THE UNIVERSITY OF MICHIGAN

MEDICAL SCHOOL
Department of Physical Medicine and Rehabilitation

Final Report
BIOMEDICAL ENGINEERING IN PHYSICAL REHABILITATION

James W. Rae, M.D., Project Director
James L. Cockrell, Ph.D., Research Coordinator

July 1, 1967 - June 30, 1970

This investigation was supported, in part, by Research
Grant No. RD-2604-M from the Division of Research
and Demonstration Grants Social and Rehabilitation
Services, Department of Health, Education, and
Welfare, Washington, D.C., and by Kenny Mich-
igan Rehabilitation Foundation.

administered through:

OFFICE OF RESEARCH ADMINISTRATION
ANN ARBOR, MICHIGAN

January, 1971






Findings for the Rehabilitation Worker:

From the study of the mechanical properties of connective tissue:

Animal tendon (cats) ure chuaracterized by visco-elasticity and
plastic-like f'low. The latter proceeds when a critical load is
exceeded. Above LL°C (reached in some therapeutic modalities) this
critical load (the load at which plastic-like flow begins) decreases
sharply reaching a minimum at about 49°C, and then increasing again.
Although this property has not been measured for human tissue, the
suggestion is made that such tissues are altered most efficiently

by long term application of moderate forces at tissue temperatures
elevated to about L5°C.

From the study on the normal (perpendicular to the interface) forces between
the stump and prosthesis in below-knee amputations:

From

From

Peak pressures during walking seldom exceed 40 psi at any location.
The maximum observed was about 150 psi. Patient discomfort did not
correlate well with the pressure magnitudes.

Significantly lower pressures were observed for instances where soft
liners were used, and particularly for a new silicone gel liner assembly.

There are indications that shear forces (those parallel to the inter-
face) are more decisive than normal forces alone in relation to com-
fort and function achieved with the prosthesis.

An instrumentation system using semiconductor strain-gage transducers
and computer-assisted data acquisition and display has been assembled

for general interface pressure measurements in research or clinical
situations.

the study on clinical application of external control:

For quadriplegic patients with high-level cord injuries, the platysma
muscle was found to have superior properties as a myoelectric control
site. It is generally easily trained, and accessible over a wide
area for surface electrodes easily hidden under a collar. Other
motions of head and shoulder cause minimal false control.

the study on device design and development:

Using polyvinylchloride resins, a gel material has been developed

and fabricated into a number of patient support devices such as wheel-
chair seat pads, hospital mattress insert pads, and leg-brace pads.

This material offers excellent flotation characteristics at signifi-
cant savings compared with pads using silicone materials. These devices
are available now from the University of Michigan Medical Center and
also a number of commercial houses.
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ABSTRACT
FINAL REPORT

"Biomedical Engineering in Physical Medicine"

This final report presents the results of five sub-projects
carried out in the Department of Physical Medicine and Rehabilitation
during the years July 1967 through June 1970. They are abstracted
separately in the paragraphs which follow.

Mechanical Properties of Connective Tissue.

Elongation responses of cat extensor digitorum communis tendon
to triangular wave loading and to constant loads achieved by ramp
loading were studied over a temperature range from approximately 22°
to 55°C.

The time—dependent portion of the elongation was found to be com-
posed of two parts, a viscoelastic component and a component which at a
constant load appeared plastic-like. This plastic-like elongation dif-
fered from classical plastic flow, however, since it represented a pro-
gressive decrease in stiffness with little or no apparent increase in
unstressed length. Plastic-like elongation was observed only after
specimens had been loaded to sufficiently large loads and, therefore,
appeared to have a critical load similar to the yield stress for true
plastic flow. This critical load decreased a plastic-like elongation
proceeded, suggesting that the progressive decrease in stiffness might
be the result of a gradual failure of the material. However, values
for the critical load were relatively consistent from one experiment
to another when determined from graphs of elongation rate as a function
of load for tests performed shortly after plastic-like elongation had
begun. BSuch 'early critical loads' were found to be nearly independent
of temperature over the range from 22° to L4°C but decreased sharply
with increasing temperature from 44° to 47°C. The 'early critical load'
reached a minimum between 47° and 51°C and increased with further in-

creases in temperature up to 55°C. It was noted that the temperature



range over which the 'early critical load' decreased sharply with
increasing temperature corresponded closely to the 'glass-type'
transition temperature which has heen reported for collagen.

Dynamic stiffness and damping (hysteresis energy dissipation)
measured under triangular wave loading with peak loads less than the
early critical load, however, showed no marked changes at temperatures
around the 'glass-type' transition temperature and appeared to be nearly
independent of temperature over the entire range from 22° to 55°C.
Possible trends toward a slight increase in damping and a slight
decrease in dynamic stiffness with increasing temperature were noted,
but these were not statistically significant in the results from this
study. _

Attempts to develop a mathematical model for the mechanical
behavior of tendon were unsuccessful but did show that the damping
displayed by cyclicly loaded tendon could not be adequately described
by a linear differential equation in load and elongation br by simple

Coulomb friction as the major dissipative process.
Interface Pressure & Stress Distribution in Prosthetic Fitting.

A prosthesis socket - amputated 1limb interface pressure measure-
ment system was developed and used in preliminary research on the
patellar-tendon total contact below-knee prosthesis. The system com-
prises:

1. A new miniature pressure transducer developed as a part of
the research effort in conjunction with a commercial manu-
facturer.

2. A laboratory digital computer together with commerically
available signal conditioning, amplification, and interface
hardware.

3. A collection of computer programs designed for collection,
storage, computation, and presentation of pressure information.

The pressure interface system is a research tool for the study of
lcad transfer from a helow-knee prosthesis to skin tissue in particular,
and is concerned with the presentation of this basic information. Its
use is extensible to many other problems of this nature.

A description of the amputated limb and the prosthesis in question

vi



is presented to establish the interface to he examined.

The investigation of pressure distribution is initiated with dis-
creet measurements taken from sets of five transducers first arranged in
linear array. Continuous curves of pressure as a function of location
of the transducers are generated by interpolation procedures. Pressure
distribution surfaces over areas are developed by interpolation after
fitting continuous curves to five discreet values collected from the
transducers set in a 1/2" x 1/2" square array with one transducer at the
center. Regions of pressure distribution are displayed by successive
positioning of these areas.

A mode of display of pressure distribution and variation on an
oscilloscope screen was developed. It consists of a gray scale of eight
levels that are generated by control of the density of illuminated raster
points. This effectively represents the variation of pressure as func-
tion of location and time.

Repeatability and reproducibility of pressure patterns are discussed.

Representative data from several subjects are presented and studied
for evaluation of the system and initiation of investigation of pressure
distribution in critical areas.

The pressure interface system was designed to satisfy two distinct
disciplines of study.

1. The hospital staff which services the amputees.

2. The engineering researcher who is concerned with basic
redesign problems.

The importance of fundamental studies of the tissue-prosthesis

interface to prosthetic research is discussed.

Clinical Applications in Myoelectric Control

Two problems illustrating clinical applications of myoelectric
control for orthotic and prosthetic devices are presented. In one
instance, criteria for the selection of myoelectric sites for surface
electrodes were developed and tested using three representative muscles,
- trapezius, frontalis, and platysma. A standard contraction as

measured at fixed electrodes was elicited while measuring integrated
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voltages at coordinate points drawn on the skin over the muscle. From
the data of this series the platysma provided the most reliable set of
sites. Criteria for Judgement were magnitudes, proportionality, and
freedom from interference by accessory activities.

The other problem concerned development for myoelectric control
of prosthetic or orthotic devices a quantitative testing procedure that
utilizes an on-line digital computer. Variables are defined which
separate operator proficiency from electronic and mechanical hardware
performance. Programs were written to evaluate the time variables. Close
interaction between subject and computer for task display and measurement
of performance was design objective. Final implementation of the system

and clinical use were not completed in the grant period.
Brace Design and Development

Clinical use of the Michigan Mobile Arm Support and Arthritic Knee
Brace are described. Initial use of polyvinylchloride (PVC) gels in
orthotic and prosthetic devices is presented. Substantial patient
acceptance has been achieved for the use of this material and an initial
series comparing prosthesis liner materials is documented. It appears,
from these results, that lower peak pressures at the tissue-device inter-
face during walking can result from careful use of the gel material.

Further substantiation of this inference is urged.
Basic Study of Joint Mechanics.

This study was directed toward a detailed examination of the mechani-
cal location of the tendons and stabalizing forces produced during various
hand positions. The hypothesis, that indirect measurements of tendon
moment arms could be effected by direct measurement of inter-axis dist-
ances of the finger phalanges proved to questionable. The experimental
procedures are discussed in times of the errors encountered and some
projections made for alternate methods to obtain the desired tendon

locations.
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1. Introduction
1.1 Nature of the Research

"Biomedical Engineering in Physical Rehabilitation" describes an
approach taken to a group of rehabilitation problems in the Department
of Physical Medicine and Rehahilitation at the University of Michigan
Medical Center, Ann Arbor. These problems are noted in relation to
patient disability, and under the guidance of a Research Advisory Com-
mittee consisting of a coordinated team of professionals, aspects of
each problem needing serious engineering study are identified. In some
instances the problem is very fundamental, for example, understanding
the mechanical nature of collagen tissue as it affects problems involving
contractures or extensive scar tissue. On the other hand the problem
may be very specific, such as the design of a knee brace for a patient
with valgus deformity resulting from rheumatoid arthritis. The re-
search activity is carried out in a clinical-educational setting where
most of the components for research are already present and committed
to the medical/educational functions. The inclusion of the engineering
function as a coordinating and facilitating force has made it possible
to sustain and intensify the creative work of all of the members of the

rehabilitation team.

1.2 Description of the Report

The main divisions of this report describe the studies undertaken

during the three-year period July 1, 1967 to July 1, 1970.

Chapter 2 summarizes the sub project undertaken to examine the
mechanical properties of connective tissue. The chapter includes
tissue as seen in cat tendon, and specifically describes the influence
of temperature on these properties. Since the design of mathematical
and mechanical models of these properties was the original goal of the
work, the experimental approach was to measure stress as well as strain.
This necessitated a detailed sub-study of cross-sectional measurement

techniques.,



Chapter 3 describes the steps taken to effect the measurement and
display of forces acting at the interface between a below-knee prosthesis
and the stump tissue. This study produced a technique and system for
measuring not only these prosthetic interface pressures, but also those
encountered in other rehabilitation problems‘arising from interface

forces in brace pads, wheelchair-seat pads, and orthopedic shoes.

Chapter 4 presents two problems illustrating clinicalvapplications
of myoelectric control for orthotic and prosthetic devices. In one in-
stance, criteria for the selection of myoelectric sites were developed
and tested in relation to three selected muscles. In the other instance,
a method was developed for effecting measurements on myoelectrically con-
trolled devices which would effectively separate parameters associated
with the patient and his training from those associated with the electri-

cal and mechanical performance of the device.

Chapter 5 summarizes brace design and development activities related
to some final aspects of the Michigan Mobile Arm Support and the Arthri-
tic Knee Brace, and some aspects of patient support using synthetic gel
materials. Chapter 6 concerns a basic study of hand joint mechanics.
This was work carried during the early period of the project‘and closed
out after year 1 because of a number of difficulties associated with the
experimental procedures and the necessity to concentrate the group's

effort in the other areas.
1.3 TImpact and Direction of Work at the Conclusion of this Project

The connective tissue study has revealed the rheologic properties
of cat tendon in the normal state. Two directions for the work shead
are suggested: First is to investigate in human tissue the parameters
herein reported for cats. The other is to begin an investigation of
pathologic collagen tissues;for example scar tissue or tissue from arthri-

tic joints.

The interface force measurement study has made available a system

for measuring the normal forces (perpendicular to the interface surface)



in many interface situations. It can bhe used in a research or clinical
setting. It has also revealed the urgency to explore the shear compo-
nents of the interface force; that is, the component of interface force
parallel to the interface surface. There are many signs that this may
indeed be the more critical direction in terms of patient comfort and

tissue tolerance, particularly for prosthetic applications.

At this writing the evaluation of myoelectric control performance
as described in paragraph 4.2 has not evolved to the point where it is
immediately applicable to clinical use. The method chosen involves in-
teraction between a patient wearing a myoelectrically controlled device
and a laboratory computer operating on-line. Adequate programs have
been written. However refinement of these and experience with associated
hardware are required to make this an effective measurement technique.
In the area of brace design and development, the Michigan Mobile Arm
Support is being prescribed routinely, and although installation is
generally accomplished by an orthotist, the adjustments are carried
out completely by Occupational Therapists in the evaluation and training
of the patients using these devices. The arthritic knee brace is being
used where indicated and has been applied to over 40 patients during the
past three years as indicated in Chapter 5 of this report. Synthetic gel
materials increasingly are being used for patient support in orthotic
situations and in liners for prosthetic limbs. - Because patient accep-
tance has been substantial, efforts are being extended to continue
prescription of these materials from a clinical viewpoint, and to under-

standing their performance from an engineering point of view.

1.4 Personnel

Professional participants during the three year period were;
Project Director: James W. Rae, M.D., M.S.

Physiatrists: F. Bender, M.D., M.S.
H. Koepke, M.D.

M. Smith, M.D.

C

. McPhee, M.D.

Staff Engineers: D.P. Bauer, M.S. (BioEngineering)
J.L. Cockrell, Ph,D. (EE)
E.B, Corell, Ph.D. (M.E.)*
D.G. Ellis, Ph.D. (BioEngineering)®
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Staff Engineers (cont.):

b,H, Harden, M.S.M.E.

R.C. Juvinall, M.S,M.E.

J,R, Pearson, M.G.M,E,
Therapists: L. Spelbring, M.S., O.T.R.

Orthotist-Prosthetists: R.D. Koch, C.O,
J.P, Giacinto, C.P.
H.J. Sturza

Medical Writer/Editor: R. Good

The staff was further augmented by W.J. Nelson, Electronic Technician,
H. Spllivar, Machinist; and M. Marshall, L. Corell, B. Alway, and P. Blackford,
Secretaries. Significant contributions were also made from time to time by

Medical Students and Engineering graduate students who were attached to the

project briefly.

¥Received Ph.D. during the project period.
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2. MECHANICAL PROPERTIES OF CONNECTIVE TISSUE
2.1 BACKGROUND INFORMATION
2.1.1 GENERAL

The mammalian organism normally regulates its body temperature
within relatively narrow limits except during hibernation. Even in non-
hibernaters such as man, however, significant shifts in body temperature
do occur. DuBois (19h8)2 has noted that rectal temperatures in normal
human individuals may range from near 36°C in the early morning or in
cold weather up to between 38.5° and 40°C with strenuous exercise. Also,
rises of 3°C or more are commonly associated with a variety of diseases.
In clinically induced "moderate" hypothermia, with the regulatory mecha-
nisms temporarily suppressed as in hibernation, the core temperature is

lowered to 23°C or below (Smith and Stetson, 1965).3 Relatively large

changes also occur locally with external heating or cooling.

There is at least one instance in which the therapeutic application
of heat is presumed to induce medically important changes in the mechanical
properties of fibrous connective tissue. In the treatment of contractures
resulting from fibrosis or scarring of tissues around joints, therapeutic
heat (as applied by ultrasonic heating) has proved to be of value. It is
presumed that the extensibility of the fibrous structures increases with
increasing temperature, facilitating subsequent therapy through range-of-

motion exercises (Lehmann, 1965).

Some previous experimental work, most notably that of Rigby5 et al
(1959) on rat-tail tendon, has indeed suggested that marked changes in
the mechanical properties of collagen tissue are associated with temperature
changes within the usual range of tissue temperatures. Among the changes
which have been reported to occur with increasing temperature are an increase
in the amount of stress relaxation and a decrease in the elongation at
rupture. Some data also suggest a possible decrease in stiffness with in-
creasing temperature (cf. LaBan, 1962)6. Rigby5 et al (1959) reported
that some of these changes occurred in "an abrupt and irreversible manner"

at about 40°C, and went so far as to speculate that fever-induced changes

of this kind in human collagen might be severe enough to impair the function



of the heart valves.

Another abrupt change in the properties of collagen, the hydrothermal
shortening which typically occurs at around 60°C, has been studied exten-
sively for some time. However, the changes occurring near body temper-
ature have received only limited attention in the ten years since Rigby5
et al published their study. Since such changes could be of medical sign-
ificance, the study reported here was undertaken in the hope of gaining
further information which might be useful in anticipating and analyzing
the effects of connective-tissue changes associated with those shifts in
tissue temperature which result from physiological and environmental
factors. It was assumed that the changes in mechanical properties having
the most physiological significance would be those changes in extensibility
which would influence joint stiffness. Therefore, the study was designed
to emphasize these characteristics -- dynamic stiffness, plastic-like elong-
ation, and damping (hysteresis) -- while omitting traditional determinations
of tensile strength. Failure of tendons following plastic-like elongation,

however, was included in the study.
2.1.2 MECHANICAL PROPERTIES OF COLLAGEN TISSUES IN UNIAXIAL TENSION
STRESS-STRAIN RELATIONS

Investigators who have dealt with the mechanical behavior of collagen
tissues have generally found the load-extension characteristics of these
materials to be markedly nonlinear, their stiffness increasing with increas-
ing load (or elongation) except at quite large loads where yield may be
presumed to occur with a resultant decrease in stiffness with increasing load
(cf. Rigby et al, 1959)5. This behavior is illustrated in Figures 2-1 and
2-2. Figure 2-1 shows stress-strain curves obtained by Wright and Rennele
(1964) from tests on several specimens of human plantar fascia. Figure 2-2
shows a stress-strain curve for human Achilles tendon as obtained by Abrahams
(1967)8 and illustrates yield behavior. Specimens retested after yield
occured have been found to be less stiff and to yield again at smaller loads

than in the initial test (Rigby, et al, 1959).5



Exceptions to the observation of increasing stiffness with increas-
ing stress, however, are found in the works of Walker et al (1963,9 196&10)
and Benedict et al (1966,ll 196812). These studies, all performed by the
same group of investigators, yielded stress-strain curves of highly vari-
able character for embalmed specimens (Benedict et al, 1966,ll 196812)
of human tendon. In these studies, tests were performed in unsaturated
air, and strains were determined with reference to gage lengths establish-
ed with specimens under “impending tension" (Walker et al l96h)lo

some preload (Benedict et al, 1968)}2

or under

4000
-
~. 3000 p—
£
~
£' -
3
v 2000
w
o
’.—
w -
1000 p—
o 1 | | | | _
0 0.0! 0.02 0.03 0.04 0.08 0.06

STRAIN, in./in.

FIGURE 2-1 STRESS-STRAIN CURVES FROM TESTS ON HUMAN PLANTAR
FASCIA. REDRAWN FROM WRIGHT AND RENNELS (196L4).
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FIGURE 2-2 STRESS-STRAIN CURVE FOR HUMAN ACHILLES TENDON

(NOTE YIELD BEHAVIOR). REDRAWN FROM ABRAHAMS (1967).

Werthein (l8h7)l3 noted the forms of stress-strain relations for
several tissues including tendon and described them by a quadratic expres-

sion having two constants a and b:

(strain)2 = a(stress)2 + b(stress)
In more recent reports, a variety of descriptions for the stress-strain

relations of collagen tissues have been used.

Several authors including Reuterwall (1921),lh Rigby et al (1959),5

Partington (1963),15 and Viidik(l966)l6 have described stress-strain curves
for collagen tissues below the yield region as being composed of two parts,
a "toe" portion at low stresses, in which stiffness increases markedly with

increasing stress, and an approximately linear region in which the propor-



tionulity between changes in stress and changes in straln is nearly

constant.

The two regions of the stress-strain curve for tendon below the yield
region, i.e., the "toe" region in which the stiffness increases markedly
with increasing stress and the region of intermediate stresses over which
the stiffness increases only slightly with increasing stress, were suggest-
ed by Reuterwall (l92l)lh to correspond, respectively, to straightening of
the initially wavy collagen fibers and to stretching of the straightened fibers.

> who photographed unstretch-

This has been demonstrated by Rigby et al (1959)
ed and stretched rat-tail tendons under a polarizing microscope and later
by Abrahams (l967a,b)8 who employed formalin fixation of unstretched and
stretched specimens. Both Rigby el al5 and Abrahams8 found that the wave
pattern was restored after the release of stretch in fresh specimens which

were not stretched beyond a "safe limit" of approximately U percent strain.

Similar fiber-straightening and fiber-stretching phenomena in skin
were noted by Daly (1966).17 To describe the consequent mechanical behavior
he developed a "semi-empirical" model which was composed of four elastic
(or viscoelastic) elements connected as a parallelogram with a fifth element

forming a diagonal of the parallelogram.

DAMPING AND TRANSIENT PHENOMENA

Transient phenomena, creep and stress relaxation, have been observed
and studied in collagen tissues by a number of investigators.

Reuterwall (1921)%

observed that specimens of human plantaris and
extensor digitorum tendons subjected to a constant load showed time dependent
extension (creep). His data tend to suggest that a limiting value of ex-

tension was approached after some time.

Stress relaxation in specimens of rat-tail tendon was investigated in
some detail by Rigby et al (1959).5 They found that the load in specimens
held at a fixed extension decreased markedly with time but eventually
approached a limiting value. In semilogarithmic plots of percent stress

relaxation against the logarithm of time, they noted two approximately linear



regions, the first extending for roughly 60 minutes. The amount of
relaxation observed in their experiments was found to increase with in-
creasing strain and with increasing rate of initial strain application.
For initial strains of less than 4 percent (i.e., below the yield region)
and stress relaxation times of "considerably less than 60 minutes" they

found the stress relaxation behavior to be "entirely reproducible."

Haut and Little (1969)18 investigated stress relaxation in canine
anterior cruciate ligament over 1l0-minute relaxation periods and found the
percentage relaxation to increase with increasing initial stress. They
also found that at each strain, differences in stress which were associated
with different rates of strain during the initial stretching persisted after

10 minutes of stress relaxation.

Coupled with transient behavior like that which has been described for
collagen tissues, one would expect to find hysteresis or damping when speci-
mens of these materials are subjected to cyclic loading.

In studies of the tensile properties of human fascia lata by Gratz

)19 and of Achilles tendon by Stuke (1950),20 the stress-strain curves

(1931
for loading and unloading did not coincide, the curve for unloading showing
slightly greater stiffness. Thus, in one stress cycle, energy was dissipated;
and the material might be regarded as having displayed some form of damping

(cf. Lazan, 19614).21

Rigby (l96h)22 studied rat-tail tendon subjected to cyclic extension
for over 1000 cycles. He found that with repeated cycling the portion of the
stress-strain curve above the "toe" region became steeper (increasing stiffness)
but that the overall length of the specimen increased. He also noted that
the hysteresis energy dissipation in each cycle decreased with repeated
cycling. These changes continued to occur, although rather gradually, even
after several hundred extension cycles. An improvement in the definition
of x-ray diffraction patterns and an increase in shortening temperature (see
subsequent section) with cycling in these experiments suggested that cycling

increased the crystallinity of the fibers.

Other investigators have reported that behavior in the first cycle or

first few cycles differed noticeably from that in subsequent cycles, but that

1a



after the first few cycles the stress-strain hysteresis loop became

repeatable (VanBrocklin and Ellis, 196523; Daly, 196617; Viidik, l9682u

).
Such a phenomenon had apparently also been considered by Rigby et al (1959)5
who applied a '"conditioning stretch" to their specimens before initiating
their testing procedures. Considering Rigby's findings (Rigby, 196h)221t
seems probable that these latter observations do not represent the establish-
ment of a true steady state response but rather a condition in which the
change with continued cycling is slow enough not to be detected in a few

cycles.

The effective stiffness, taken from stress-strain tracings obtained
under cyclic loading or with a ramp loading or strain function, has been
observed to increase with increases in some rate parameter (strain rate, cycle
frequency, etc.) for human toe extensor tendon (Van Brocklin and Ellis, 1965),23
human skin (Daly, 1966),17 rabbit mesentery (Fung, 1967),25 and canine anterior
cruciate ligament (Haut and Little, 1969).18 However, the energy dissipated
in each cycle in a cyclicly loaded specimen has been reported to be nearly

independent of rate parameters (Van Brocklin and Ellis, 196523; Fung, 196725).

There have been several attempts to develop mathematical analogs for the
dynamic and transient behavior of collagen tissues in simple tension. Based
on LaBan's creep experiments and on measurements of finger-joint torque-
displacement characteristics, a rather simple rheological model consisting-
of a Kelvin body in series with an elastic element having a extension 1limit
was suggested (Final Report, The University of Michigan Orthetics Research
Project, 1964). This model is diagrammed in Figure 2-3. An analog
"displaying the creep phenomenon with an element of plasticity" was mentioned
by Viidik (1966) .16

Other models have been developed to represent specific loadings or

1
regions of response and are described by Ellis (1970).

TENSILE STRENGTH

Numerous determinations of tensile strength have been made for collagen
tissues. Since this report is not primarily concerned with strength character-

istics, an extensive review of published work will not be presented here.

11
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FIGURE 2-3  SIMPLE RHEOLOGICAL MODEL SUGGESTED AS AN ANALOG
TO THE MECHANICAL BEHAVIOR OR COLLAGEN TISSUE.

Elliott (1965)26 has reviewed published information on the tensile

strength of tendon, noting that strengths reported for fresh material

have typically been in the range 5 - 10 kg/mmg, although much lower values
have been reported, for example 63.1 x 106 dynes/cm? (0.62 kg/mm?) by

LaBan (1962).6 The tendency of specimans to break where they are attached
to the testing apparatus, as pointed out by Elliott, the occasional practice
of disrupting the fiber array in order to obtain a test section of reduced
cross-sectional area (see: Elliott, 1965),26 and the large differences
among cross-sectional area determinations (Eliss, 1969)27 have probably

all been major factors in the considerable variability in the published
data.
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Tensile failure of tendon is typically of a "slipping'" type
(cf. Takigawa, 1953).28 In tests on muscle-tendon-bone preparations,
though, failure has rarely been induced in the body of the tendon, but
has typically occurred at the muscle-tendon junction or, more frequently,

by a fracture of the bone around the insertion (McMaster, 193329; Stuke, 195130).

2.1.3 TEMPERATURE EFFECTS IN COLLAGEN TISSUES

HYDROTHERMAL SHORTENING

Certainly the most prominent effect of temperature on collagen tissues
is the "hydrothermal shortening observed at a temperature which is usually
well above the range of physiological temperatures and above the range of
temperatures considered in the study reported here. When an unloaded speci-
men of collagen tissue is heated to this temperature it is seen to shorten
rather abruptly to roughly a quarter of its original length and to take on
a slightly yellow, translucent appearance, in contrast to the reflective
white appearance of the original material. Its consistency is similar to that

of a rubber-like mass which can easily be stretched or compressed.

This profound change has probably been observed since the time man
first began cooking meat, and has attracted significant attention from
biophysical chemists during the past several decades. It has been interpreted

as a rate-limited chemical reaction (Weir, l9h9),31 as the result of ruptur-

ing of interchain bonds (Thies and Steinhardt, 1950),32 and as a phase change
like crystal melting (WBlisch and deRochemont,33 1927; Garrett and Flory,
19563h

; and others).

In x-ray diffraction studies, both the high-angle pattern, which shows
prominent reflections corresponding to periodicities of 2.86 A in the axial
direction and approximately 10 A in the transverse direction, and the low-
angle pattern which shows reflections corresponding to an axial periodicity
of around 640 A have been found to disappear upon shortening. The high-
angle pattern (which is the same for collagen and gelatin) has been found
to reappear with cooling, drying, or stretching, but for some time it was
thought that the low-angle pattern was destroyed irreversibly (cf. Bear,
l9hh35; Wright and Wiederhorn, 195136). Recovery of the low-angle pattern
was demonstrated, however, by Frenkel et al (1965)37 who restretched shortened

specimens to their original lengths and then cooled these stretched specimens.
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The absorption of heat, analogous to latent heat of fusion, has been
found to accompany shortening (WBlisch and deRochemont , 192733) as has a
small increase in volume (Weir, 19149).31 The volume increase has been
used to identify the transition point in collagen-diluent systems; and a
depression in the transition temperature with the addition of diluent,
analogous to that generally found for crystal melting, has been observed

(see: Garrett and Flory, 19563h; Flory and Garrett, 195838).

It has been pointed out that the temperature at which shortening
occurs, TS, is typically not the equilibrium melting temperature unless
the material has been partially premelted so that there is a fresh inter-

face between crystal-line and amorphous phases (Oth et al, 1957).39

Tensile loads have been found to stabilize the native crystalline state
and to retard the shortening transition, so that a specimen under load will
attain a higher temperature before shortening than a unloaded specimen.

This phenomenon has been deséribed in terms of a one-dimensional analog

to the Clausius-Clapeyron equation (W8lisch, l9h0),uo and a refinement of
the description has been obtained using the equilibrium melting temperature
rather than the shortening temperature (Oth et al, 1957).39 predicted that
there would be a critical stress above which the transition temperature

would decrease with increasing load and were able to obtain experimental

evidence for the existence of such s critical stress.
THE "GLASS TYPE" TRANSITION AND LOWER TEMPERATURE EFFECTS

In their investigations on the "melting" of collagen, Flory and
Garrett (1958)38 noted discontinuities in the slopes of volume-temperature
curves for beef Achilles-tendon specimens. These discontinuities, which
were found at 95° C for dried specimens but 40° C (only a few degrees above
body temperature) for fully hydrated specimens, indicated a second order,

"

"glass type, transition. The occurrence of such a transition in largely
crystalline collagen was rather unexpected and was tentatively interpreted

in terms of side-chain mobility.

Somewhat earlier, Weiderhorn and Reardon (1952)“l had studied the
properties of thermally contracted collagen and had obtained data indicating

that the volume fraction of collagen in specimens which were swollen in o
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solvent (water, 1 molal LiCl in 1:1 water-ethanol, or formamine), and then
blotted, decreased with increasing temperature over the range 21° to 65° C.
Their data indicate, however, a possible inflection point in the volume
fraction-temperature relation around 40° C. This is shown in Figure 2-k4
in which Weiderhorn and Reardon's volume fraction data for thermally con-
tracted collagen swollen in water have been plotted as a function of temp-

erature.

0.14

.2}
0.0
oo8- T

0.06

VOLUME FRACTION COLLAGEN

004

0.02 1 1 1 1 1 }
10 20 30 40 50 60 70

TEMPERATURE, °C.

FIGURE 2-4 VOLUME FRACTION COLLAGEN AS A FUNCTION OF TEMPERATURE
FOR THERMALLY CONTRACTED COLLAGEN SWOLLEN IN WATER. (ARROW INDICATES
INFLECTION POINT) DATA FROM WEIDERHORN AND REARDON (1952).

Marked changes in the tensile mechanical properties of rat tail

tendon which have been assumed to coincide with the "glass type" transition
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(see: Elden, l968u2) have been reported by Righy et al (1959).5 They

found that above approximately 37° - 40° C specimens frequently ruptured
at strains of only 3 to L percent, while below 37° C, specimens could be
repeatedly strained to 4 percent and showed temperature independent load-
strain behavior. In addition, they noted that stress relaxation behavior
at strains below the "safe limit" of approximately 4 percent strain was
nearly independent of temperature between 0° and 37° C but that as the
temperature was increased above approximately 37° - L0O° C the rate and
amount of stress relaxation became substantially greater with increasing
temperature. This effect is illustrated in Figure 2-5 which shows stress
relaxation curves at 3 percent strain obtained at several temperatures by
Rigby et al. These changes were described by Rigby et al as "abrupt and
irreversible" and were interpreted as possibly reflecting the breakage

of some hydrogen bonds in the collagen structure, a process analogous to

that which occurs in melting.

Mason and Rigby (1963)u3 obtained both specific volume and isometric
tension (in specimens stretched to a fixed extension) as functions of
temperature for tendon specimens and found that the "glass transition"
which Flory and Garrett (1958)38 had identified as a discontinuity in
the slope of the isometric tension-temperature curve. This is indicated
in Figure 2-6, which shows the isometric tension-temperature curves
obtained by Mason and Rigby,b'3 one for native beef tendon and four for
partially premelted beef tendon (see below). Similar changes in the
slopes of isometric tension-temperature curves have also been reported

more recently by Elden (196l¢a.,Lm b,“s-, 1965”6

), who examined the effect
of partial premelting and found that it decreased both the shortening
temperature, TS’ (in accord with the work of Oth et al, 195739) and the

"glass transition' temperature, T They reported the change in T, to

have been irreversible. Their daia also show that partial premeltgng
reverses the slope of the isometric tension-temperature curve below

the shortening temperature, (see Figure 2-6). In the native material
the isometric tension decreases with increasing temperature below the

shortening temperature, but according to the data of Mason and Rigby,
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FIGURE 2-5 STRESS RELAXATION CURVES (DECREASE, Fo-Ft, IN LOAD
PLOTTED AS A FUNCTION OF THE LOGARITHM OF TIME) FOR RAT TAIL TENDON
AT 3 PERCENT STRAIN, AT SEVERAL TEMPERATURES. REDRAWN FROM RIGBY et
al (1959).

isometric tension increases with increasing temperature in partially
premelted specimens. If partial premelting was presumed to create
amorphous regions displaying rubber-like thermoelasticity, this result
would be anticipated in light of the discussion of partially melted
proteins presented by Flory (1956).21L7

. L .
Rigby (196L4) 8 determined transition temperatures from iscmetric
tension-temperature curves in a series of experiments in which he examined

the effect of strain history on the transition temperatures of rat-tail
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FIGURE 2-6 ISOMETRIC TENSION-TEMPERATURE CURVES FOR BEEF TENDON.
(1) NATIVE, (II,III, IV) SUCCESSIVE TESTS, ALL PERFORMED THE SAME DAY ON
A PARTIALLY PREMELTED SPECIMEN, (V) TEST ON THE SAME SPECIMEN AS IV,

PERFORMED THE FOLLOWING DAY. ¥ T,, + Tq. (MASON AND RIGBY, 1963).

tendon in 0.9 percent saline. The curves which he obtained in these
experiments (Figure 2-7) were significantly different from those obtained

L
3 and differed from one another depending on

by Mason and Rigby (1963)
the strain history. For native specimens, Rigby found only one transition
"shortening" at 60° C (curve I). For specimens strained for long periods
at moderate strains (curve II) or for short periods at large strains
(curve III), he found an additional transition, a "partial shortening"

at around 51° C. This effect was reported to have been reversible when

small strains were employed, but not when large strains were used. After
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FIGURE 2-7  ISOMETRIC TENSION-TEMPERATURE CURVES FOR RAT TAIL
TENDON IN 0.9 PERCENT SALINE, OBTAINED AFTER VARIOUS STRAIN HISTORIES.
(I) UNSTRETCHED, (II) 1.0 PERCENT STRAIN FOR 22 HOURS, (III-V) 10 PER-
CENT STRAIN FOR L, 17, AND 69 HOURS, RESPECTIVELY. (RIGBY, 196kib).

long periods at large strains he no longer observed this 51° transition
but found, instead, a transition like that seen by Mason and Rigby
(1963),h3 occurring at around 35° C (curves IV and V). "Shortening" in
these specimens occurred at a lower temperature than in unstrained

specimens, around 50° - 55° (.
2.1.4 OBJECTIVES AND SCOPE OF THE INVESTIGATION

Initially, the objective of this investigation was defined only in

very general terms: to obtain a description of the way in which the tensile

mechanical properties of tendon, exclusive of tensile strength, change with
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temperature. The description was viewed at first as a constitutive

equation having coefficients which might be functions of temperature. The
early work consisted of a loosely structured series of expériments, analyses,
and computer simulgtions directed toward the development of sﬁch a consti-
tutive equation but without temperature as a parameter (that is, with all

experimental work performed at a single test temperature).

Since this work failed to yield a satisfactory mathematical analog to
the mechanical behavior of tendon, this approach was abandoned, and the
subsequent work was directed toward the determination of values for para-
meters associated with prominent features of the mechanical behavior of
tendon at a sequence of temperatures. The features included were damping
(hysteresis energy loss), dynamic stiffness, and plastic flow. These
were investigated over a temperature range from approximately 20° to 55°
C, which included the usual range of physiological temperatures and extend-

ed nearly to the shortening tempersature.

2.2 MATERTALS AND METHODS

2.2.1 GENERAL CONSIDERATIONS:

Since the primary reason for undertaking this study of tendon
mechanics was to obtain information which could be used in analyzing the
effect of temperature on the functional characteristics of connective
tissue structures in the living animal, it was desirable for the test
situation to approximate the physiological condition of the tendons studied.
The physiological environment of tendon fibrils is the ground substance.

It might therefore have been desirable to test the specimens while they
were surrounded by this substance, or by synovial fluid which has a similar
composition. The large volume of bathing medium required in the test
apparatus, however, made this impractical. The use of an artificial medium
with similar ionic and specific mucopolysaccharide compositions would also
have been impractical because of the difficulty of obtaining sufficiently

large quantities of the mucopolysaccharides.

Therefore, the test environment was made to approximate the physiolo-
gical environment only in inorgunic ion composition (Ringer's solution at

a neutral pH).
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To assess the extent to which these and related changes were
occurring in the experiments in this study, however, preserved specimens
were used primarily in exploratory experiments such as those associated
with attempts to develop mathematical models. In the temperature studies,
results obtained from tests on preserved specimens were considered to be
quantitatively valid only after they had been verified by subsequent tests

on fresh material.

Earlier work has suggested that preservation by freezing may have
some effect on the mechanical properties of connective tissue although the
effect ig probably small. Thomas and Gresham (1963)h9 found no significant
differences in tensile strength among fresh, frozen, and freeze-dried
specimens of human fascia lata. Viidik and Lewin (1966)50 also failed to
find a significant difference between the strengths of fresh rabbit anterior
cruciate ligaments and those which had been preserved by freezing, but they
did find that specimens preserved by freezing exhibited higher failure
energy than fresh specimens, even though stiffness, gross shape of the
stress-strain curve, and elongation at rupture were not found to be altered.
Matthews and Ellis (1968),51 however, did find a statistically significant
decrease in stiffness (around 10%) associated with preservation by freezing

in their experiments on extensor digitorum communis and extensor lateralis

tendons from the cat.

2.2.2 EXPERIMENTAL PROTOCOL

Tendons used in this study were extensor digitorum communis tendons
from adult cats (Felis catus, L). Each cat was sacrificed using an intra-
peritoneal injection containing 750 mg. sodium pentobarbital, and after
dissection was completed the chest cavity was opened by an incision to

ensure that the animal would not revive.

As soon as the cat became totally unresponsive to stimuli, the exten-
sor digitorum communis tendons were dissected from its front paws, four
from each paw, and were immediately placed in a tray of slightly chilled
Ringer's solution. One of these eight tendons was cut to length and tested
at once. The remaining seven were wrapped in paper towelling moistened

with Ringer's solution and then in aluminum foil, and were stored in a
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freezer at approximately - 20° C for subsequent testing. Just before
the time of testing these specimens were thawed in Ringer's solution
at room temperature (approximately 20° C) and then cut to the test

length.

Most specimens as they were dissected from the animal were over
> cm. long. These were cut to a standard length of 5.0 cm. immediately
before they were tested, using the cutting machine employed by Ellis
(1969).27 In this machine, which is illustrated in Figure 2-8 the specimen

(@

FIGURE 2-8 TENDON CUTTING MACHINE; (A) TENDON STRAIGHTENING PAD,
(B) BLADE, (C) CHOPPING BLOCK, (D) ARM CARRYING PAD AND BLADE,
(E) LINKAGE TO ARM, (F) GUIDE PIN, (G) SPRING-LOADED SLIDING POST.
[DRAWING BY G.N.TAN, FROM ELLIS, 1969].
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is straightened by a pair of rubber pads sliding along the "chopping
block," and is then cut by a pair of blades which come down onto the
chopping block simultaneously. Those few specimens less than 5 cm.
long were trimmed with a scalpel so that their ends were cut straight
across; their lengths were then measured with a rule having 0.05 cm.

graduations, and the measurements were recorded on the test record.

After a specimen was cut to length, it was clamped in the testing
machine; the strain-measuring vanes were clipped to it; and the Ringer's
solution bath was raised so that the specimen was immersed. Then, a

sequence of tests having the following general form was begun:

First, the specimen was subjected to a triangular wave loading
function at roughly 2 cycles per minute wtil a steady-state response was
approached. Then the specimen was held at a constant small load (either
0.1 or 0.05 megadyne) for approximately one hour. At the end of this
time it was subjected to a triangular wave loading function of the same
amplitude and fréquency as the one used initially, again until a steady-
state response was approached. Following this, it was subjected to a
sequence of traingular wave loading functions comprising the first main
test sequence. All tests up to this point were performed at a low temp-
erature, in the range 22° - 25° C. At the end of the first main test
sequence, the specimen was completely unloaded; the strain-measuring
vanes were removed; and the bath temperature was raised to a second
test temperature. Although the second test temperature was attained
within one hour, two hours were allowed before the specimen was subjected
to further tests. The strain sensor was then re-standardized, using the
output obtained with the unobstructed light beam as a reference for
adjusting the sensitivity; the vanes were clipped to the specimen; and
a second main test sequence was begun. The second main test sequence con-
sisted of a sequence of triangular wave loading functions the same as
that in the first main test sequence. At the end of the second main test
sequence, the specimen was removed from the testing machine and hung on

a stainless steel hook to dry.

There were two deviations from this general form: (1) In a few
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experiments, three test temperatures were used. In these, the specimen
was unloaded and the vanes removed at the end of the second main test
sequence; then a two-hour interval was allowed during which the bath
attained the third test temperature. At the end of this interval, the
strain sensor was re-standardized; the vanes were reattached; and a third
main test sequence, like the first and second sequences, was performed.
(2) In experiments on plastic flow, the first main test sequence was
omitted, and the second sequence consisted of a triangular wave loading
function followed by a series of steady loads each held for several

minutes and each attained from the preceding one by ramp loading.

After the tests in an experiment were completed, the specimen was
dried in room air (temperature 20° - 25° C, relative humidity 50 - 80
percent) for at least 24 hours and was then weighed using a Mettler M5
microchemical balance having an accuracy better than + 2ug. over the

range of specimen weights.

2.2.3 PRESENTATION OF DATA (UNITS):

The usual practice in reporting results of tests such as those
described here is to express the applied force in terms of force per unit
of cross-sectional area of the test specimen, or stress, (lbf/in2,
Mdyne/cmg, etc.). Various methods which have been used to measure cross-
section areas of tendon specimen, however, have been found to give widely
differing results and to show relatively poor repeatability (Ellis, 1969).27
Of the measurements examined by Ellis, those based on the initial, unstressed,
length and the weight of dry material comprising the specimen were found

to be the most repeatable.

For this reason, and because 1t is reasonable to assume that tensile
properties of tendon would correlate well with the mass of solid material
per unit length, dry weight per unit length is adopted here as a measure of
cross~-section area. This practice follows that used by Elden in most
of his work. When the quantity dry weight per unit fLength is used in
defining a stress, the resulting expression,

Force
dry weight/unit length,
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does not have the usual units of stress. To avoid confusion, a different
name, specific load, is applied to the quantity defined by the expression.

. dne
The unit of specific load in this report is Mdyne cm./gm. (i.e. —2%755-).

Stiffness or elastic modulus is normally defined as the ratio of stress
to strain. Oince strain is dimensionless, the units are the same as the
units for stress. In reporting results in this study, stiffness has been
defined using specific load rather than stress and has the same units as

specific load.

In analyzing data from experiments on damping, areas of hysteresis
loops in the coordinates "specific load" and "strain" were used as members
of the energy dissipated by the specimen in each load cycle. Since strain
is dimensionless, these areas also have units of Mdyne cm/gm. In analogy
to the term specific load, such areas are here referred to as specific

damping.
2.2.4 APPARATUS
TESTING MACHINE:

The testing machine used for these studies was a modification of the
low capacity dead weight testing machine described by VanBrocklin and
Ellis (1965).23 This machine, which is shown in Figure 2-9, operates
as a balance in which load applied by filling a weight bucket (K) is

balanced by tension in the test specimen.

Details of all aspects of the machine, specimen clamps, force trans-
ducer, strain sensor, controlled temperature bath, and the loading

system are presented in ref., 2.5-1.
2.3 RESULTS AND THEIR DISCUSSION
2.3.1 MODELLING STUDIES

Since the mathematical analogs which have been suggested as models
for the mechanical behavior of collagen tissues seemed to lack either suf-
ficient detail or adequate experimental verification, a series of experi-
mental and model studies was undertaken in the hope of establishing an
analog whose parameters could be used for reasonably accurate quantification

of the behavior of tendon in the temperature experiments. As neither the
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FIGURE 2-9 TESTING MACHINE; (A) SPECIMEN CLAMPS, (B) CONTROLLED
TEMPERATURE BATH, (C) STRAIN SENSOR OPTICS, (D) UNIVERSAL JOINT

[NOT USED], (E) LOAD CELL, (F) COUNTERWEIGHT, (G) ADJUSTABLE LIMIT
STOP, (H) GUIDE AND PIN ASSEMBLY, (J) BALANCE BEAM, (K) WEIGHT BUCKII.
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final form of the analog nor the steps leading to it were anticipated at
the outset, there was no attempt to establish a preformed protocol for
this series. Rather, each experiment was designed either to test or

to obtain parameter values for the particular model beiné considered at
the time; and, at various stages, the model was altered in an attempt to

obtain better agreement with the experimental findings.

The description of this phase of the investigation will trace the
evolution of the mathematical analog and will emphasize those experiments
which were important in its development. (A complete list of the experiments

performed in Reference 2.5-1.)

Two well-established features of the mechanical behavior of collagen
tissue served as the starting point for development of the analog. These
were: (1) the nonlinear character of the load-elongation relation, and
(2) the existence of history dependent behavior, as seen in creep and
stress relaxation phenomena and in the dissipation of energy under cyclic

loading.

The form of the.load-elongation relation for rat-tail tendon has
been analyzed by Ridge and Wright (l966~.)52 who found that this relation
could be described by the same equations that they used for describing

skin (see also Ridge and Wright, 1961+).53 These equations have the form:

at+t cIn P i.iiiiiiiiinnnans «sese at low loads
b
(kP)

.................. ... at intermediate loads

where P and E represent load and elongation, respectively, and the other

symbols represent constants.

Previous experience in dealing with the data obtained by VanBrocklin
and Ellis (1965)23 had also suggested that the stress-strain relation for
tendon at low stress levels might be represented by a logarithmic function.
This may be seen from Figure 240 which shows the "mean low rate elastic
modulus" (tangent modulus) reported by VanBrocklin and Ellis, plotted as
a function of stress in semilogarithmic coordinates. The applicability of

the power function formulation at intermediate stresses for the material
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FIGURE 2-10 "MEAN LOW RATE ELASTIC MODULUS" AS A FUNCTION OF
STRESS FOR HUMAN EXTENSOR DIGITORUM TENDONS, PLOTTED IN SEMI-
LOGARITHMIC COORDINATES. DATA FROM VANBROCKLIN AND ELLIS (1965).

used in the present study is indicated in Figure 2-11, which shows a
load-elongation hysteresis loop obtianed under triangular wave loading

at 3.8 cycles per minute, replotted in logarithmic coordinates.

A simple mechanical analog which would display creep, relaxation,
and energy dissipation properties somewhat like those which have been
reported for collagen tissue is the model for the standard anelastic
solid shown in Figure 2-12 (cf. Norwick, l965).5h This model consists
os a Kelvin body in series with an elastic element. As noted elsewhere,
models based on this arrangement of elements have been prominent in the
literature. 'he load-elongation characteristics of this model might be

brought into correspondence with those for tendon by the use of a non-
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FIGURE 2-11 LOAD-ELONGATION HYSTERESIS LOOP FOR CAT EXTENSOR
DIGITORUM COMMUNIS TENDON (SPECIMEN 30C5) CYCLED AT 3.8 CYCLES
PER MINUTE, LOGARITHMIC COORDINATES. (SPECIMEN PRESERVED BY
FREEZING).

29



linear elastic element.

Before doing this in the model studies, however, the damping
characteristics of the linear model were compared with those measured

for cat extensor digitorum communis tendon under triangular wave loading.

Since, in the model, energy would be dissipated only in the Kelvin

body, only its behavior was considered.

An approximation obtained from the first five terms of the expres-
sion for the damping (energy dissipation per cycle) is plotted as a
function of frequency, w, in Figure 2-13 for a Kelvin body having unit

parameters.

NN

FIGURE 2-12 MECHANICAL ANALOG FOR THE STANDARD ANELASTIC SOLID.
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FIGURE 2-13 DAMPING SPECTRUM FOR A KELVIN BODY WITH UNIT SPRING
CONSTANT AND DAMPING COEFFICIENT SUBJECTED TO A TRAINGULAR WAVE FORCE
(5 TERM APPROXIMATION), NORMALIZED.

Figure 2-14 shows a corresponding plot of specific damping data
obtained from a cat extensor digitorum communis tendon subjected to
triangular wave laoding of constant amplitude at a number of frequencies.
These data are in substantial agreement with observations by VanBrocklin
and Ellis (1965)23 for human toe extensor tendons and by Fung (1967,25
196855) for rabbit mesentery that the energy dissipation per cycle is
relatively insensitive to frequency. As pointed out by Fung (1967,25
196855) this situation is not compatible with a simple linear visco-

elastic model.

A number of approaches to modeling the behavior indicated in

Figure 2-14 are possible. Among these are the use of several Kelvin
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FIGURE 2-14 DAMPING SPECTRUM FOR CAT EXTENSOR DIGITORUM COMMUNIS
TENDON (SPECIMEN NO. 30C5) CYCLED BETWEEN LIMITS OF 71 and 356
MEGADYNE CENTIMETERS/GRAM. (SPECIMEN PRESERVED BY FREEZING).

bodies with different time constants (corresponding to one of the
approaches which was employed by Daly (1966)17 to describe stress
relaxation in skin), the use of a continuous relaxation spectrum as
suggested by Fung (1967,25 196855), and the use of Coulomb damping

to account for a major portion of the energy dissipation.

Several rheological models are discussed in detail as they per-
tain both to the damping and to the linearity by Ellis (Ref. 2.5-1).
Simulations reveal the difficulty of describing tendon by a small

number of mechanical elements.



Although the work reported here did not fully explore the possibility
of constructing either a conventional rheological model or a chemical
kinetics model for the mechanical behavior of tendon, it has suggested
some restrictions on the class of models which might be suitable. Most
notably, it has indicated that the damping behavior cannot be adequately
described by a linear differential equation in load and elongation or

by taking simple Coulomb friction as the major dissipative process.
2.3.2 PLASTIC-LIKE ELONGATION

Relatively early in the experiments on temperature effects it was
noted that some specimens, especially at temperatures high in the temp-
erature range studied, failed to approach a steady-state response with
cyclic loading. Instead, they demonstrated progressive elongation such
that each loop in the load-elongation record was displaced toward some-
what greater strains than the previous loop (Figure 2-15). Typically,
the displacement between successive loops was nearly constant for
several loops and then increased progressively until the specimen broke.
This behavior appeared similar to the constant rate creep which had

previously been described (cf. Fry et al, 196&56).

To further investigate this phenomenon, a sequence of experiments
was performed according to the protocol presented earlier. Each specimen
was subjected to triangular wave loading, first at a low temperature
and subsequently at the test temperature; then it was subjected to a
sequence of steady loads, each obtained by ramp loading from the pre-
ceding load level and each held for several minutes. (The sequences of

tests for these experiments are listed in Ref. 2.5-1).

At each load level, the elongation showed an initial (viscoelastic)
transient response. At small loads, the elongation seemed to approach
a constant value after 5 to 10 minutes (Figure 2-16, A). At large loads,
however, the elongation did not appear to approach a limiting value, but
proceeded to increase at a rate which became nearly constant (in most
instances) after a period of 3 to 6 minutes during which the viscoelastic

transient appeared to be significant (Figure 2-16, B). The distinction
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FIGURE 2-15 LOAD-ELONGATION RECORD FOR A TENDON SHOWING
PROGRESSIVE ELONGATION UNDER CYCLIC LOADING (TEST AT 40°C, 0.072
CYCLES PER MINUTE: SPECIMEN 34CL, PRESERVED BY FREEZING).

between the viscoelastic transient and the constant rate (plastic-like)
elongation was most clearly demonstrated when a specimen was unloaded
from a large load to significantly smaller load which was still great
enough for the plastic-like elongation to be seen. When this was done
the viscoelastic transient was observed as an initial shortening of the
specimen while the plastic-like elongation yeilded a subsequent
lengthening (Figure 2-16, C). In those instances when a specimen was
held for a sufficiently long time at a load at which it appeared to be

elongating plastically, the elongation proceeded until the specimen
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FIGURE 2-16 ELONGATION RESPONSES OF TENDONS HELD AT CONSTANT
LOADS AFTER RAMP LOADING: (A) VISCOELASTIC EXTENSION. (TEST AT
46.6°C; SPECIMEN 36C6, PRESERVED BY FREEZING), (B) VISCOELASTIC AND
PLASTIC-LIKE EXTENSION FOLLOWING AN INCREASE IN LOAD (TEST AT 25°C;
SPECIMEN 43C1), (C) VISCOELASTIC SHORTENING AND PLASTIC-LIKE
ELONGATION FOLLOWING A DECREASE IN LOAD (TEST AT 25°C; SPECIMEN 43C1),
(D) PLASTIC-LIKE ELONGATION JUST PRIOR TO RUPTURE; NOTE INCREASING
RATE OF ELONGATION (TEST AT L0.s°C; SPECIMEN LbLcCi).

broke. Shortly before the failure occurred, the rate of elongation began

to increase rapidly (Figure 2-16, D).l

lFrequently, specimens failed at the testing machine clamps before the
rate of elongation within the gage length began to increase dramatically.
The pattern described was typical of those specimens which did not fail
at the testing machine clamps.
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To evaluate the plastic-like component of elongation, the rate of
elongation (taken after the viscoelastic component appeared small) was
plotted as a function of load for each specimen tested. The resulting
graphs were either linear, as would have been expected for ideal plastic
flow (Figure 2-17) or concave upward (Figure 2-18), but never concave
downward. The intercept of each such curve with the load-axis indicates
a critical load above which plastic-like elongation was observed but
below which such elongation was not to be expected. Such akcritical load
might be considered similar to a yield point, the load at which plastic
flow commences. However, it differs from a yield point because it was
determined only by the behavior of the material after plastic-like elong-
ation had been initiated. The critical load should therefore be regarded
as the load gt which plastic-like elongation might have been expected
to stop as the material was unloaded, rather than the load at which it

commenced as the material was loaded.

To summarize the observations presented thus far: (1) The time-
dependent elongation in tendon appears to be composed of two components,
a viscoelastic component and a component which appears plastic-like
in creep experiments. (2) The plastic~like component is the result of
a progressive decrease in stiffness rather than an increase in unstressed
length as in classical plastic flow. (3) There appears to be a critical
load at which plastic-like elongation would be expected to stop as a
specimen undergoing plaétic-like elongation was unloaded. (4) This

critical load apparently decreases as plastic-like elongation progresses.

By using those elongation rates obtained early in each experiment
(and in experiments in which plastic-like elongation did not proceed to
great extent), it was possible to obtain early critical loads by plotting
graphs such as those of Figures 2-17 and 2-18. Such early critical loads
might be considered as approximations to a hypothetical initial critical
load. Values of the early critical load obtianed in different experi-
ments performed at temperatures below LL°C were remarkably consistent

when compared, for example, with published values for tensile strength.
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Thus, the initial critical load seems to be a relatively consistent

property of the material.

Creep experiments were performed at various temperatures over the
range 22° to 56°C, and the early critical load was determined from a
plot of elongation rate as a function of load for each experiment that
provided sufficient data. The values of early critical load from these
experiments are plotted as a function of temperature in Figure 2-19.
These data indicate that the early critical load remained nearly con-
stant or decreased slightly with increasing temperature over the range
22° to LLOC. Over the range 44° to L7° the early critical load de-

creased sharply with increasing temperature, dropping from nearly
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600 Mdyne cm./gm. to about 200 Mdyne cm./gm. Above approximately 50°C
the early critical load increased with increasing temperature. There
was little difference between early critical loads obtained from experi-
ments on fresh tendons and those obtained from experiments on tendons
which had been preserved by freezing; however, there appeared to be some
tendency for values obtained from fresh material to be slightly higher
(Figure 2-19).

To assess the reversibility of the transition respousible for the

decrease in early critical load which was noted as the temperature
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increased above LLU°C, several experiments were performed in which
unloaded specimens were placed in 50°C Ringer's solution for 2 hours
and were subsequently tested at temperatures around 24°C. 1In these
experiments the specimens were permitted to remain in room temperature

Ringers's solution (approximately 20°C) for various periods of time
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FIGURE 2-19 TEMPERATURE DEPENDENCE OF THE EARLY CRITICAL LOAD
FOR PLASTIC-LIKE ELONGATION (SEE TEXT).
X EXPERIMENTS ON FRESH SPECIMENS
o EXPERIMENTS ON SPECIMENS PRESERVED BY FREEZING

between their exposure to 50°C Ringer's solution and the time they

were tested. The creep tests in these experiments constituted the first

main test sequence in the protocol given in Section 2.2.2. Data from
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these experiments are presented in Table 2.1. A comparison of these
data with the data from low temperature (<4L°C) tests on specimen which
had not been preconditioned at 50°C (see: Figure 2-19) indicates that
even after 10 or more hours at room temperature, specimens which had
been immersed in 50°C Ringer's solution for 2 hours had early critical
loads which were significantly lower than those of specimens which had
never been subjected to a temperature above 44°C. Partial recoﬁery,
however, is indicated by the difference between values of early critical
load obtained in these experiments and those obtained in experiments in
which tests were performed at temperétures near 50°C. Also, a trend
toward increasing early critical load with increasing time at room

temperature suggests progressive recovery.

These data do not indicate whether the transition is fully reversible

with respect to its effect on early critical load.

SPECIMEN
NUMBER

SPECIMEN
CONDITION FRESH FROZEN FRESH FROZEN FROZEN

TIME AT ROOM
TEMPERATURE,
HOURS 1 1 h 10.5 17

EARLY CRITICAL
LOAD, Mdyne
cm. /gm. 331 316 221 398 Lk

oTCl ket >TC3 53C2 >1C3

TABLE 2.1 RESULTS FROM EARLY CRITICAL LOAD DETERMINATIONS
FOR SPECIMENS PRECONDITIONED IN 50°C RINGER'S SOLUTION FOR 2 HOURS, THEN
IN ROOM TEMPERATURE RINGER'S SOLUTION FOR VARIOUS TIMES (TIMES REPORTED
INCLUDE 1 HOUR IN THE TESTING MACHINE PRIOR TO THE CREEP TEST).

2.3.3 DYNAMIC STIFFNESS AND DAMPING

A series of exploratory experiments was performed in an attempt to
identify the effects of temperature on dynamic stiffness and damping in
tendon in the load range above the "toe" portion of the load-strain curve

and below the region of plastic-like elongation.
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When a tendon is subjected to cyclic loading with loads in this
range, the strain response approaches a nearly steady state in which
load-elongation records from successive load cycles coincide, and the
load-elongation record for each cycle is a closed loop. The area
within such a loop represents the energy dissipated in one load cycle
(hysteresis energy loss, or damping). This energy dissipation increases
roughly as the square of the amplitude, but decreases slightly as the
mean load is increased. It also decreases slightly with increasing
frequency, at least over the range of approximately 0.05 to 5 cycles/
minute which has been investigated in this study. However, the frequency
dependence of damping accounts for a change of only about 30 percent in
the energy dissipation over this range, much less than would be found

for a simple viscoelastic material.

Dynamic stiffnesses (or moduli) can be found from load-elongation
loops in two ways, by taking the slopes of tangents to the loops at de-
fined locations or by taking the ratios of stress (or specific load)

amplitudes to strain amplitudes.

Effects of amplitude on dynamic stiffness were further demonstrated
in a series of three experiments designed to assess the temperature
dependence of the nonlinearity of the relation between (steady) load
and dynamic stiffness. In these, each specimen was subjected to load
cycles of various amplitudes centered at each of 5 steady loads. Two
cycle frequencies, 2 and 0.25 cycles /minute, were used in each experi-
ment ; and the sequence of tests was performed twice for each specimen,
once at a temperature between 22° and 25°C and once at a higher

temperature.

To analyze the data from these experiments, it was assumed that the
load-strain relation of a hypothetical elastic element approximating the
tendon could be represented by a power function such as that proposed
by Ridge and Wright (l96h)53. This relation was taken to have the form
E=c+ (kp)°

with E and P representing strain and specific load, respectively, and
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the other symbols representing empirical constants. For load cycles

with load limits Pl and Pg, application of this equation gives extension

limits El and E2 such that

_ b, b b
E2-E1-K(P2—Pl).
For each set consisting of all data from one specimen at a single
frequency and temperature, values of K and b for this relstion were
obtained by a least squares fit of an equivalent form of this second
equation to the set of data triplets [Pl, Pss (P2 - Pl)/(E2 - El)]'
Then the equation with these two coefficients was used to obtain the

dynamic stiffness, (P2 - Pl)/(E2 - E_), of the hypothetical elastic

component as a function of load ampl;tude for each of the steady loads
used in the experiment. Figure 2-20 shows one family of dynamic stiffness
curves calculated in this way, along with the experimentally determined
points from the corresponding data set. At each steady load shown here,
the measured dynamic stiffness increased more sharply with decreasing
amplitude than did that calculated from the equation of the hypothetical
elastic component. Such deviations were found in all of the 12 data sets

at all steady load levels except the highest. However, the magnitude of

these systematic deviations seemed to be quite variable.

Despite these deviations, the hypothetical elastic components seemed
to provide moderately good descriptions of dynamic stiffness at a fixed
frequency. For example, only 3 of the 181 measured stiffness values in
the 12 data sets differed by more than 10 percent from the corresponding

calculated wvalues.

Exponent provides an indication of the degree of nonlinearity of
the hypothetical elastic component and hence of the relationship between
dynamic stiffness and load (most easily conceived of as steady load at
zero amplitude). To assess the temperature dependence of this indicator
of nonlinearity, results from analyses of the three experiments described
above were taken together with results from similar analyses of two addi-
tional experiments in which tests were made at a frequency of 1 cycle/

minute and in which the lower cycle limit was held constant.
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b, b )

(E2 - El) =K (P2 - Pl) FITTED TO THE DATA; b = .T723,

K = 8.66 X 10—6 gm./Mdyne cm.

These results fail to demonstrate a significant change in non-
linearity either with temperature over the range 22° - 52°C or between
the first and second main test sequences, although they do suggest the
possibility that nonlinearity decreases slightly with increasing temper-

ature.

To explore the effect of temperature on the magnitude of dynamic
stiffness, another set of experiments was performed in which the load

limits were the same for all tests in each experiment. For the sake of
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resolution in these experiments the load limits were chosen so that the
load excursion covered a large part of the range between the "toe" region

and the critical load.

For each main test sequence, which in these experiments consisted
of tests at a series of frequencies, the dynamic stiffness (amplitude ratio)
was plotted as a function of frequency as indicated in Figure 2-21. From
such curves, values of stiffness were taken at three frequencies, 0.3,
1.0, and 3.0 cycles/minutes and the ratio 4£ifgness grom the second test
sequence/stifgness grom the §inst test sequence was found for each of the
three frequencies for each specimen. Linear regression analyses for the
relation of this stiffness ratio to second test temperature for each fre-
quency yielded the results given in Table 2.2. While these may suggest
possible trends toward decreasing stiffness between first and second main
test sequences, they fail to demonstrate a statistically significant

correlation between stiffness and second test temperature.

0.3 cycle/min. 1 cycle/min. 3 cycle/min.

Temperature coefficient
for the stiffness ratio -.00303/°C -.00298/°C +.00163/°C

Correlation coefficient -.153 -.318 +.31k

Values of the stiffness
ratio within the range
of first test temperature
(22° - 25°C), from the 1.032 - 1.041 1.033 - 1.042  .993 - .998
regression line

TABLE 2.2 RESULTS FROM LINEAR REGRESSION ANALYSES FOR THE RELATION
OF THE STIFFNESS RATIO STIFFNESS FROM THE SECOND MAIN TEST SEQUENCE/

STIFFNESS FROM THE FIRST MAIN TEST SEQUENCE TO SECOND TEST TEMPERATURE.

The effect of temperature on damping was explored in substantially
the same way as the effect of temperature on the magnitude of the dynamic
stiffness. Areas from the load-elongation hysteresis loops obtained in
the series of experiments just described were measured with a polar plani-
meter (K & E 620022) and were plotted as functions of frequency for each

test sequence (Figure 2-22). From the curves obtained in this way, values
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of damping at frequencies of 0.3, 1.0 and 3.0 cycles/minute were taken;
and the ratios damping grom the second main test sequence/damping from
the §inst main test sequence were computed for each of the three fre-

quencies for each specimen. Again the data provide little indication
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of a systematic change with temperature. Results from linear regression
analyses for the relation of this ration to second test temperature for

each of the three frequencies are given in Table 2.3. While these might

0.3 cycle/min. 1 cycle/min. 3 cycle/min.
Temperature coefficient
for the damping ratio +.072/°C +.00373/°C +,000876/°C
Correlation coefficient +.478 +.139 +.031

Values of the damping

ratio within the range of

first test temperatures

(22° - 25°C), from the .888 - .939 .981 - .992 .982 - .98L

regression line

Number of ratios ‘ 10 13 11

TABLE 2.3 RESULTS FROM LINEAR REGRESSION ANALYSES FOR THE
RELATION OF THE DAMPING RATIO DAMPING FROM THE SECOND MAIN TEST

SEQUENCE/DAMPING FROM THE FIRST MAIN TEST SEQUENCE TO SECOND TEST
TEMPERATURE.

suggest possible trends toward increasing damping with increasing
temperature and toward a decrease in damping between first and second
main test sequences, they fail to demonstrate correlation between
damping and temperature which is significant at any reasonable confi-

dence level (P < 0.8).

There is some theoretical basis for expecting that damping would
increase with increasing temperature. If the dissipative processes
require activation energies, increasing the temperature is expected to
influence damping in the same way as decreasing the frequency (Norwich,
196h).5br Since damping in tendon specimens was found to increase slightly
with decreasing frequency, it might also have been expected to increase
with increasing temperature. However, since the increase in damping with
Aincreasing frequency which was found over the frequency range covered

by these experiments was relatively small, the increase in damping with
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increasing temperature would also be expected to be small, unless the
activation energies for the dissipative processes were exceedingly large.
Thus, the failure to clearly demonstrate temperature dependence for

damping is not suprising.

Comparing the results of these experiments with those in Section
2.3.1, it is interesting to note that, unlike the early critical load,
the dynamic stiffness and damping characteristics did not show large
changes in the region of the "glass type' transition do not contribute
significantly to the viscoelastic dissipative processes or the overall

compliance of the material at loads below the early critical load.
2.3.4 CHANGES DUE TO STORAGE AND HANDLING

Throughout this investigation, two rather consistent differences
were noted between the initial test, immediately after a specimen was
mounted in the testing machine, and the second test, 1 hour later. These
reflected (1) an increase in dynamic stiffness and (2) a decrease in
damping between the first and second tests. Figure 2-23 presents a
histogram indicating the magnitude of the increase in stiffness for
those specimens used in the temperature studies of Sections 2.3.1,
and 2.3.3.l These data show that an increase in dynamic stiffness of
roughly 3 percent (at approximately 2 cycles/minute) was typical for
both fresh specimens and specimens which had been preserved by freezing.
Figure 2-24 shows histograms for the ratio damping grom the second test/
damping grom the §inst test for the same specimens. From these it
appears that the decrease in damping was less for fresh specimens
than for those preserved by freezing. A t-test for significance in
the difference between the means of the damping ratios for fresh speci-

mens (0.939) and for specimens preserved by freezing (0.758) indicated

lTests involving specimens preconditioned at 50°C have been excluded as
have tests for which the load-strain record from the first test was not
clear enough for both dynamic stiffness and damping to be evaluated.
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that this difference was significant at the 99 percent confidence level.
Another possible difference between fresh and preserved specimens, a

slightly lower early critical load for specimens preserved by freezing,

was noted in Section 2.3.1.

The observed increase in stiffness and decrease in damping in this
initial interval might be accounted for by the loss of polysaccharide
plasticizers (Section 2.2.1) There is an indication from the analyses
of these changes that they may have continued to occur after the first
main test sequence also (i.e. during the second and third hours of the

experiment). However, such changes during this interval were not posi-

tively identified.
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3.0 INTERFACE PRESSURE AND STRESS DISTRIBUTION IN PROSTHETIC FITTING
3.1 INTRODUCTION

The research described herein is intended to extend the level of
understanding of lower extremity prosthetic aids which will eventually
lead to improving the quality of application. Much time and effort
have been spent on improving prosthetic fit and standardizing fabrica-

tion procedures(2’3)

in an attempt to restore normal gait. This parti-
cular work studies the basic mechanism affecting fit, i.e. associated

pressure patterns and their varistion with respect to time.

3.1.1 NEW FITTING TECHNIQUES

The phrase 'comfortable fit" as applied to prosthetic aids is more
a concept than a definition. A suitable objective definition for
"comfortable fit" has not evolved. The recognition of varisables, their
individual orders of magnitude, and the amount they contribute to this
concept would greatly enhance the fitting and alignment of prostheses.
In addition, they would provide a basis on which to improve existing
technology as applied in clinical practice. Within the last ten years,

(3)

the application and use of total-contact patellar-tendon-bearing below-

and since the publication of "The Manual of Below-Knee Prosthetics",

knee prosthetics has undergone some dramatic changes. New techniques

of load bearing and suspension ) are in practice today and more and

are under development. The soft liner socket, so widely accepted a

few years back, is now being challenged by such new concepts as the
hard-shell socket with soft distal end pad, the air cushion sockets, and
the water filled socket. The supracondylar strap suspension is also
being challenged by the supracondylar wedge and the extended shell supra-
patellar support. In the weight-bearing mechanism, one notices a wide
difference of opinion in the technigues employed to obtain desired results.
Whether one should attempt to transfer load in particular regions of the
stump or to uniformly distribute the load on the stump is highly depen-

dent upon hypotheses rather than fact. The occasional failure to
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accommodate a patient with a patellar-tendon-bearing prosthesis may be

a problem of poor execution rather than concept. This inability may
result from a poor socket or a poor alignment. It is believed that the
parameter causing physiological stump damage are normal stress (pressure)

and shear stress at the interface between the prosthesis and the limb.

The measurement and display of this three-dimensional stress profile
in time, presents an interesting engineering evaluation with definite
physiological implications. Other instrumentstion and data reduction
schemes have shown a need to present the dats in a meaningful manner to
the physician. This research presents a new approach which emphasizes
the visualization of the phenomena at the interface rather than individual

numbers representing pressure values.

3.1.2 PREVIOUS AND CONCURRENT STUDIES

Various investigators have been interested in measuring and explain-
ing normal stress between the body and a supporting surface. Most attempts
have been more an exercise in explaining pressure at a point as a function
of time, rather than display of pressure on a surface as a function of
time. Muller, Hettinger and Himmellmann(S) measured dynamic pressures
between an above~knee prosthesis and a stump. These results are based

on pneumatic transducers which recorded pressures over relatively large

areas, of the order of twenty-five square centimeters.

In 1962, G. Boni(h) published results of his attempts to record
the pressure patterns between a stump and a socket. His work was not
limited to lower extremity prosthetics, as he worked primarily with
below-elbow amputees. The preliminary portion of his work was the deter-
mination of the type of transducer to be used. The choices involved a
conventional strain gage bridge, capacitance bridge, a piezoelectric
crystal, or a magnetic inductance transducer. His preliminary experiments
led to the development of a new transducer which consisted essentially
of two silver electrodes separated by a layer of conductive rubber contain-
ing numerous holes. The electrodes and the layer of rubber were bonded

and the holes in the rubber filled with microphonic granules. This com-

posite was covered with a layer of continuous rubber. The transducer was
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relatively large, 9/16 inch diameter and one inch thick. A second
transducer was made with a conventional strain gage affixed to a thin
steel blade. This thin steel blade acted as a diaphragm and was riveted
to a second blade which acted as a support. The size of this transducer
was 1/2 inch by 1-1/8 inches. The result of the experimental work showed
both transducers were suitable for socket fit analysis, but the strain

gage transducers were preferable.

At Case Western Reserve University, a pneumatic cell was developed
to record static pressure profiles(7’8’9). This multicellular pad was
used to measure pressure distributions between a patient and a wheelchair.
It was basically a binary procedure utilizing stepwise changes in pressure
level. Although quite successful, it could not be used to measure time-
varying distributions with ease. The technique does not lend itself to

the complicateéd gecmetry of the leg.

Work has been conducted at New York University recording the inter-

(10)

ently positioned transducers, flush mounted in the prosthesis wall. The

face pressure in above-knee prostheses. The work involved perman-
time-continuousnpressure transducers are capable of measuring dynamic
changes. In this work, twenty-five transducers were mounted in the

wall and brim of the test socket of a single above-knee amputee. These
transducers were designed and developed at New York University and were
built into the prosthesis at the time of its construction. The transducers
could be removed from the porsthesis at any time by inserting a dummy
plug after its removal. The results of the suction socket studies showed
a pressure range from -1 psig to 24 psig during normal gait. It was

also found that large diurnal variations in socket pressure occurred
particularly in the brim., It was felt that this difference in pressure
could amount to 10 percent from day to day. It was also observed that
pressure variations resulting from abduction and adduction of the shank
through two degrees angular change generally were small. They showed
that the pressures developed during walking were higher than those ex-

perienced during stance.

()

Work is being conducted at Baylor University measuring interface
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pressure on above and below-knee prostheses. The purpose of this work
is to develop a method for the quantitative and kinesiological evaluation
of prosthetic fit and gait analysis in the above-knee and/or below-knee
amputee and to apply this method to a series of patients in clinical and
vocational follow-up programs. They intended to quantify the character-
istics of gait and prosthetic fit in successfully rehabilitated amputees,
and compare these "normal" patterns with the unsuccessfully fitted
amputees. The areas of interest are the pressure on the ischial seat,
the lateral aspect of the socket, and the distal tissues. Combining

this information with goniograms of the prosthetic and anatomical knees
and with event markers attached to both shoes, they hope to obtain a
quantitative evaluation of prosthetic fit and galt analysis in amputees.
They also feel that a recording of skin temperature on both limbs would
provide signficant information. Their present system includes a multi-
channel analog magnetic tape recorder and a small computer connected in
parallel for controlled data acquisition and storage on IBM compatible
digital tape. It is intended that this digital tape can be further

processed on larger computer systems located within that university.

3.1.3 PROBLEM DEFINITION

In the work conducted thus far, the investigators have faced two
serious problems. The first was the transducer itself. It was either
too bulky or too fragile. The second problem was that all recordings
were made in analog form which presented a tremendous data reduction
problem. At the prosthesis interface, both pressure [normal stress]
and shear stress are present. Thus far, no one has attempted to record
shear stress. This problem presents a unique instrumentation dilemma
since all the criteria of size, sensitivity, etc., for the pressure
transducer are necessary for the shear stress transducer except that
the shear stress transducer must also indicate direction. At the basic
level suggested by the previous investigators and this author, a general
problem statement might be,

"Measure and display normal pressure and shear stress
distributions as continuous functions in geometry and
time at the interface between a below-knee prosthesis

and skin tissue."
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The general problem statement is a comprehensive evaluation of the
prosthesis-tissue interface. From an economic viewpoint, insertion of
transducers to totally cover the interface could easily become prohibitive.

It was decided, for purposes of economy, to test only one section of the

stump at a time rather than the entire surface. Although pressure transducers
are commercially available, no shear-strain indicating instrument was
available. It was this reasoning that led to the decision not to record
shear stress now but to concentrate efforts on the pressure recording.

The problem was then defined as follows:

"Measure and display normal pressure distributions as
continuous functions in geometry and time at a portion
of the interface between a total contact below-knee

prosthesis and skin tissue,"

3.1.4 SIMILAR RESEARCH AT OTHER CENTERS

Since two other organizations, Baylor University and New York
University, concurrently were conducting research on pressure studies
in either above-knee or below-knee prosthetics, communication was main-
tained with these groups for the purpose of sharing techniques and eli-
minating overlap in experiments or methodology, while augmenting each

other's work with as much common technology as possible.

3.2 ANATOMIC COORDINATE SYSTEMS
3.2.1 THE ANATOMIC PROBLEM

At the University of Michigan, with rare exceptions, below-knee
prostheses are patellar-tendon-bearing. Most cases involve recent ampu-
tations, and the prostheses have soft liner inserts so that the socket
can easily be modified to compensate for shrinkage of the stump. The
amount of "end-bearing" depends on the reason for the amputation,

condition of the stump, and patient comfort.

The solid ankle-cushion heel foot [Sach foot] is used with patellar-

tendon-bearing prostheses, with few exceptions. Side bars and corset
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are applied to the initial prosthesis, and supracondylar suspension is
usually prescribed for subsequent artificial limbs. Pressure-tolerant
and pressure-sensitive areas have been defined (Figure 3-1), but
pressure levels and distributions have not been defined. These pressure
profiles are influenced by a combination of factors. The more important
of these are:(z)

1. ©Socket geometry

2. ©Socket alignment

3. Geometrical relationship of the socket to the foot

i

. External influences of the thigh corset and side joints

The biomechanics of the below-knee prosthesis describing the force
distribution for below-knee prosthesis was presented in some detail in
the patellar-tendon-bearing below-knee prosthesis manual(g) published
in 1961. This simplified analysis shows the forces resulting from the
interface pressure distributions. Although this study is conceptual, it
exemplifies the complex form that the interface pressure distribution

must display.
3.2.2 A PROPOSED COORDINATE SYSTEM FOR A BELOW-KNEE STUMP

The anatomic frame of reference previously defined was neither
convenient nor precise enough for the purpose at hand. A frame of ref-
erence oriented to a specifically defined kick-point instead of an area
in the general region of the distal end of the tibia appeared to be
essential. Four transducers were arranged in a 1/2-inch-square matrix
with a fifth transducer at the center. With a precise system of coordi-
nates it was possible to discriminate between individual transducers for
one layout or position of the matrix. By overlay of subsequent and
adjacent layouts it was possible to relate pressure readings from one
layout to the next as well. The necessity for a precisely located co-

ordinate system as a frame of reference existed for the patellar region also.

A more precise coordinate system was defined utilizing existing
terminology and reference points as much as possible. The philosophy was

to define anatomical points and recognize perturbations from these points
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rather than define an absolute coordinate system for the stump. This
would compensate for variations in stump sizes and shapes and its accuracy
would be in direct proportion to the magnitude of the perturbation from

a point. Since one of the primary areas of interest in this research

was the distal end of the stump, this required a precise definition of

the kick point. Figure 3-2 is a lateral view of the anterior-posterior

plane showing the relationship of the tibia, fibula and epidermal tissue.

The kick-point was defined as the point on the tibia where the bevel
occurred on the anterior crest and was transferred to the skin tissue.
This point was found by palpating the stump. The anterior crest of the
tibia is easily traced to the point where the crest breaks into the bevel.
The point was then marked on the skin and used as the origin for the
coordinate system (Figure 3-3). It is certainly true that under loading
this point may shift because of the relative movement of the skin in
relation to the tibia, but we are unable to locate this point by direct
measurement once the prosthesis has been applied. With the point located,
there was now a need for orthogonal X and Y coordinates from which to
measure grid locations. For the +Y coordinate, a line is traced up the
anterior crest of the tibia from the kick-point. The +X coordinate is
orthogonally perpendicular to the Y axis at the kick-point and runs
circumferentially in the lateral direction around the distal end of the

stump.

With the kick-point and coordinates defined in the unloaded condition,
it was now possible to define a pattern of transducer grids referenced
to the coordinate system. Zones with dimensions of 1/2 inch by 1/2 inch
were located and named. The first such area was placed two zone widths
in the +X direction from the origin as shown in Figure 3-3 and was called
Kick-Point Zone A. Kick-Point B was located 1/2 inch laterally from
Zone A. Kick-Point Zone C was placed 1/2 inch laterally beyond Zone B.
Zone D followed Zone C to complete one row. Just above the row reading
from A to D was a second row of four zones reading from E through H.

Below the A to D row was a third row of four zones designated I through L.
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Figure 3-3

Kick point zone definitions for both right and
left amputations (anterior view)
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Thus the total pattern consisted of a matrix of three rows and four
columns lettered from A through L and expandable in either or both dir-

ections.

This same nomenclature of zones could be applied to any area having
an anatomic structure resolvable to a point. In the case of the patella,
the same method of nomenclature was applied. The patella point was located
at the intersection of the anterior crest of the tibia and the base of

the patella. This is shown in Figure 3-k.

Since these geometric points can be transferred from one stump to
another and the perturbations from these points do not represent large
dimensions when compared to the nominal stump dimensions, it is antici-
pated that the results may be comparable from one patient to another in
general form. If not, these geometrical areas should be reproducible from
one experimenter to another on the same patient and the phenomena occurring

within the area can be scrutinized for repeatability.

3.3 THE HARDWARE SYSTEM

The experimental work falls logically into two divisions: the
selection of sensing elements that will measure the experimental quantities,
and the treatment of the signal from the transducer so that effective
use can be made of the information collected. On the basis of experience
reported by previous investigators, the following represent the criteria

for overall performance of the whole system.

1. A pressure transducer with minimal sensing area and volume
. Flexibility in positioning the transducer on the body

3. Ability to measure the pressure in regions of small radius
of curvature with a reasonable degree of accuracy

4., Ability to gather multichannel data with ease

5. Ability to calculate results from the information gathered
with ease

6. Ability to present the data efficiently to either a medical
or engineering audience.

The system finally selected utilizes a Linc-8 laboratory computer
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(Digital Equipment Corporation) having 8 analog channels to receive

the experimental data. This computer is a dual-processor, 12-bit

machine having 4,096 words of core-memory. In addition it is

equipped with an ASR-33 teletype, dual magnetic transports and a 5-

inch Tektronix 561 oscilloscope. The 8 analog channels as well as 6

sense lines can be sampled under program control and represent the

primary inputs to the system while taking pressure data. Control, remote
from the machine using these features, was achieved to provide coordination

with the experimental procedures.

The 8 available data channels were appointed as follows:
5 - analog pressure
2 - hip and knee positions

1l - foot - floor contacts
3.3.1 THE PRESSURE TRANSDUCER

Since 1t was not the intent of this investigation to completely
develop a pressure transducer, commercial products were surveyed to find
the smallest transducer available. At the outset the transducer manu-
factured by Scientific Advances, Inc., met the criterion of size. It is
a strain-gage diaphragm-operated transducer originally intended to record

dynamic pressure on helicopter blades. Figure 3-5.

Two of these transducers were purchased and installed in a below-
knee prosthesis and some preliminary determinations made. Results indi-
cated that the transducer responded reasonably well to the environment
and that the sizing was approximately correct. Serious guestions arose
regarding the use of the transducer on or around bony prominences within
the stump. The radii of curvature at the kick-point, condylar flares,
and medial and lateral flats of the tibia led to questions of applicability
of the transducer in these regions. Since no transducer was available
that would provide complete adaptation to the curvature of the stump,
the problems of complex geometry were solved by instrumentation techniques
rather than by the development of any new transducer. With this provision

the transducer was judged acceptable for the purpose of obtaining the
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Figure 3-5

Scientific Advances, Inc., M-TF Series 100
psi pressure transducer

Figure 3-6

Kulite Semiconductor Products, Inc.,
LPS Series transducer
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pressure information.

An active search for a smaller and less expensive

transducer was maintained. In particular, contact was made with Kulite

Semiconductor Products, Inc., where the transducer shown in Figure 3-6

was produced. This transducer incorporates a monolithic integrated-

circuit Wheatstone bridge formed directly on a silicon diaphragm. It

was also developed for measurements of dynamic surface pressure on such

structures as helicopter and turbine blades or air foils.

Table 1 gives the specifications for both of these transducers

Specification

Diameter
Thickness
Internal Pressure
Pressure Range
Natural Frequency
Overpressure
Excitation
Impedance (Nom.)
Zero Balance

Sensitivity (Nom.)

Temperature Effect on

Kulite LPS-125-500 Scientific Advances M-TF-100
0.125 inch 0.250 inch
0.030 inch max. 0.027 inch max.
- (sealed) - (sealed)
0 - 500 psia 0 - 100 psia
350 KHz -
100% F.S. 25% F. S.
5 VDC or ACRMS 3 VDC or ACRMS
350 ohms 120 ohms
I 3% r.5. max. -

0.05 mv/v/psi

o

.01 mv/v/psi

+
Zero 1 0.02% F.5./°F ¥ 0.2% F.5./°F
Temperature Effect on + +
Sensitivity - 0.03% F.S./°F - 0.08% F.S./°F
Non-Linearity and
. + +
Hysteresis - 1.0% F.S. - 0.5% F.s.
+
Repeatability Io0.2% F.s. f 0.25% F.5.
TABLE 1

Comparison of Kulite and Scientific

Advances Transducers

The transducers in the forms shown in Figures 3-5 and 3-6 were

unacceptable for one basic reason: the mechanical lead connection and
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Figure 3-7

Altered Kulite pressure transducer

terminal strip lacked the strength required to operate durably in a
prosthesis. The possibility of working with the Kulite Corporation to
alter their transducer to meet the need was investigated. ©Since they

were agreeable, this was done.

In order to use a ribbon-cable conductor as an integral part of the
transducer and to strengthen the mechanical connection, alterations were
made to develop the transducer as shown in Figure 3-7. This transducer
retains all the attributes of the original transducer while providing
increased mechanical strength at the terminal connection. As can be seen
in the figure, the temperature compensation network has been removed from

the terminal pad, and the ribbon-cable overlies the paddle. After soldering,
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the entire connection was fixed in epoxy resin and the temperature com-

pensation network installed at the other end of the ribbon-cable.
Acceptance Tests

When it was decided that the modified transducer would serve for
the experimental work, a 100 psi unit was ordered. Acceptance was based

on a shock test and thermal drift of zero.

The following procedure was adopted: The transducer was inserted
between the heel and sock of a 120-pound person, the shoe was replaced,
and the transducer was then jumped on. Although this produces shock load-
ings, preliminary investigation had indicated that such pressures might
well be produced with a below-knee prosthesis. In addition, the instru-
mentation for measuring temperature effect on zero was tested. Since this
is a semiconductor device, assurance had to be provided that variation in
skin temperature after insertion would not seriously impair the output
of the transducer. In view of the type of calculation to be executed on
the data, it was decided that the 3 per cent zero drift that resulted
was acceptable. It should be noted that use of the transducer at less
than the rated pressure range increases the transducer sensitivity to
temperature changes proportionately. The 100 psi unit failed to pass
the impact loading tests. With transducer costs as a major factor and
zero drift not so critical, a 500 psi unit was ordered. This transducer
met acceptance criteria and was inserted in a below-knee prosthesis. The
subject chosen had a highly atrophied twenty-five year old stump which
exhibited numerous bony prominences and little soft tissue. The trans-
ducer was found acceptable for use in all the precarious regions that
were anticipated. At this point in the investigation the remaining

transducers needed for the study were ordered.

After receiving the transducers, it was found that the manufacturer
had used bare copper ribbon-cable for attachment to the transducer,
as well as a corrosive flux that wicked by capillary action between the

wire and insulation. The result was that the cable in turn corroded

and oxidized the AWG-34 wire (consisting of forty strands of Number 50 wire)
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and broke electrical contact. The fault was identified after consider-
able study of the manufacturing processes for both the wire and the
transducer. At this point the transducer manufacturer replaced the
previcus transducers with transducers constructed of silver-plated
wire, which obviated all corrosion and oxidation problems and thus

became the final form of the transducer used in all experimental work.
CALTBRATION

The pressure range involved in the studies was estimated to be
0-200 psig. The manufacturer was requested to supply calibration data
for each transducer at 0, 10, 20, 30, Lo, 50, 60, 70, 80, 90, 100, 125,
150, 175, and 200 psig. Since each transducer shows some nonlinearity
and a slightly different sensitivity, the calibration was checked with
all signal conditioning attached, and the results actually represent
a total-system calibration. The pressure vessel used for this testing
was the valve body from an air regulator. The gas used was carbon
dioxide, and the pressure indicator was a bourdon-tube dial indicator

calibrated against a dead-weight testing unit.

PRESSURE TRANSDUCER FORMAT

Five pressure transducers were used simultaneously, the number of
transducers being related directly to the recording equipment. The
transducer information could be used in at least two distinct manners.
First, if five transducers were placed in a square matrix, the discrete
information at any fixed time could be expanded mathematically to a two-
directicnal one-pressure dimension curve. In this manner a pressure
surface could be reproduced by curve-fitting the data. The matrix used
(Figure 3-8) was sandwiched in place by tape [Blenderm surgical tape,
Number 1525, 1-1/2 inches wide]. In turn, this tape could be applied
to a stump at a test area. This matrix is a half-inch square with the
fifth transducer at the geometric center. The transducers are shown

applied to a limb in Figure 3-9.
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Figure 3-8

Pressure transducers in an area array

Figure 3-9

Pressure transducers in an area array
applied to a limb
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The second experimental layout was a liner array with the trans-
ducers in a straight line one-half inch apart and the taping scheme the
same as before. This layout is shown in Figure 3-10. Figure 3-11
shows this layout applied to a limb. In this instance, the discrete
pressure information is interpolated in one spatial dimension to form

a curve., Figure 3-12 shows the composite transducer array and cabling.

3.3.2 SIGNAL TREATMENT - PRESSURE CHANNELS

Low level signal conditioning was accomplished using Daytronic
Model G01B units having isolated bridge power supplies and bridge balance
circuits. Hewlett-Packard type 8875A differential data amplifiers
having variable gain settings from 1 to 1,000 and upper band-limit filter-
ing capabllity from 2 to 20 KHz, provided the analog signal multiplication

needed for the pressure channels.

KNEE AND HIP GONIOMETERS

Gonicmeters were required in order to record the angular positions
of the knee and hip during walking. These units and adapting hardware
are shown in Figures 3-13 and 3-14. Matching 1,000 ohm potentiometers
were mounted in the control panel, and output was read across the center
taps of the two potentiometers. The control panel potenticmeter

provided zeroing capability.

+
The power supply for the potentiometers was a - 15 volt common
supply mounted in the control panel where the output signal was stepped

+
down to provide a - 1 volt signal.
FOOT SWITCHES

Foot switches are electrical contacts mounted in various positions
directly on the heel and sole of the shoe to indicate where the foot was
in relation to the floor. The research group at Baylor University had
approached the same problem and had tried to use a commercially available
ribbon switch. They eventually manufactured switches of their own,

using shim stock separated by sponge rubber. In their work, they were
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Figure 3-10

Pressure transducers in a linear array

Figure 3-11

Pressure transducers in a linear array
applied to a limb
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Figure 3-13

Hip goniometer and adapting hardware

Figure 3-14

Knee goniometer and adapting hardware
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attempting to provide timing marks for computation of interval sizes
during gait. They initially used five switches on the bottom of the

shoe, but eventually reduced this to three.

On the basis of their experience, switches were fabricated from
.010 inch brass shim stock and wired in a resistive network to provide
a single channel of information, the signal level indicating the switches

closed. These switches are shown in place in Figure 3-15.

Figure 3-15

Fabricated foot switches and connector

3.3.3 CONTROL PANEL

With eight channels of information, it was necessary to assemble
the active elements of signal control and output control in scme manner.
This was done by housing all the elements in a master control panel that
provided the following conditions:

1. Central processing of all signal conditioning and amplification
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5.

Source of necessary power

A central place for the connection of all input and output
cabling

A convenient means for the parallel output of resultant
signals to as many recorders as necessary

A simple way to control all recording equipment as well as
to monitor the status of the equipment.

For the basic rack we used an Ingersoll Products IEII assembly with

casters.

The slanted front panel was divided into three sections:

The lower section housed the differential amplifiers; the center section

housed the signal conditioners; the upper section contained hip and knee

balance potentiocmeters and stepdown amplifiers, main power switch,

recording indicator lights and switches, and two automatic ranging

voltmeters which could read any individual channel. The control panel

assembly is shown in Figure 3-16.

Figure 3-16

Control panel assembly
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AUTOMATIC RANGING VOLTMETERS

Two automatic ranging voltmeters (Channels A&B) were constructed
which can operate in either fixed or automatic range and which have
three full~-scale ranges—- 0.1, 1.0, and 10.0 volts. These meters made
it possible to select a channel of interest and visually observe the

signal behavior.
PARALLEL SIGNAL MONITORING EQUIPMENT

A Tektronix Model 564 memory oscilloscope was attached to channel
A [the left-hand channel] to simultaneously display and record signals.
A Sanborn dual channel dc strip chart recorder was attached to Channel A
and Channel B to simultaneously record a permanent trace of any channel.
A Hewlett-Packard Model L19A dec null voltmeter was attached to Channel A

and used in calibration procedures for higher accuracy work.
INTERNAL CIRCUITRY

Each individual panel mounted in the rack is provided with a 32 pin
connector. These connectors, as well as one from the experiment in
process and one from the primary recording equipment, all connect to a
master terminal strip inside the control panel. Thus any individual
panel can be powered by disconnecting the 32-pin connector and pulling
the module out of the panel. All wiring diagrams and details of the

various panels are given in Ref. 1 of this section.
3.4 THE COMPUTER PROGRAMS (SOFTWARE)
3.4.1 SOFTWARE DEVELOPMENT

The development of software for handling multichannel information
involves problems in both the collection and processing of data. In most
instances the digital computer presents little complexity in the over-all
problem solution, paritcularly when dealing with compiler languages such
as FORTRAN, MAD, BASIC, etc. 1In these cases converting the mathematics
to a machine algorithm takes little time compared to machine-language

programming, and the mathematics can be highly complex. All large
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machine installations provide this computational capability but are
not easily dedicated to the data-gathering aspects of a problem from

the economic point of view.

Small machines such as a Linc-8 are easily dedicated to the experi-
mental data-gathering, but usually limited in magnetic core storage
within the machine. This means that programs are generally written in
machine language rather than compiler language. In turn, it is a more
time-consuming process to prepare an individual program. All programs

used in this research were written in machine language.

The Linc-8 is equipped with a multiplexed analog/digital converter
which provides a convenient method for converting data from analog to
digital form convenient for processing by analysis programs. Since these
machines have limited magnetic-core storage, full use is made of additional
input/output equipment such as the magnetic tape decks. The 10 Hz tele-
type presented a problem due to its speed. Conversation with the
machine was mostly handled via the Tektronix 561 oscilloscope except

where a typed copy was absolutely necessary.
3.4.2 EXECUTIVE SYSTEM

The computer came equipped with a standard executive system from
which individual programs may be called and executed; all executable
programs are stored in its library. Unfortunately, the binary storage
area for programs on tape was limited to a small percentage of the total
tape length. Since requirements exceeded this limit, it was necessary
to devise a means for enlarging the functional capacity of the executive
system. This was accomplished by removing from magnetic tape the assembler
and manuscript file-storage area present on the standard executive
system, thus allowing the binary storage area to encompass the entire
tape except for the small amount required for the executive system. By
judicious placement of the executive system and the index format of the
program library on the tape, compatibility was maintained with manufact-

urer's supplied programs and the St. Louis University machine-language

80



assembling program--inherent attributes of our Linc-8 computer. A
queue routine was added to allow execution of a list of programs rather
than single programs. Because of the size of core memory available,
the degree of supervision exerted during execution of any individual
program is nil. Its inter-active function is to load a program in

memory and provide means for return after completion.

The first step in executing computer programs related to a given
research topic is to load the executive system into memory and selecting
the desired program from its library. When the system is fully loaded,
the display shown in Figure 3-1T7 will appear on the cathode-ray tube over
Channel 0; this display merely inquires of the user which program he
wishes to execute. As the program name is typed it appears on the
oscilloscope as in Figure 3-18. But if instead of a single program the
user calls for display of the index, the oscilloscope will show a list
of titles, as in Figure 3-19, and the user may type the desired program
name into this display (Figure 3-20). The gqueue feature can be signalled
by typing "QUEUE" or some abbreviation of this term, followed by a list

of programs which are to be executed in the order given.

While the executive system is running it renders inoperative all the
Linc console switches except "LOAD" and "STOP." If necessary, however,
this feature can be overridden at any given point. In addition, specific
allowance is made for hidden programs-—-~those not shown in the index--
and for unloadable programs--those the executive system will not load.
The first of these two features serves as a protection for novices,
and the second offers the advantage of allocating additional tape to any

program.

Operational details for this and other computer programs may be

found in Appendix 1, Ref. 3.
3.4.3 PROGRAM LIBRARY

The library of titles compiled for this pressure study represent
programs for collecting and analyzing data recorded from instruments inserted

at the interface between a stump and a prosthesis. The programs can be
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EXECUTE THE PROGRAN:

Figure 3-17

Executive system inquiry display

EXECUTE THE PROGRAH:
SAMPLE |

Figure 3-18
An example of input from teletype
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Program name with index display showing
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executed by typing the library titles. For example, "P-CALC" designates
a three-dimensional display program involving a computational curve-
fitting routine. Following are brief descriptions of the programs written

or altered for the pressure studies.

3.4.3.1 PROGRAM SAMPLE

This is a sampling program designed to obtain the analog data in
digital form by using the analog/digital converter. Its function is to
gather the data and write the results on magnetic tape in some predeter-

mined format.

The data tape is always mounted on tape unit No. 1. The entire
magnetic tape is used to store digitized experimental data, including
the experimenter's comments regarding the testing and loading protection
against inadvertent hardware program loads from the tape. The information
layouts on tape were chosen to provide ease of programming as well as
information retrieval. When the program is loaded, the display shown
in Figure 3-21 will appear. The user then answers the question whether
the required data tape is new or existing, and also specifies the sampling
interval (Figure 3-22). The next frame asks for a l-character alpha
numeric patient identification number (Fig. 3-23). When typed in, this
ID becomes part of the record upon any subsequent use of the data. The
next step is to apply the zero-checking routine which was adapted from
the program library supplied with the computer (Figure 3-24). This allows
the user to set "zero" on all instruments in the static condition; it is
not intended to be a dynamic digital voltmeter. The patient ID is dis-

played along with the next test number.

At this point in the operation, the machine will no longer respond
to the teletype, but now senses three external lines which are triggered
from the remote control panel. The sampling process begins when the
"START" button on the remote control panel is pushed. After 256 points
per channel have been sampled the machine will make some preliminary

checks on the digitized data just gathered. If neither condition exists,
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Figure 3-21
"SAMPLE" program first frame
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Figure 3-22

"SAMPLE" program second frame
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Figure 3-23
Patient I.D.

PAT. PLC1
TEST 10
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+008 40041

S
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-00Z

+000

Figure 3-2k

Zero Checking Routine
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the machine proceeds with the writing of magnetic tape; if either or
both exist, it will provide a program interrupt. The interrupt routine
will define the type of error and also designate the channel number. A

typical interrupt for negative data is shown in Figure 3-25.

HMEGHTIUE DHTH> CHHAMHEL

01 + 7

Figure 3-25
Typical interrupt for Negative Data

The program maintains a count of the last position in the data
field on magnetic tape. It does this by two different methods in order

to provide a double check on this information.

If during the dampling process there is a need to discontinue the
sampling, the process can be halted by pushing in "DELETE" button. If
the machine is waiting to start sampling and "DELETE" is pushed, the pro-
gram will delete the data of the last test. "DELETE" may be pushed as
many times as desired, thereby deleting data starting with that of the

last test and proceeding to the second last test, etc.

If an interrupt occurs during the sampling process the data may be
retained by pushing "START" and proceeding when a new test number appears

as in Figure 3-24. Indicator lights on the remote control panel are
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PAUSE, SAMPLE, TAPE WRITE and INTERRUPT indicator lights. After the
sampling is completed, the SIGNOFF button is pushed, returning the
program to the executive system. If SIGNOFF is not used, and this
magnetic tape is later used tc continue taking data, the program will

provide an interrupt indicating improper previous exit.

3.4,3.2 PROGRAM P-CALC

"P-CALC" is a three-dimensional display program to display pressure
applied to a surface. The program displays two dimensions in space co-
ordinates and one dimension in pressure. It is a computational curve-
fitting routine to expand the five pressure channels from discrete points
to a spatial curve. The program calculates on data gathered by the program
sample described in section 3.4.3.1. It operates with the machine's
Tektronix 561 oscilloscope set to Channel O and a remote Tektronix 56L

oscilloscope set to Channel 1.

The program retrieves five instantaneous pressure values and fits
them to a mathematical relationship. The relationship chosen was a
polynomial power series. A two-dimensional infinite series expansion in
pressure would look as follows:

2 3 2 3

= i+ + ...B + + +B. Y +...
P(X,Y) Ajthy A2X A3X +.. B tB Y+B Y B3Y
For this application the series was truncated and simplified as fcllows:
2 i 2
P(X,Y) = A, X+A X +B. Y+B, Y +C

where Al’ A2, Bl,B2 and C are parametric functions of time. This approxi-
mation provides a second order polynomial expansion in two spatial co-
ordinates. The selection of this relationship is a matter of choice. It
was felt that arguments regarding other possibilities could and should be
raised during the experimental portion of the work. At that time, experi-

mental matching of adjacent areas would serve as a mode of evaluation.

During execution of the porgram one can specify the test number,
interval size or print-out of the parameters used in the equation solution.

The transducer matrix upon which the calculation is executed is a square.
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The transducers were arranged in a 0.5 inch square with one transducer

at the intersection of the diagonals.

The program normalizes this matrix which is inserted at the pressure
area and places one transducer output value in each corner of the 56k
oscilloscope screen and one transducer output value in the center. These
pressures and their locations substituted into the power series equation
establish five simultaneous equations with the parametric functions of
time Al’ A2, Bl’ B2, and C as unknowns. Simultaneous solution of the set
of equations establishes values for the parametric functions. Thereafter,
intermediate values of X and Y are fed back into the equations to yield
the interpolated values of pressure corresponding to the positions lying
between those of the experimental grid. The program then divides the X
axis into 32 increments and the Y axis into 21 increments and calculates
672 interpolated values. It also defines, for display purposes, a gray
scale from O through 7 and assigns each of the 672 points to a gray scale
value. The calculated points have a 4 x 6 grid on the scope face and
the gray scale range intensifies between 0 and 2l raster points in each
grid. Attention was given to the order in which the raster points
appeared so as to assure uniformity and continuity to the light scale
representation of pressure changes. Figure 3-25 shows an example of the
resulting pressure display with all 8 gray scale pressure levels indicated.

The dot densities are proportional to the measured pressure.

3.4.3.3 SM-SA

This program is an attempt to treat skin tissue grossly in the same
manner as a conventional engineering material. The intent is not to define
tissue tolerance, but pressure tolerance. It is not suggested that tissue
reacts aromicalxy the same as metals, but perhaps that we will be able to

present dynamic pressure conditions in a similar manner.

Metals often exhibit a phenomenon called fatigue, which is a result
of repetitive loading. Although a metal initially can withstand the

dynamic loads to which it is subjected, at a later time the metal fractures
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for no visually apparent reason. On a mocroscopic level, a basic
understanding of the atomic movements occurring that result in fracture
are well understood. Engineers are able to describe the stress condi-
tions and predict when and if fracture will occur. This is done,
basically, by constructing a mean stress-alternating stress diagram.

The designer then calculates the expected loading conditions to which the
material will be subjected and plots the point on the graph that describes
the operating condition. Superimposed on the graph are curves character-
istic of the material's properties. A comparison between the operating
condition and material characteristics is then made to determine if frac-

ture will occur.

With tissue as the material it would be difficult to construct a
fatigue diagram if it exists with material characteristics that would
accurgtely represent skin tissue for different individuals. Instead,
this program will calculate the mean and alternating stress values
[pressure] which have occurred on an individual, and plot the point. The
only intent of the program is to determine whether an operating range
exists and if not, to at least characterize the total data for an individ-

ual.

The program requires a data tape to be mounted on Unit 1. The
software will immediately start searching tape Unit 1, gathering all
pressure information from the tape and display as a result a mean stress-
alternating stress diagram. The mean stress is defined as the arithmetic
average of the minimum and maximum stress occurring on one test for one

transducer. The display of the results is shown in Figure 3-26.

3.4.3.4 LEGDIS

The intent of this program is to reproduce the digitized data taken
with program "SAMPLE," in almost an analog form. It is an observation
program, performing no calculations on the existing data, but reconstruct-

ing the digitized data for concept.

The program constructs a stick figure to represent the patient's leg
and draws the hip and knee angle to correspond to the test data. This

construction is accomplished by affixing the coordinate system to the
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Figure 3-25

Example display showing all eight gray
scale dot densities
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Figure 3-26
Example display of "SM-SA"
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vertex of the hip angle. Reconstruction of the angles are displayed in
approximately 6-degree increments. This was necessary as a result of

display problems on the digital oscilloscope which displays raster points.

In addition to the stick figure construction, the program also
displays five pressure manometers to represent each pressure transducer.
These vertical manometers display a height representative of the pressure
magnitude. Attached to each mancmeter are maximum pointers that indicate

the maximum pressure attained during an individual test. Figure 3-2T7.
The program can be controlled to allow specification of any test

number, instantaneous frame number or cycling speed.

3.4.3.5 FOURIERI

The purpose of this program is to determine the frequency content

of all pressure, hip and knee signals gathered by program "SAMPLE." The

Figure 3-27

Instantaneous exposure of "LEGDIS" showing

leg and prosthesis position, instantaneous

pressure, maximum pressures attained thus
far, test number and frame number
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equation solved is the Fourier infinite series;

00 .
f(t) = EQ_+ a, cos 2nwt + bnSln Q%FE
2 T
n=1
where
2N
a = 2 § : fb(t) sin QTEH
2N+1 2N+1
p=1
2N
bn = 2 fp(t) sin 2mpn
2N+1 2N+1
p=1

andn=1,2,..., N, p=0,1,..., 2N and fp(t) are the values of a given
function. This classical equation is solvable by many numerical techniques.
One of the more popular solutions uses a recursive technique described

by Goertzel.(ll) The reader is referred to the literature for a complete
development of the algorithm. The algorithm requires that one cycle of
data be passed to the program for synthesis. The definition of a cycle

is defined by the foot switch information. Figure 3-28 shows a typical
trace of foot switch information. The foot switch shows a periodicity,
one cycle of information lying between the leading edges of two consecu-
tive cycles. This means that the program counts down the zero line and
determines when the first switch was closed. It then counts the time

from when this switching occurred, while pressure and other parameters are
changing, until a zero line is re-established. When it then finds another
switch closure, it stops the interval count. Multiplying the interval
count by the interval time establishes the fundamental period or fre-
quency. The program was written to perform the analysis on any of the

sampling rates in the program '"SAMPLE."

The program output is completely handled by the teletype. It titles
the paper with block number and period size in data points to the base
eight. Then it lists five columns of numbers. The left column is a

counter "P". The second column is the frequency (Hertz); the third is
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Figure 3-28

Foot switch trace obtained from
program "DATAM"
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the "A" coefficient. The fourth column is the "B" coefficient and the
fifth column is the normalized amplitude which is defined as follows:
2
)
2
)

+ B(K)?
+ B(F)2

Normalized Amplitude =|A(K
A(F

where K equals the instantaneous value and F equals the fundamental value.

Although for this research no problems were anticipated regarding
frequency response of the hardware, future research may benefit by requir-
ing less expensive signal processing and recording equipment., This program
was written to provide basic signal definition for this and other general

purposes.

An example output is shown in Figure 3-29 for a 20,000 micro-second
sampling interval. Note that the program determines the fundamental
frequency, and in the right margin marks it with an "F". It computes
this independent of position. It should always be in the first position

as shown.

3.4.3.6 PROGRAM FIX ZERO

In some of the early investigations, it was found that the temperature
sensitivity of the transducer had an appreciable effect on zero-offset.
Two basic alternatives exist to correct this condition. The first and
most straight-forward was to assure that the original data were taken only
after the transducer had stabilized to a new zero. In this case, the
transducers were zeroed immediately before taking data. The second alter-
native was to have a program correct for the zero offset condition after
data were taken, by forcing the minimum value pressure to zero and
translating th¢ entire curve accordingly. After loading, the program
scans the data tape by reading in each individual channel of pressure
data, finds the minimum value, adds or substracts it to all data points

and rewrites the magnetic tape.
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BLOCK NO.

P

200
201
P02
203
P04
205
A06
207
008
209
210
211
212
213
014
215
216
817
P18
219
020
f21
822
923
924
925
226
027
828
829
230
231
832
233

020
FREQUENCY«C/ Se

+0.000000E+000
+7¢462691E-001
+1¢492537E+000
+2.238805E+000
+2.985075E+000
+3¢731343E+000
+44477611E+000
+5.223880E+000
+5.970149E+000
+6.716417E+000
+7+462686E+000
+842089 S3E+000
+8+955224E+000
+9.701492E+000
+1.044776E+001
+1.119402E+001
+10194029E+001
+1.268656E+0801
+14343283E+001
+1.417910E+001
+1.492537E+981
+1567163E+9001
+1.641790E+001
+1.716417E+001
+1.791044E+001
+1e865671E+001
+1.940298E+001
+2.014925E+001
+2.089552E+001
+2.164179E+001
+2.238805E+001
+24313432E+001
+2+388059E+001
+204626B6E+001

FOURIER!
AeP.COS

+9.773132E+001
+7.0859 4TE+080
+2.321539E+001
+7.830235E-001
+6+398669E-003
+2.062622E+000
+2¢512415E+0008
+1.171954E+001
+6.053598E+009
~1.841258E~002
+1+154971E+000
+10450445E+008

+7778982E+000

+6+.013542E+000
-6+873037E-001
=24 420089E-001
+T7.170506E-001
+4.478830E+000
+4.665005E+000
~14379102E+000
~1¢654171E+800
~3.001363E-0801
+1¢513542E+0209
+2.802378E+000
-1.880110E+000
~2¢615665E+000
-1+.053929E+000
=7.92909 AE-001
+90443503E~-0801
~1+515900E+000
-2¢966858E+000
~1¢550366E+000
=24 331101E+000
=60 739224E~-001

Figure 3-29

PERIOD 103

BePe SIN

+34925976E+001
+2.056045E+001
+1.422734E+001
+1554550E+001
~9¢126983E-001
~6¢914996E-001
+ 3¢ 447669E+000
+3.971033E+000
+6.834828E+000
- 1847719E+200
~4.813061E+000
=4. 150466E~-0201
+9.418975E-001
+3+161689E+000

=1eT716941E+000

~6+283661E+000
-2.120114E+000
=3.875885SE-001
+9+550754E~-001
-1.483026E+000
=S5« 784392E+000
~2¢713197E+000
=4.352711E-001
=24 564454E~001
=5.936437E-001
~4.009460E+000
=2.299102E+000
=1¢942458E-001
=6¢579629E~001
+4.402773E~-0201
= 1.446582E+000
~1¢586531E+009
+2730496E~001

Typical output from "FOURIER1", sample
interval equal 20,000 microseconds
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+1.000000E+000 F

+7.776110E-0081
+3.571895E-0801
+3+898077E-001
+5+655806E-002
+64534212E-002
+3.063228E~-001
+1.815406E-0201
+1.713856E-001
+5¢ 46388 7E~-902
+1.260497E~-001
+1953373E~001
+1.52629SE-001
+8.113181E-002
+4.347829E-002
+1585869E~-001
+14242548E-001
+1.172301E-001
+4.206435E-002
+545786799E~002
+10452401E-001
+7.7908399E~-002
+7.111292E-002
+4.758074E-002
+60725647E-002
+1.039535E~-001
+6.098276E-002
+2. 417555E-002
+4. 143770E-002
+7¢ 5209 44E- 002
+5.317039E-002
+7.070650E-0202
+1.823311E-002



3.4.3.7 PROGRAM DATAM

This program was written to retrieve one channel of data from a
single test and display it in a convenient format. After specifying a
particular piece of data, the program finds the information from a data
tape mounted on Unit 1. A trace from a pressure transducer is shown in

Figure 3-30 with coordinate system.

Figure 3-30

Typical pressure data recalled by
program "DATAM"

The display can be shown as in the figure or without the vertical
graduations and scale, test number, transducer number and scale factor.
The vertical numbering of the pressure ordinate on the left side refers
to the gray scale values represented in the program "P-CALC". The or-
dinate on the right side refers to voltage level, from O to 1 volt. The
test number and transducer number are automatically calculated and
displayed by the program. The test number refers to the sequential test

referenced and the transducer number to the pressure transducer represented.
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Since the full scale pressure value is dependent upon the hardware

during acquisition, this number is typed in during the display.
3.4.3.8 LSD

"L3D" is a two-dimensional display program utilizing the Tektronix
564 memory oscilloscope. The program displays a set of pressure values
in one spatial coordinate from a rectilinear array of pressure trans—
ducers. The curve fitting routine expands five pressure points from
discrete values to a complex curve. The program computes on data
gathered by the sample program described in section 3.4.3.1. The program
retrieves five instantaneous pressure values and fits them to a mathe-
matic relationship. The relationship chosen was a truncated polynomial
power series:

+A X+A +X24A X3+Auxl‘

P(X) = A o 3

0
where AO’ A, A2, A3, and Ah are parametric functions nf time.

The program solves the equation for the An parameters from the
five discrete equally spaced transducers. It then divides the X axis
into 100 equal increments and interpolates the value at each point and

displays the resulting curve.

At any time the user can specify test number, frame number, or
stop the display temporarily. Its control is very similar to "P-CALC".
Program interrupts, indicating bad results or poorly formatted data,

are the same as in "P-CALC".
3.4.3.9

Related programs were developed to aid in formulating the experi-
mental protocol, and adding versatility to the displays. These are

discussed in detail in Ref. 1.
3.5 EXPERIMENTAL WORK
3.5.1 APPLICATION OF THE INSTRUMENTATION

The application of the pressure transducers to the stump was done

after palpating the anatomical reference point and drawing the zones on
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the limb. In general, it was found that after insertion and removal
of the prosthesis, the transducers did not move perceptibly on the skin.
In rare instances, it was necessary to reapply the instruments, taking

the data a second time.

When the subject had a thigh corset attached to the prosthesis, it
was necessary to cut a hole in the stump sock just above the brim of the
prosthesis and feed the lead wires through this hole. It was done in
this manner to avoid the problem of running the lead wires all the way

up to the hip in order to mate with the harness connector.

The major pressure transducer application problem was encountered in
the application of the transducer to a stump with redundant tissue. On
such a stump, normally firm tissue degenerates to excess fat tissue which
provides a considerable amount of relative movement between the tibia
and the skin tissue. During the application of the array on this type
of stump the transducers tend to pull loose from the taped position dur-
ing insertion as a result of inelastic ribbon-cable. This condition

was encountered on two subjects and testing had to be halted.

The hip and knee goniometers were applied in straightforward manner.
The greatest concern was the alignment of goniometer axes with anatomi-
cal axes. With reference to anatomical landmarks the axis of rotation
of the knee is located approximately 3/4 of an inch above the medial
tibial plateau edge on an extension of the posterior edge of the tibia.(lz)
The hip axis was found anterior to the greater trochanter.(l3) In both
the above cases, having the subject flex the hip and knee joint and
observing the alignment of goniometer axis relative to the anatomy, as
well as checking the straps for tightening or loosening during flexion,

revealed deviations and led to more precise axis alignment.

The three foot switches were attached to the heel and sole of the
shoe with skin tape. The heel and toe switches were taped at the extreme
ends of the shoe and the intermediate switch located approximately at

the ball of the foot. Since all three of these switches provided only
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relative gait signals, positioning did not need to he exact.

3.5.2 DATA COLLECTION

In general, experimental work took between two and three hours
for an individual patient. It was found that the method of application
of the transducers to the stump consumed most of the time during data
acquisition. When the method of encapsulating the transducers as a
fixed array was developed, it reduced the application time sufficiently
and allowed gathering of three to four times the amount of data previ-
ously taken in one experimental session. During the early work at
least eight zones were measured so that an integrated pressure area
could be assembled. The majority of data gathered was from the kick
point zones and on one subject a complete mapping of the patellar tendon
region was done. For the mapping work six subjects formed the basis
final data, and six other subjects were used to establish experimental
techniques. On a later study, pointed toward evaluation of liner

(1k)

materials 26 subjects were measured at four critical stump areas.

3.5.3 PRESSURE MAPPING ON AN AREA

With the aid of program "P-CALC" and the program "LEGDIS", a
reconstruction of a 1/2 inch by 1/2 inch area can be accomplished and
correlated with gait information. This type of computer generated in-
formation is shown in Figure 3-31 and indicates the presence and form of
the pressure profile occurring during a fraction of the walking cycle.
The pressure display information is viewed from left to right, top to
bottom, with the reconstruction of the stick figure and pressure man-
cmeters directly beneath each frame. For purposes of comparison, each

gray-scale represents a range of 5 PSI.

The first frame indicates only a small pressure ridge [5-10 psig]
extending from transducer P4 to P3, while the second frame indicates
that a uniform pressure distribution has built up. The individual
frames of the display indicate that a pressure wave entered from the

bottom of the test area and traveled approximately halfway across the
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Figure 3~31

Composite showing the correlated output from program "P-CALC"
and program "LEGDIS". Gray scale shows 5 psig per level,
L0 psig full scale (Patient No. 10)
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test area and then altered directions and moved off to the right-

hand side of the display until it eventually disappeared.

This test was run on kick-point Zone D on a left below-knee
amputee and shows that the pressure started on the distal end of the
stump building toward the kick-point and relieved by moving toward
the lateral side of the socket. The highest pressure attained was

10-15 psig.

In viewing only the stick figure construction, the fixed amount

of flexion built in the prosthesis appears quite vividly.

When data are acquired from adjacent areas on the anatomy, the
results of individual transducer arrays can be placed side-by-side to
reconstruct a larger area. In order to demonstrate this principle, a
demonstration version of the program '"P-CALC" was used to reconstruct
a hypothetical pressure region. In Figure 3-32a the pressure specifi-
cations and resulting pressure are shown. In the upper portion, octal
pressure specifications (400 octal=L0 PST) were entered for each in-
dividual area. In the upper left corner, the array consisted of five
pressure values, Pl having a value of 100, P2 a value of 200, P3 a
value of 250, P4 a value of 310, and P5 a value of 340. The resulting
pressure display is shown in the upper left-hand corner of Figure 3-32b.
When eight adjacent areas were calculated and placed side by side, the
area reconstruction shown in Figure 3-32b was produced. The results
show an adequate representation of the hypothetical profile. Note

that concurrent points show identical pressure readings.
Reconstruction of Pressure Profiles Using Patient Data.

In using actual patient data several problems were encountered,
all relative to mismatching of instantaneous pressure values at adjacent

sites of the transducer array during the mapping process. Specifically:

1. Successive pressure zones were recorded during different
steps (separated by as long as 15 minutes). Accordingly

all the difficulties of matching non-identical studies
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were encountered. That is, data taken each 20 milli-
seconds on one stride do not match with consecutive
20 millisecond intervals on the next stride.
2. The exact location of the stump in the socket varies
slightly each time the limb is put on.
3 Transducer arrays move slightly in use.
L Individual transducer zero-pressure values drift slightly.
5. Individual transducer calibrations are not exact.
6

Other factors, yet unknown.

Typical difficulties are shown, using the DATAM display, in

Figure 3-33, where each group of 4 displays shows data from a single
point on the stump. Ideally the time history, even taken on separate
steps, would be identical. The peaks however vary by as much as a factor
of three. The relative importance of the 6 "mismatching" problems listed
above have not been satisfactorily delineated at the time of this writing.
The transducer calibration and zero drift problems are probably least
important. Since the transducers are significantly sensitive to bending,
and because the diaphragm does not receive a true pressure but rather
discreet forces in contact with the irregular anatomy these may be

primary factors and would fall into the "yet unknown" listing above.

These and other aspects of the matching problem are discussed in

considerable detail in Chapter V ref. 3.8-1.

3.5.4 LINEAR PRESSURE MAPPING

This program computes on a linear array of transducers spaced one-
half inch apart. Figure 3-34(a) shows the pressure traces obtained from
program "DATAM" for a linear array of transducers. For the linear array,
data was acquired from the anterior crest of the tibia. The array ran
from a position 1/2 inch on the +X axis up and parallel to the +Y axis.
Transducer P5 located at the X = 1/2, Y = 0 position. Figure 3-34(b)
shows a parametric representation in time of the pressure curves. Nine
curves are displayed on each photograph and the photographs continue

from left to right, top to bottom, presenting the pressure wave measured
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Figure 3-33

Pressure curves at the major intersection points (original
data) reproduced by program "DATAM" (Patient No. 10)
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by transducers Pl through P5 as a continuous function of time from
the first photograph to the last. In this instance, every other
data point was used to construct the graphs. That is to say, 126

curves are shown in the fourteen pictures.

It might be noted that the maximum pressure values of 15 pounds
per square inch occur 1/2 inch laterally and 2 inches proximally from
the kick point for this setting of the linear array of gages. Since
this region has not yet been scanned no conclusions can be drawn that

this represents the optimal pressure value.

3.5.5 PRESSURE MAGNITUDES AT THE INTERFACE

In order to view the aggregate of data and disclose the range of
pressures at the kick point and patelllar regions, the results were studied
using program "SM-SA". (Figure 3-35). It might be anticipated that the
pressure would have a nonzero value during swing phase in some regions.
This did not occur. The tissue was subjected to zero or nearly zero
pressure while the subject was seated, and the same was true during most
of the swing phase. Since the pressure at a point is represented by a
curve going from zero to some maximum value and returning, the data plot-
ted on these graphs exhibit linear characteristics. In a plot of this
type the maximum stress of pressure is the sum of the abscissa value

plus the ordinate value.

In Figure 3-35 (a), (b), (c), (d), the data were acquired from the
kick point region. The higher values were obtained on a prosthesis with
a cuff suspension for a diabetic subject. This means that the subject
had much less sensitivity at the distal end of the stump than a subject
traumatically  amputated. The lower value pressures shown in the (c)
and (d) portions of this figure were obtained from subjects having very

good skin sensitivity.

Figure 3-35 shows results of data acquired from the patellar region.

These results show pressure values ranging to forty psig.
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Mean stress-—-glternating stress representation
of all the data acquired
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Although it is tempting to believe that the skin tissue in a
below-knee prosthesis is subjected to relatively uniform pressures, it
is obvious from these wide variety of pressures occur within a patellar-
tendon-bearing prosthesis and that relatively sharp pressure gradients
do occur. It is also indicated that the highest pressure is not always
in the patellar region. Other areas are sometimes subjected to pressure

magnitudes equal to or greater than these.

3.5.6 PRESSURE SIGNAL SPECTRUM (0 - 25 Hz)

An investigation of the signal frequency content was undertaken
in order to better understand the dynamics to which the tissue was teing
subjected. In this portion of the work, a single cycle of the pressure
curve was subjected to a discrete Fourier analysis. A typical print-out

of the results of this computation is shown in Figure 3-36.

Referring to this figure, the column on the extreme left lists
the harmonic number starting with the dc component. The number of co-
efficients which can be recovered is a function of the number of data
points in one cycle. For the sampling frequency chosen, the program

averaged approximately thirty Fourier coefficients.

The data curve and results are illustrated in Figure 3-3T7 which
shows the data curve and Figure 3-38 which shows a graph of the amplitude
spectrum. In the latter graph, a large decay in the spectrum occurs

around the 5 to 6 cycle level, but the higher harmonics do not go to zero.

One of the initial requirements for performing the frequency analy-
sis is that the wave form examined be periodic. This requires that the
repeatability of the signal be complete and that the value of the signal
and its derivatives be in agreement at the interval extremities. The
application of these criteria to these experimental data, the interval
for which was defined by gait dynamics, would make the calculation
impossible. When discontinuities in the signal and its derivatives occur
at the interval extremities, higher order harmonics are introduced from

the mathematics in its attempt to curve-fit the data, forcing the
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data obtained from "FOURIER1"
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experimenter to correct for this in either the preparation or

interpretation of the data.

A thorough study would include higher sampling rates and more
samples per interval. It would also be assisted by a highly repeatable

signal which may or may not be experimentally possible.

3.5.7 FOOT-SWITCH RESULTS

A study was undertaken to examine the pattern that the foot-switches
produced during the experimentation period. The foot-switch patterns
were compared within an individual test which constituted approximately
four cycles, as well as between tests. Comparison of foot-switch traces
within an individual test should evaluate the repeatability of foot
contact with the floor during approximately five seconds of gait. The
comparison of foot-switch traces between tests should evaluate foot con-

tact with the floor after reapplication of the prosthesis.

It has been shown that the pressure traces at a point are repeatable
within a test but not reproducible from one test to the next. It can
also be stated that the foot-switch traces exhibit the same characteris-
tics. Examinations of printed listings of the data showed that in
some instances the subject did not close the foot-switches in the same
manner more than half the time. In some instances it was found that
the subject did repeat a foot-switch closure pattern a substantial part
of the time. Primarily the difference was found to exist at the inter-
mediate and toe foot-switches. Sometimes the subject would conclude g
step with the intermediate foot-switch closed and sometimes with only

the toe foot—switch closed.

At heel contact, distal pressure is generated and the resulting
pressure wave moves up and around the kick-point area. Therefore
transducer positioning must be specified before peak values of pressure

at a point can be correlated with foot-switch closure.

In general, the foot-switch pattern consisted of two or three
levels which resulted from individual closures of the heel, intermediate,

and toe switches. Simultaneous closure of two foot-switches was rare.
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The original intent of the foot-switches was to correlate pressure
and time curves. Since the general form of the pressure curves exhibit
fourth or fifth order power series behavior, a more sophisticated foot-

switch timing device is needed.

Alterations in the mechanical construction of the foot-switches
as well as electrical signal treatment of their output would improve
them. They should be run through a summing transistor or an operational
amplifier rather than the resistive network employed so that better vol-

tage increments can be chosen.

In fact, placing one foot-switch on the opposite limb to provide
a gaiting signal during swing phase of the leg being tested would
facilitate the Fourier analysis. In a large percentage of cases the
pressure generated during swing phase is very small and discontinuities
in the pressure signal at the extremities of the cycle interval would
be minimized. The Fourier analysis would improve by eliminating spurious

frequency content.

3.5.8 SUMMARY

The University of Michigan pressure interface equipment has been
developed as a research tool for studies on tissue-adaptive device inter~
faces. This project was conceived as an essential step in the basic
understanding of below-knee prosthetics. The hardware was designed to

obtain pressure information to two distinct groups of staff members:

1. The physicians who prescribe prostheses and the prosthetists
who fabricate them.
2. The engineers who approach the problem from an analytic stand-

point and desire quantitative information.

During research, two purposes were proposed and accomplished:
1. A hardware-software system was designed and developed as s
research device for studying the basic interface.
2. Preliminary research was conducted with clinical subjects and

information obtained on the below-knee prosthesis.
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The University of Michigan interface pressure research equipment
has been designed around three subsystems:
1. A miniature pressure transducer which was developed in
cooperation with the Kulite Semiconductor Products, Inc.
It is durable enough for insertion at the prosthesis

1limb interface and sensitive enough to obviate expensive
electronics.

2. A commercially available signal amplification and data
recording system. The introduction of the digital com-
puter into the field of physical medicine and rehabili-
tation is not limited to this individual study. It re-
presents a new dimension to the research activities with-
in this area and offers a potentisl for daily clinical
activity.

3. The specific software necessary to gather, store, and dis-
play meaningful results. This part of the research re-
presents the most flexible component and is limited only
by the ingenuity of the researcher.

It has been demonstrated that analog type displays of digitized
computer data can be reconstructed to appear in more meaningful repre-
sentations than conventional strip chart recordings provide. These
graphic representations of pertinent experimental data provide an

effective means of communication between the engineer and the medical

staff.

Tt has also been demonstrated that a graphic representation of
pressure in an area can be reconstructed to provide a conceptual as
well as analytic representation of a pressure profile. This area re-
construction has a gray-scale representation adequate for good recog-
nition. Furthermore, it has been shown that these individual areas

can be placed side-by-side to reconstruct larger regions of pressure.

The results of the experimental work in the reconstruction of
larger pressure regions raises questions about a reproducibility of
pressure signals. In spite of the magnitude of the differences in
pressure traces conceptual results were shown. Non-reproducibility is

probably the result of four major factors:
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1. Repetitive application of the prosthesis, resulting in
different alignments of the prosthesis to the bone-
tissue composite, or juxtaposition of the soft tissue
in relation to the prosthesis shell.

2. The type of suspension system used, which may or may
not be controlled by the patient himself. Although the
patient apparently has little effect on pressure distri-
bution with cuff suspension adjustment, he may have
significant influence on pressure by the manner in which
he puts on a thigh corset.

3. OStump sock positioning and composition can change with
application or time.

4. Individual variations in gait.

It has also been shown that the computer provides indispensable
aid in its ability to scale data. This removes a heavy burden from
the hardware specifications and experimental procedure common to straight
analog recordings. That mapping and curve-fitting of pressure traces

is a feasible means for examining data was also demonstrated.

Pressure magnitudes are probably not sufficient to categorize pres-
/
sure interface measurements. The fact that absolute numbers do not
show a coherence between patients indicates that the individual's

pressure tolerance varies significantly.

The frequency investigation indicates that the tissue 1s not sub-
jected to low frequency pressure components only, but that high frequency

content is also present in the average below-knee prosthesis.

3.6 LINER STUDY

Reference 3.8 covers a study to determine whether different
prosthesis liner materials contribute significantly to different pesak
pressures during normal walking for a person w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>