fibers (POF)
behaved in similar fashion but shoved a greater degree of relaxation. Strain in both
ALF and PLF never exceeded 2.5%. Application of a valgus force in extension caused
no change in strain but readings dramatically increased especially in ALF as the knee
was put into flexion. ‘ 4 ' B

Instrumentation of fresh cadaver knees is currently in
progress in an attempt to obtain more meaningful data. Plans
to measure MCL strain in vivo are under consideration.
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This study will provide better insight to normal knee :
Tigament biomechanics as well as to the mechanism and treat- .
ment of MCL injuries.. The current literature is replete - : i
with conflicting opinions about Tligament strain character- !
istics and this new method of measuring strain should help i
to solve some of this controversy. : 1
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A MODEL OF
CUMULATIVE TRAUMA DISORDERS
IN TENDONS AND TENDON SHEATHS

S.A. Goldstein®
T.J. Armstrong‘®
D.B. Chaffin ***

Tendon and tendon sheath disorders, such as tenosynovitis, tendonitis,
synovitis, deQuervain's disease, and others are associated with repetitive
forceful exertions of the hands and wrists. This paper describes a bio-
mechanical model for investigations of the etiology of these disorders.

A viscoelastic model in which stress in the tendon and tendon sheaths
is related to specific patterns of hand and wrist exertions is proposed.
Strain response of the tendon-tendon sheath composite is described with respect
to variations in magnitude, frequency and duration of hand exertioms. Injury
to the tendon, tendon sheath, and trochlea structures is characterized by.
cumulative strain or creep in response to repetitive loading. Degeneration of
normal gliding function,associated with tissue microfailure, fatigue failure, '
or compromises in nutrient supplies, is theorized.

This model is supported by pilot studies of the viscoelastic properties
of fresh tendon preparations in cadaver hands. The figure below illustrates
stress relaxation during repeated application of physiological loads at 0.22

~cycles/sec. .

- 1200

stress
ps

L0AD
kg
-800

400

strain % 4.5 set/cycle

Response of unembalmed FDS tendon in cadaver hand to
cyclic loading to constant strain.

* Bioengineering, The University of Michigan , Ann Arbor, MI 48109

#*% Environmental and Industrial Health, The University of Michigan s

R

Industrial and Operations Engineering, The University of Michigan
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THE MECHANICS OF HORSE LOCCMOTION: STRAINS DEVELOPED IN THE LIMB BONES AT DIFFERENT T
GATTS. Biewener, Andrew A., Thomason, Jeff®, Goodship, A.E.* & Lanyon, L.E.

Museum of Comparative Zoology, Harvard University, Cambr1dge, Mass.
+Wopt of Zoology, University of Toronto, Toronto, Canada
*Dept. of Veterinary Anatomy, University of Bristo], Bristol, England

Ground contact forces and 1imb bone loading were measured simultaneously in vivo
from bone bonded strain gauge rosettes and force plate recordings from three adult horses
walking, trotting and cantering at different speeds. The rosettes were attached to the
cranial(dorsal) and cauda](pa]mar/p]antar) cortices of the midshaft on the radius,
metacarpus, tibia and metatarsus. )

In the forelimb the peak principal compressive strain(€ —tqt) in the caudal cortex
of each bone reflects the change in vertical ground force(FV with increasing running
speed(Fig. 1 A&B). Fy rises from a walk to a fast trot but falls slightly after the
trot-canter transition. In the hindlimb bones the peak principal compressive strain
(€c_tot) continues to increase with speed despite a similar leveling off in Fy after
thie trot-canter transition. The higher strain levels recorded from the radius and
tibia, and the metatarsus at higher speeds, are due primarily to increased bending
strain(€p) developed in those bones.  The metacarpus, in contrast, shows a fall in €y
from a walk to a fast trot, indicating a more uniform compressive load at higher speeds.
The overall strain pattern(€c_¢gt) 1S thus more closely associated with changes in Fy.

The correlation in all four bones between axjal compressive strain(€.) and Fy is
demonstrated further by the similar rise and plateau after the t-c transition as found
in Fy.  The compressive force exerted on each bone was calculated from the stress due to
the compressive strain(assumed modulus: 18 GH/m2). At -a fast trot values for the radius
and tibia, 6447 N (2.22xF,) and 4657 N (2.33xF,) respectively, compare with those for
the metacarpus and metatarsus, 9769 N (3.31xFV and 8306 N (4.26xFV) respectively.
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Fig. 1 Graphs of Fy,€c_ tots and its two components, € and €., versus gait and
running speed for each bone(ddta from two horses, 281 and 269 kg.).
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UNIAXIAL FATIGUE OF HUMAN CORTICAL BONE -
THE INFLUENCE OF STRESS RANGE, STRAIN RANGE,
AND PHYSICAL CHARACTERISTICS

W.E. Caler, D.R. Carter, (Orthopaedic Research Laboratories, Massachusetts
General Hospital, Harvard Medical School, Boston, MA 02114) D.M. Spengler

and V.H. Frankel (Department of Orthopaedics, University of Washington, Seattle,
WA) .

Previous studies of cortical bone fatigue have primarily used rotating-
bending tests at high loading frequencies. However, bone fatigue resistance
increases with increasing frequency. In addition, bone specimens tested in
rotating-bending result in more optimistic estimates of fatigue strength than
specimens loaded uniaxially. In this study, a uniaxial loading apparatus and
physiologic loading rates were used. The effects of strain range, stress
range, mean strain, bone modulus, porosity, density and ash fraction on bone
tissue fatigue life were investigated. :

Seventy-five devitalized cortical bone specimens were machined from the
mid-diaphyses of human femora. Testing was performed on an MIS electrohydraulic
testing system under strain control at a strain rate of 0.01. This strain rate
corresponds to frequencies of 0.5 to 1.0 Hz for strain ranges (Ac) of 0.010 to
0.005 respectively. Specimens were kept wet at all times and testing was done
at 37°C.

Fatigue life was found to be dependent primarily upon cyclic strain range
and independent of mean strain. Plots of initial stress range (Ag) vs. cycles
to failure (Nf) exhibited much more data scatter than plots of total strain
range (Ae) vs. cycles to failure. Both curves showed positive correlations
between fatigue life and specimen modulus, but the correlation of modulus with
the Ao vs, Nf curve was much stronger, accounting for much of the data scatter.
Table T shows the effects of adding modulus as an independent variable to the
regression equations; Ny as a function of Ae and N. as a function of Ao. The
regression coefficient of modulus in equation 4 is almost 4 times larger than
the coefficient of modulus in equation 2. In addition, there is a much more
pronounced reduction in the standard error of equation 3 when modulus is added
as an independent variable. A weak, negative correlation was found between
“ fatigue life and porosity. Correlations between fatigue life and bone density
or ash fraction were not significant.

TABLE I REGRESSION EQUATIONS (S.D.)

1. log Ny = -5.342 log e -8.532 S.E.E. = 0.4085
(0.544)

2.  log Np = -4.908 log Ae  +0.048 E -8.307 S.E.E. = 0.3882
(0.539) (0.017)

3.  log Np = -2.050 log A0 +6.991 S.E.E. = 0.5990
(0.686)

4. log Np = -4.824 log A0 +0.186 E +9.914 S.E.E. = 0.3871

(0.527) (0.019)

The results reveal a much poorer bone fatigue resistance than has been
indicated by previous studies. There was a much stronger dependence of bone
fatigue life on strain range than on stress range. Knowledge of the in vivo
bone tissue strain history, in addition to knowledge of bone modulus and porosity
would facilitate reliable predictions of cortical bone fatigue failure.

Supported by NIH grant AM 27117
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STRUCTURAL PROPERTIES OF IMMATURE WHOLE BONE +
P. A. Torzilli, K. Takebe*, A. H. Burstein, XK. G. Heiple
Biomechanics Department, The Hospital for Special Surgery
535 East 71 Street, New York, New York 10021

INTRODUCTION

Bending of immature whole bone beyond the. elastic 1limit exhibits .
non-elastic yielding and permanent deformation without concomitant boney
fracture. Mature bone is stiffer, has a substantially decreased amount of
non-elastic deformation and does not exhibit permanent angulation after
load release. Large non-elastic permanent deformations in immature bone,
most often seen in the  forearm of children, has been termed "plastic bowing."
This phenomena is dependen® upon the bone's material properties and cross-
sectional geometric properties. Previously (Am. Soc. Biomechanics, 1979)
we reported on the material properties of immature canine bone. The linear
and non-linear stress and moduli were found to increase with age, while the
strain was independent of age. This investigation is concerned with the
variation with age in the whole bone bending properties of maturing canine
bones.

MATERIALS AND METHODS

Paired femora and tibia were obtained from 22 Labradors ranging in age
from one week to adult. Total length and cross-sectional properties were
determined for each bone. Three and four point bending tests were performed
to determine each bone's stiffness, yield strength, maximum bending moment and
total amount of permanent deformation after load release.

RESULTS

Bending tests.showed that all bones exhibited an initial linear region
followed by a large region of non-elastic deformation. Stiffness increased
with maturity while non-linear deformation decreased substantially. 1In the
youngest bones large permanent deformations were noted upon load release,
with decreasing amounts of permanent deformation occurring with maturity.
In all bones the structural rigidity increased with age, indicating a
greater ability to carry load. A typical set of results for the tibia in
four point bending are shown below.

~ SET B : TIBIA-FOUR POINT BENDING
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AGE AND SEX DIFFERENCES IN GEOMETRICAL PROPERTIES OF THE HUMAN FEMUR
AND TIBIA

C.B. Ruff and W.C. Hayes

Orthopaedic Biomechanics Laboratory

Beth Israel Hospital and Harvard Medical School
330 Brookline Avenue

Boston, MA. 02215.

Several authors have used radiographic measurements to suggest
age related remodeling of long bone cortices. Detailed geometric
analyses of long bone cross-sections have previously been limited
in sample size due to the time consuming nature of manually tracing
and inputing cross-section coordinates. Because of the large amount
of normal inter-individual variation in bone cross-sectional geome-
try, large sample sizes are necessary if sex and age differences
are to be clearly delineated.

Using a digitizer and interactive computer software (Nargurka
and Hayes, 1980), section properties (areas, centroid coordinates,
principal moments and their orientations) of 1320 femoral and
tibial cross sections were determined and analyzed statistically
- for sex and age differences. Specimens were obtained from the -
Pecos Archaeological collection (Harvard Peabody Museum), and
included 60 males and 60 females equally divided between 6 adult
age groups. Femora and tibiae were sectioned, photographed and
analyzed at 5 dlaphyseal sites and at 1 site through the femoral

" neck.

Although individuals within sex and age groupings displayed
variability in cross-sectional geometry, some clear sex and age-
related trends were observed. Males displayed relatively greater.
A-P oriented areal moments in both the tibia and femur and were
‘relatively larger in mid shaft regions, suggesting adaptation to
greater A-P bending moments. With aging, outer dimensions (sub-
periosteal areas) increased at all cross section locations in both
sexes. Subperiosteal expansion largely offset endosteal resorption,
with male cortical areas remaining approximately constant and female
cortical areas declining only on an average of 10%. Principal areal
moments increased with age at most cross section locations, with
larger increases occuring near the tibial and femoral mid shaft and
in the proximal. femoral diaphysis. Changes in orientation of prin-
cipal moments also occured which appear to be related to patterns
of bone loss and changes in femoral neck angles with age. The study
findings support the view that bone section properties reflect sex-
related differences in functional loading. Changes in section
properties also appear to compensate for bone loss with age so as
to maintain approximately constant local stresses.

REFERENCES: Nagurka, M.L. and Hayes, W.C.: Technical note: An
interactive graphics package for calculating cross-sectional
properties of complex shapes. J. Biomechanics. 13:59-64, 1980.
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Relationship of Isometric and Isokinetic Torques

James C. Otis, Ph.D.
Hospital for Special Surgery
Cornell Medical Center
New York, New York 10021

Isokinetic muscle testing, which measures maximal
voluntary torque while the limb is constrained to move at a
constant angular velocity, has become an increasingly
popular method for measuring muscle performance. -However,
the significance of the dynamic strength measurements obtained
remains unclear, particularly with respect to the relation-
ship of isometric to isokinetic strength measurements.
Osternig et al concluded that isometric strength could not
be predicted from isokinetic measurements, having studied
speeds ranging from 30 to 150 deg/s. The objective of this
study was to examine the relationship between maximal isometric
torque and maximal isokinetic torque at angular velocities
of 12 and 24 deg/s for both flexion and extension of the
elbow joint. - .

Sixteen male and 14 female subjects were tested bilat-
erally. A dynamometer was used to provide the constant
angular velocity constraint. Torque was recorded from a
strain gage torque sensor (Lebow-Model #2110H-2K) with a
sensitivity of 0.15 N-m mounted on the dynamometer with its
long axis coincident with the axis of the dynamometer shaft.
Angular displacement was measured using an electrogoniometer.
All measurements were recorded on a Gould Brush 2800 Chart
Recorder. Isokinetic contractions were performed through
the arc of motion between 40 and 110 degrees, and isometric
contractions were performed at 60 and 90 degrees of flexion.
The isokinetic and isometric contractions were alternated
for the four trials and then repeated in the reverse order.
Since we desire maximum efforts, only the greater value of
the two trials was used in the analysis.

Linear and nonlinear regressions of isometric torque
versus isokinetic torque were obtained for each muscle group
at the 60 and 90 degree positions and at the 12 and 24 deg/s
speeds. For the eight linear regressiogs performed the’
average correlation coefficient was .93-.04 (Mean-1S.D.).
However, in seven cases the intercept was greater than zero,
consistent with a nonlinear frictional, component being

manifest. Nonlinear regressions (y=ax ) resulted in a
slight but significant improvement $n the correlation coeffi-
cients with an average value of .95-.03. The improved fit

‘using the power curve demonstrated that the magnitude of the
friction can be directly related to strength.

our results have demonstrated that "isometric and isokinetic
torque are strongly correlated at the speeds tested. From '
a basic standpoint, the results demonstrate that the well.
established inverse relationship between force and velocity
is reflected during isokinetic testing. From an evaluative
standpoint, the determination of a predictable relationship
between isometric and isokinetic torque can provide a useful
normalized measurement parameter for evaluation of alterations
in muscle performance.

Osternig et al, Arch. Phys. Med. Rehabil. 58:254-257, 1977.






























































































































































