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ABSTRACT

Local pressures at 10 sites in a human hip joint have been measured and
evaluated in vivo. Data were obtained at a frame-rate of 254 hz. from an
instrumented endoprosthesis implanted in a 73-year-old wecman.
Concurrently, movement kinematics of the relevant body segments and
foot-floor external forces were recorded. These results were compared to
in vivo and in vitro data and estimates published by other investigators.
Pressures and rates of loading in vivo present profiles similar to the
external force characteristics; differences occurred in the relative
magnitude and timing of pressure and force peaks. Muscle forces acting
across the hip, including co-contraction, have a significant role in
determining local pressures in the joint. The greatest in vivo pressure
obgerved was 18 M-Pa which occurred 1 year post-implantation while the
subject was rising from a chair.
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Title: Whitaker Professor of Biomedical
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I. Introduction

The focus of this thesis is the distribution and variation of pressures
found in life in the human hip joint. As such, it is a part of the effort
to apply principles of physical science and engineering to the human body.
Medical knowledge benefits greatly from advances in understanding of the
mechanical, chemical and electrical forces at work in living tissue.
However, progress is slow in this area and high-quality data is scarce.
The results presented in this thesis are unique; completely new
information gathered from a living human being without risk or discomfort
to that person. These data have been compared with in vitro and in vivo
information on hip joint characteristics obtained by other means. The
mechanics of synovial joint function are further illuminated through

consideration of these results.

The in vivo hip data acquired at the Massachusetts General Hospital
(M.G.H.) and Massachusetts Institute of Technology (M.I.T.) movement
facilities and presented here consists of 10 local pressure readings in the
hip joint, spatial locations and orientations of three leg segments and the
pelvis, and foot-floor interaction forces. Other information - body
segment velocity, rate of pressure change, position of the transducers in

the hip joint - can be derived from this set of measurements.,

The pressure distribution in the acetabulum provides information on areas
of the joint cartilage which experience the most severe load conditions and
creas not involved in load transmission., The magnitude and rate of

loading, as well as the cartilage surface location of highly-loaded areas,
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can help define the type of loading regime that cartilage experiences and
thus guide the direction of future research. Knowledge of the speed of

load application and the change of pressures with time should benefit

comprehension of joint lubrication studies [81].

Pressure informaticn may eventually contribute to establishing the
magnitude and direction of the force vector at the hip with higher
confidence. Greater accuracy in this calculation will be permitted through
inclusion of forces across the joint due to muscular contraction and
co—contraction. The distribution of pressures and timing of changes
relative to related foot-floor interaction forces gives an indication of
the importance of muscle forces in determining the loading environment of
the hip. This data may illuminate endoprosthesis failure mechanisms,

especially protrusion through the acetabulum.

In vivo pressure data may provide a basis for evaluation of rehabilitation
procedures. The information gathered from the in vivc prosthesis will also

be useful in evaluating joint model simulators.

These areas of study are part of the general accumulation of knowledge
about joint mechanics. This information is needed for a more complete
understanding of the manner in which the parts of the joint function and
the development of a mathmatical model of the hip joint [37]. Advancement
in understanding of the forces the hip experiences may enhance prosthesis
design and hip replacement functional requirements [78]. Furthermore, the
initiating events leading to mechanical failure of the natural hip joint

and other hip joints may be clarified [81].
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A., Outline of Work

The equipment used to obtain data was designed and built through earlier
work by many others in the Eric P. and Evelyn E. Laboratory for
Biomechanics and Human Rehabilitation at the Massachusetts Institute of
Technology. Information about previous work may be found in the background

section of this paper and in references.

In June 1984 ; femoral head replacement developed at MIT was implanted in a
73- year-old woman who had sustained a displaced fracture of the right
femoral neck. The prosthesis design replicates the function of an
Austin-type prosthesis (Figure I-1 from [21]). The structure includes 14
pressure transducers, each in a well which was machined into the inner wall
of the prosthesis head. This integrates a pressure-sensitive diaphragm
into the spherical prosthetic femoral head surface [21]. Diaphragm
deflection is used to bend cantilever beams equipped with strain gages.

The electronic circuitry in the femoral head is connected to an antenna on
the distal end of the prosthesis (Figure I-2). Output from the transducers
is transmitted through this antenna via radio-telemetry in the FM
mega-cycle frequency spectrum; power is supplied also through
radio-frequency (100 KHz) coupling through a primary coil that fits like a
garter onto the subject's leg. The same garter-coil accepts the
pulse-amplitude modulated FM signal from the 14 transducers at a frame rate
of 254 Hertz. Without this garter attachment the instrumented prosthesis

is virtually indistinguishable from the standard prosthesis.

Data was gathered from the prosthesis during the two weeks immediately
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Figure I-1: Standard and Instrumented Prostheses

From Carlson (2] ]
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after implantation in June 1984, and in December 1984, May, June, August,
and September 1985, Reception of pressure signals was normal at the most

recent data collection session and data will be obtained in the future.

The performance of the transducers was evaluated at body temperature prior
to implantation. The readings from 10 transducers displayed a linear
relationship with applied pressure [31] (Figure I-3). The other 4
transducers were essentially unresponsive to increases in pressure on the
order of physiological forces. After implantation the linearly behaving
transducers were re-calibrated periodically by unloading the joint;
traction was applied to the subject's leg to remove the prosthetic femoral

head from contact with the acetabulum.

Transducer readings were converted to pressure values, then related to
simultaneously acquired kinematic and forceplate data through software [3].
The ability to acquire at high speed the 3-D positions and rotations of the
leg and pelvis body segments allowed transformation of transducer pressures
from positions on the femoral head to the corresponding instantaneous
acetabulum locations (Figure I-4). A set of programs was developed to
permit manipulation and display of the prosthesis data. Among the

available options are:
1. Display of pressure vs. time;
2, Frequency analysis of pressure data;

3. Filtering of pressure data;
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4, Display of pressures at acetabulum locations (3-D or 2-D

projection);
5. Display of transducer path over the acetabulum;
6. Display of forceplate data vs. time;
7. Concurrent display of pressure and forceplate data;

8. Numerical differentiation and double differentiation of the

pressure data with repect to time and display of the results;

9. Assessment of pressure load rate and external force rate of

increase.

Transducer histories have been compiled to allow assessment of transducer
performance over the range of test dates. The issue of reproducibility of
data has been approached through comparison over several tests of
transducer readings for a single dynamic loading situation. A gait cycle
was chosen as the most readily obtained, frequently examined, and
representative test. Some transducers are in inappropriate locations
during a gait cycle and have been evaluated in various other loading
conditions. After normalization with respect to time the pressure vs.
time and force vs. time data were superimposed. Visually, data presents
very similar profiles for all gait cycles, with some variance from sample

to sample.
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B. Overview of Results

The data obtained is rich in information, only some of which has been
extracted thus far. The maximum pressure found at the hip joint after
filtering was 18 M-Pa. This occurred in May 1985, 11 months after
implantation of the prosthesis, while the subject rose from a chair.
Maximum pressures from filtered gait cycle data ranged from 5 to 6 M-Pa
after the subject's recovery and were located in the dome of the acetabulum
at 30 percent of the stance phase. The maximum load rates of change at the
hip were produced in sitting-to-standing tests and the greatest observed
was 107 M-Pa/sec while the subject rose from a seated position 45 cm above

the floor.

Pressure contours and force vectors proved difficult to establish
accurately using few simultaneous data points; further investigation may

prove fruitful,

0f the 10 working transducers, 6 consistently produced reproducible and
meaningful results. The outer ring of transducers was less often subjected
to significant loads and more frequently was rotated out of contact with
the acetabular cartilage and thus provides less valuable data about
cartilage behavior. The location of tranducers on the femoral head surface

of future instrumented prostheses should be reexamined.

The in vivo results confirm some prior findings; in other ways they are

surprising., The irregular pressure contours observed by Rushfeldt in

earlier in vitro tests were apparent for in vivo data. The pressures found
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at discrete locations in the joint were high in comparison to previous
estimates and also higher than local pressures found in in vitro studies
[78,86,89,90]. The rate of loading at the hip joint seemed surprisingly
high in some cases. Others have ventured [78] that the femoral load rate
might be 47 kN/sec during gait. Pressure rates of change that could
indicate changes of joint force of similar magnitude were observed after
full recovery of the subject. Comparison of the information from the
instrumented prosthesis with simultaneous forceplate data points out the

importance of the role of muscles acting across the hip in movement,
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II. Background

A. Hip Joint anatomy

l. Structure and purpose

A major synovial joint, in size as well as function, the hip must satisfy
many requirements, Stability at the interface between trunk and leg is
necessary for upright stance, but mobility at the hip is also needed to
provide adequate range of motion of the lower limbs. Much of the body
weight is borne across the hip joint, particularly when only one leg is in
contact with the ground as during the stance phase of gait., The deep ball
and socket arrangement of the joint is very stable and, unlike the knee and
ankle, allows a wide range of rotational motions. The structure of the hip

joint is shown in Figure II-l.

The distal portion of the joint is the femoral head, a cartilage- covered
ball, nearly spherical in shape. Estimates of the deviation from
sphericity of the femoral head range from 200,4m [100] to 1.4 mm [23,24].
The neck connecting the femoral head to the upper part of the femur is
narrower than the head, minimizing restiction of rotation of the ball in

the acetabular socket.

The socket is a cup formed by the three components of the innominate bone,
the ilium, ishium, and pubis and is termed the acetabulum. The shape of

the socket is less spherical than that of the femoral head [19,86], but may



Figure II-1:

Hip Joint - Frontal plane
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become more nearly spherical with age and load [40,41]. The bony parts of
both sides of the joint are primarily covered with articular cartilage.
The cartilage in the acetabulum forms a horseshoe shape, the central and
inferior region covered with fat pads and synovial membrane (Figure II-2).
A central region on the femur is also free of cartilage; the ligamentum
teres femoris attaches in this location. A rim of cartilage, the labrum,
deepens the acetabular cavity and encloses the femoral head more

completely.

The joint is sheathed in the synovial membrane which retains fluid in the
joint, outside of it is the articular capsule formed of ligaments and

collagenous fibers.

2, Musculature and Motions

There are a number of muscles acting across the hip. Posterior to the
joint is the gluteal maximus muscle; this is the chief extensor and
lateral rotator. Under the gluteus maximus are several small lateral
rotator muscles, Laterally on the ilium are the powerful hip abductor
muscles, gluteus medius and minimus which also act in medial rotation. On
the thigh are the hamstring flexor muscles which act in extension and
rotation of the thigh. The anterior portion of the thigh is the location
of several large muscles; of these the sartorius, rectus, femoris, and
iliopsoias flex the hip and the ilinpsoias also acts in medial rotation.
The three adductor muscles on the medial region of the thigh act in both

adduction and lateral rotation of the hip.
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Side view

Acetabulum -

Figure II-2:
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Average ranges cf motion for the hip are 120 degrees in flexion (raising
the thigh with respect to the body), 30 degrees in adduction, 50 degrees in
abduction, and about 30 degrees for internal and external rotation. Figure

II-3 illustrates the definitions of hip motions.

3. Cartilage

Articular, hyaline, cartilage is a poroelastic material that covers all
joint surfaces participating in articulation. 1Its structure consists of an
extracellular matrix formed of collagen fibers, and a
carbohydrate-protein-water substrate, apparently formed and upkept by a
small number of chondrocytes unevenly distributed in the cartilage [7,74].
It is thought that the chondrocytes may be responsible for the degradation
of cartilage as well as its formation [64]. The mechanical properties of
the joint are dictated by the matrix and subchondral structure of the
joint. Lubrication appears to be influenced by the matrix as well, and by

the fit of opposing joint surfaces.

There are four zones in articular cartilage, distinguished by depth from
the articulating surface (Figure II-4). The relative amounts of
chondrocyte and matrix components and the orientation of collagen fibers
vary between zones. Under the joint surface is a region containing tightly
packed collagen fibers parallel to the surface. Deeper zones consist of
randomly distributed fibers and more chondrocyte cells. The deepest region
contains large collagen fibers oriented perpendicular to the articular

surface. There are fewer chondrocytes in this area.
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The fluid content of articular cartilage is important in maintenance of 1its
excellent lubricating properties. Tests performed by Linn [61] on
cartilage allowed to dry out and then re-immersed exhibited a coefficient
of friction for a plug of cartilage that was 200 times higher for dry

cartilage than wet,

a. Properties of Articular Cartilage; The mechanical properties
of cartilage have been studied extensively in vitro, primarily through the
use of segments of cartilage removed from the joint. 1In vivo tests are
rarely possible, but in vivo properties are likely to be different from
those determined in vitro due to interaction between all components of the
joint. 1In cartilage itself, the extracellular matrix has a dominant effect
on cartilage mechanical properties. Fluid flow through cartilage is
determined mostly by the proteoglycan gel. Compressive behavior ui
cartilage depends on both the fibers and the proteoglycan-water mix. The
collagen fiber matrix establishes the cartilage tensile strength and

maintains the basic structure.

Flow of synovial fluid is accomplished by deformation of tissue or by
hydraulic pressure gradients [60,71]. The motion of water through
cartilage is influenced by frictional interactions with both collagen and
proteoglycan molecules [67]. Cartilage is most permeable slightly below
the articulating surface and decreases in permeability with depth. When a
compressive load is applied to cartilage the fluid flows from the loaded to
the unloaded regions. Consolidation of cartilage occurs 1f the load is
maintained [86]. Loading star%s fluid flow across the surface of the

joint, and through cartilage in a direction parallel to the articulating
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surface. Radial flow equilibrium appears to be dominated by high
resistance at the articular surface layer [58,63]. However, radial flow
may also occur, and it has been shown that under high pressures cartilage
"weeps" fluid into the joint space [67]. McCutchen and Maroudas [67] have
proposed that the permeability in the radial direction is essentially the

same as that in the tangential direction at a given depth in the tissue.

Compression characteristics of cartilage have been studied through
indentation tests [56,57). It has been found that cartilage exhibits two
time-differentiated behaviors in compression. An initial, "instantaneous”,
elastic deformation 18 followed by a creep response. Upon load removal,
recovery also consists of elastic and time-dependant phases. This result
was also established by Rushfeldt [86] in consolidation tests carried out
over a 20 min. time period with human acetabula and a prosthesis in a hip

simulator.

In tension, the stiffness and fracture stress of cartilage are dependant on
the relationship between collagen fiber orientation and the direction of
tension., The tensile elastic modulus and fracture stress decreases with
depth into cartilage, and with age [5]). The fracture strength of cartilage

is dependant on collagen content as well as orientation [57].

Fatigue behavior of cartilage has been investigated by Weightman [110] and
was found to vary widely; the general pattern of behavior was typical of
other materials, fatigue stress to failure decreases with increased numbers

of loading cycles.
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b. Functions; The primary purposes of articular cartilage are to
distribute load in the joint and act as a low-friction bearing surface.
Both funtions are related to the pressure magnitude and gradient obtained

at the articulating surface.

Estimation of the contribution of joint constituents in carrying load in
the joint has found that fluid pressure supports 90 percent of the load
[63]. Stress in the cartilage matrix found from models based on
experimentally-determined joint parameters did not exceed 0.3 M-Pa [63].
Rushfeldt [88,86] and Tepic et al [100] have found that boney surface
irregularities affect the pressure gradients formed at the joint. The
distribution of pressure in the joint is very sensitive to the direction of
the load vector relative to the acetabular cartilage as well [63]}. The
pressure distribution indicates which portions of the joint are involved in

load transmission for a particular motion.

As a bearing, atticular cartilage performs better than most man-made
substances. Charnley [25] found the coefficient of friction in normail
joints to be on the order of .005 to .023. In comparison, Teflon™ on
Teflon™ exhibits a coefficient of friction of .04, The reasons behind this
phenomenal ability of cartilage have been the source of much academic
discussion. Several theories of joint lubrication mechanisms have been
proposed. The pressure distribution, magnitude, and gradient should
illuminate the lubrication processes active in the joint for a given load
and action. The lubrication mechanisms that exist under low pressures may

be different from.those in high pressure regions.
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Discussion of lubrication possibilities centers arcund the thickness and
means of maintenance of the fluid film between the articulating surfaces.
If the film is extremely thin, pure fluid lubrication will not occur,
boundary lubrication, in which each bearing surface is coated with
molecules which slide rather than shear off the substrate, may occur
(Figure II-5 from [82]). A thicker film would allow one or more pure fluid
lubrication modes. Squeeze film lubrication may occur as joint surfaces
approach and generate a pressure field in fluid trapped by surface
irregularities. Hydrodynamic lubrication, in which relative motion of the
surfaces permits formation of a wedge of fluid that keeps’the surfaces
separated, has been suggested [69]. Elastohydrodynamic lubrication 1is
similar to the hydrodynamic mode, but notes that the elasticity of joint
surfaces allows asperities to be depressed and remain out of contact [98].
Any of these mechanisms may have a place in joint motion. More complexity
is introduced in the question of the direction of flow of fluid in the
joint. Noting that cartilage exudes fluid from surface pores under
pressure, McCutchen [70] has suggested a type of hydrostatic "weeping”
lubrication in which fluid is squeezed from cartilage into the joint space
(Figure II-6). Alternatively, Longfield,Dowson, Walker and Wright [62]
have put forth an idea calling for fluid flow out of the contact region
through these same cartilage pores. This mechanism relies on pore size
restricting the flow of larger solute molecules from the contact region,
supposedly concentrating the lubricating factor in synovial fluid in the

region of contact (Figure II-~7).

Boundary lubrication may occur with the presence of a gycoprotein component

of the joint fluid which binds to the cartilage surface and resists



Figure II-5: Boundary lubrication
Figure from Radin et al [71]

Figure II-6: "Weeping” lubrication
Figure from Radin et al [71]
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Figure II-7: "Boosted" lubrication

Figure from Radin et al [71]
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shearing [61]. It has been shown that the coefficient of friction of
cartilage increases more if these molecules are destroyed than if other
synovial fluid constituents are missing [80), At low pressures the
behavior of cartilage and this glycoprotein suggests that boundary

lubrication does take place.

At high pressures the lubrication is probably a squeeze film type. This
may occur with cartilage fluid expression on the edges of the contact area,
where pressures are lower and fluid is more likely to flow. This effect
may be assisted by cartilage elasticity, which may provide some degree of

elastohydrodynamic lubrication as well.

4. Osteoarthritis

Osteoarthritis is a "non-inflammatory disorder of moveable joints
characterized by deterioration and abrasion of articular cartilage” [97].
The degradation of cartilage may lead to pain and severe restriction of
mobility. The causes of osteocarthritis are not fully understood. Abnormal
hip structure, metabolic problems, trauma, and bone infarcation all may
lead to destruction of articular cartilage [36]. Osteoarthritis often
arises in joints apparently free of the above factors; 1in these cases the

cause is unknown. A view held by many is that:

"Wear and tear or repetitive trauma is frequently to be held responsible
for the degenerative breakdown of articular cartilage. However, no direct

evidence has yet been put forward to implicate local stress of this type."

[38]
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Studies exist which appear to indicate that the joint areas not frequently

loaded are most likely to undergo osteoarthritic changes [20].
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B. Prosthesis Development

The implanted prosthesis was manufactured in 1980. This device was similar
to the prototype designed by Carlson at the MIT Biomechanics Laboratory
[21,22]. The original design was altered slightly, after tests under high
pressure indicated that the structural integrity of the prosthesis head
material, specifically in the diaphragm area, was insufficient for in vivo
use. Essential information on the prosthesis will be included here, refer

to Carlson [21] for more detailed information.

Major issues in the design of the instrumented prosthesis were 1) Subject
safety; 2) Performance characteristics identical or better than normal
prostheses; 3) High data accuracy; 4)Adequately high frequency response
to capture temporal frequencies occurring during motion; 5) Absence of
patient encumberment during data acquisition; 6)Sufficiently high number
of pressure data points in the joint; 7) Prosthesis data-taking ability
for more than two years. Not all of these need apply to in vitro testing,
however, human implantation of the prosthesis was a goal of this project

from the initial stages onward.

A block diagram of the prosthesis/data system established to meet these
requirements 1is presented in Figure II-9, The physical prosthesis design
is shown in Figure II-10. This instrument is similar in structure to an
Austin-Moore prosthesis. (Figure II-1). Fowever, the instrumented
prosthesis includes 14 pressure transducers located in the upper medial
region of the prosthesis head. These transducers are powered and read

through a radio--telemetry system contained in the prosthesis. External to
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Figure II-10: Prosthesis with transducer positions shown
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the subject and prosthesis are the power supply and signal receiver. A
garter about the subject's leg (or the prosthesis stem) and an FM tuner
suffice for signal transmission and reception (Figure II-11). The analog
signal from the prosthesis (Figure II~12) is converted to a digital set of
numbers which are stored on a computer and interpreted in software

programs.

The mechanical portion of the transducer system is shown in Figure II-13.
Deflection of the surface of a well on the inner prosthesis shell is
transmitted to a cantilever beam. Strain’gages on the cantilever beam are
used to generate a signal proportional to the shell deflection. The 14
transducers are set in the prosthesis head, in the arrangement shown in
Figure II-14 and II-10., The electronic circuits are sequentially powered
through the radio-telemetry system, so that one analog output signal
contains information from all 14 transducers serially. In addition, this
signal carries a sample at 1 V. and at 0 V. at the start of each sampling
sequence., These are used in calibration of each transducer output
magnitude. Each transducer is sampled at 254 Hz. This frequency is
considered more than adequate to capture the range of physiological

frequencies [78,4]. The natural frequency of these transducers is 12 kHz.

The hermetically sealed single-unit structure of the prosthesis ensures
protection of the subject from electronic materials. The risk of infection
during data-acquisition is non—-existent. The integrity of the prosthesis
structure also protects the electronic instrumentation and is expected to
prolong the life and accuracy of the transducer assembly. To the subject

the prosthesis 1s indistinguishable from a normal Austin-Moore prosthesis.
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side view

" Comgkude

Figure IT-14: Transducer positions on prosthesis surface

looking from center of femoral head toward inner surface.
Non-working transducers have not been numbered.
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Accuracy of data transmitted from the prosthesis is addressed in Chapters 3
and 5. The slope of the relationship between transducer reading and
applied pressure remained constant from the initial calibration of the
prosthesis until implantation and is expected to remain constant
indefinitely. The zero-pressure readings of the transducers have shown a
tendency to change slightly with time, recalibration is done at each
data-taking session through application of traction to the subject's leg,
thereby establishing a zero-pressure state. Previous values for the
accuracy of the system, acquired in hydrostatic tests, show an overall

error of less than 7.4% [31].

The number of transducers set in the prosthesis is the maximum possible for
the available space. Unfortunately, 4 of the transducers in the implanted
prosthesis are not usable; they display non-linear performance
characteristics. The ten remaining transducers (Figure II-14) give
information adequate for an interesting global and local view of load on
the hip joint, however, they are not sufficient for the confident
prediction of hip constant pressure contours and force vector direction and

magnitude [223].

C. Previous Studies

The most common approach to the problem of estimating joint forces and load
distribution has been analytical, with experimental basis in kinematic
data, kinetic data, or electromyographic data. Some studies have
considered the results of in vitro tests or used data reported by Rydell

[90]. Although such examinations of the loading environment provide
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essential insight and are powerful in determining fruitful areas of
research, many simplifying assumptions are necessary to reduce the problem
to a manageable size. Lacking complete information even as to material
parameters, the validity of these simplifications must be questioned. The
analytical approach allows consideration of the normal joint, whereas
taking data on joint tissue involves extraction of pieces of tissue from
the joint environment, replacement of one or both parts of the joint, or
introduction of other foreign material into the region. However, all
estimates ptoduced analytically fail to consider co-contraction muscle
forces across the joint, which will undoubtedly act to increase the load

experienced at the joint.

Among those attempting analysis of the hip joint have been Inman [55], and
Blount [14]. Both of these early studies concentrated on a subject
standing on one leg. Only forces in the frontal plane were considered in
either study. Inman calculated forces of 2.4 to 2.6 times body-weight

acting against the femoral head. Blount found the femoral load to be about

3.4 times body-weight,

Williams and Svensson [103] analyzed a 3-D model of the hip joint for
static one-legged stance and calculated femoral head loads of about 6 times
body-weight. This model was updated and reevaluated in a 1977 report by
Goel and Svensson [37], with the use of e.m.g. measurements. They

presented estimates of forces in the ligaments and muscles at the joint.

Paul [77) assessed the forces at hip and knee joints in a series of

experiments in which forceplate, photographic, and e.m.g. data were taken
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and used to solve the inverse dynamic equations (excluding that about the
long axis of the femur). Forceplate data was taken for one foot. Motions
of body segments were recorded from the front and side with 16 mm cameras
operating at 50 Hz. Myoelectric signals were retreived from surface
electrodes attached to the skin over muscle groups expected to be active.
The average peak values were 3.29 and 3.88 times body-weight; occuring at
approximately 7 and 47 percent of the gait cycle as calculated by starting
at heel-strike and setting stance phase duration to 60 percent of the
cycle. 1In 1976 Paul reported results for other actions utilizing the same
experimental methods. The actions he considered at that time included ramp
and stair ascent and descent, in addition to fast, slow, and normal
walking. He reported average& maximum hip joint forces of 4.9 times
body-weight for slow and normal walking speeds, and 7.6 times body-weight
for fast walking (Figure II-15 from [78]). 1In stair ascent the averaged
peak was 7.2 times body-weight; the greatest force in descent was 7.1
times body-weight. Walking up and down a ramp resulted in joint forces of

5.9 and 5.1 times body-weight respectively.

Seireg and Arvikar [93] developed another mathematical model incorporating
muscle sharing and predicted maximum joint forces of 5.4 times body-weight
for quasistatic level walking. The muscle forces predicted showed close

time correlation with e.m.g. measurements.

Crowninshield and others [28] investigated the load condition at the hip
for level walking, stair-climbing, and rising from a chair. Photography of

LEDs was used to obtain kinematic data, a forceplatform established kinetic

data, and e.m.g. data was taken in an attempt to estimate the force vector
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Figure II-18: Hip joint forces estimated
by Paul in slow, normal, and fast walking.

Reproduced from Paul [76]
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magnitude and direction at the hip. Magnitudes of peak forces estimated
for walking were 5 times body-weight. 1In stair-climbing a peak resultant

force of over 7 times body-weight was determined.

Finite-element analysis methods have recently been appliesd to solution of
the forces and stress distribution on the hip joint [18]. Through
specification of displacement of the acetabulum with respect to the femoral
heady Brown and DiGioma obtained contact stress patterns and used these to
calculate the resultant load. The results of this procedure have as yet

only been reported for a two dimensional cross-section of the joint.

In vitro studies have also been done on the hip joint, most have focussed
on the surface pressure distribution rather than directly attempting to
determine the force vector. Most researchers pursueing this direction of
progress have measured the surface pressure at only a few locations and
then inferred a uniform or axisymmetric sinusoidal pressure distribution.
Greenwald and 0'Connor [40] evaluated the contact area-external load
magnitude relationship in cadaverous hips and suggested that at large loads
a uniform pressure distribution is found in the hip. Ahmed and others [1]
used bursting capsules of different color dyes, organized by the pressure
at which the capsules would break, and sheets of conductive paint inserted
between the two joint surfaces in attempts to measure the pressures on
intact joints. Day et al [29] divided the acetabulum into three concentric

rings and calculated the pressures on each from compression data.

Cristel and coworkers [26] implanted pressure transducers in vitro in the

pelvic subchondral bone and dynamically stressed the pelvis and femurs in
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an electro—-mechanical device that simulated walking loads and motions.
Comparisons were made for each pelvis activated with Moore prostheses in
place of one of the femoral heads as well., Measurements were made at only
three locations on each hip, and it is not known how stress in the
subchondral bone relates to acetabular pressures. However, the

relationship between prosthetic and normal hips is an important issue.

Direct in vitro surface pressure measurements have been made by Rushfeldt
and collegues [86,88). These experiments were done using the instrumented
endoprosthesis developed by Carlson and others [21,22] and a hip sim-
ulator. Results from this work demonstrated that non-uniform, steep
spatial pressure gradients exist in the hip joint, and that local pressures
exceed those assumed previously. This data also indicated the importance

of correct fit between prosthesis and acetabular socket.

Brown [111] reported pressure distributions very similar to those found
through in vitro experiments and simulations at the MIT biomechanics 1lab.
(86,88,63]. His technique involved machining of recesses in the cartilage
surface layer on the femoral head and insertion of piezoresistive pressure

transducers. The joint was then loaded in a number of orientations.

Modelling of the synovial joint stress distribution based on experimentally
measured geometry and poroelastic constitutive properites was done by
Macirowski [63] to predict the surface boundary conditions governing
interarticular fluid flow. Among the findings in this investigation were
the concentration of stress in the joint fluid, 0.3 M-PA solid stress at

most was carried by the cartilage matrix, even after 20 minutes of loading.
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In vivo measurements of force transmission at the hip were reported by
Rydell [90]. This study employed a strain-gage instrumented Austin-Moore
prosthesis implanted in two subjects. The degree of recovery of the
subjects at the time data was taken (6 mo., post-operative) may not have
been complete. The maximum joint force recorded was 4.3 times body-weight

for running. The greatest force recorded in walking was 3.3 times

body~weight.

An in vivo study incorporating femoral prostheses instrumented with
strain-gaged necks and telemetric output was reported by English and
Kilvington [107]. The greatest stance phase load reported was 2.7 times
body-weight, however, the subject had a total hip replacement, thus neither

part of the joint was normal,

Few authors have considered the loading rate conditions experienced by the

hip.[*] Paul [78] has estimated the maximum hip load rate to be 47 kN/sec.

* Radin [83] estimates pressures of 40 to 70 kg/(cm)**2, and loading of 70
to 1000 kg/(cm**2 * sec). Since these units are not physically consistent

one cannot be sure whether he may have meant force rather than mass.
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III. Data Acquisition

A. Pressure Measurements

1. Pressure Transducer

The basic structure of the instrumented prosthesis was presented in the
last chapter. This section will repeat some of that information, with an
emphasis on the transmission of data signals. The mechanical parts and
dimensions of the current transducer system were shown in Figure II-13;

the original design was developed by Carlson [21] and later changed to meet
more stringent stress requirements [65). Each transducer consists of a
thinned portion of the prosthesis shell coupled by a sliding pin to a
cantilever beam. Deflection of the diaphragm surface pushes the pin and
thereby deflects the free end of the silicon crystal cantilever beam.
Semiconductor strain gages in a Wheatstone bridge circuit on the cantilever
beam generate a signal proportional to the shell deflection, which is
determined by the pressure on the surface. The actual deflection of the
shell is negligible and does not unduly influence the measurement of

pressure. The natural frequency of the transducers is 12 kHZ.

2. External communication
a. Telemetry Device; As with the other data acquisition system
components, this unit is thoroughly described in another source, in this
case Dr. C. Carlson's thesis [21]. The Wheatstone bridge outputs from

the transducers are sequentially transmitted through a radio-telemetry
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system, so that one analog output signal contains information from all 14
transducers., The telemetry device, a 16 channel, time-multiplexed system
shown in Figure III-l, is completely contained in the hermetically sealed
endoprosthesis head except for a single part; a small induction coil is
mounted on the end of the prosthesis stem. Each transducer is sampled at
about 250 Hz, which should be more than adequate for the expected frequency
content of the pressure signal (0 to 50 Hz [78,4]). The amplitude of the
signal transmitted by the telemetry device for each transducer is
proportional to the amplitude of the transducer output, and thus to the
pressure on the diaphragm surface. A sweep through the channels, referred
to as a frame of data, includes two channels used for synchronization and
scaling of the transducer outputs. Channel 1 carries a sample at 1 V. and
channel 2 is set to 0 V. The difference between channels 1 and 2 is used
to‘scale the transducer outputs for all prostheses made at MIT. This

process will be described in Chapter IV.

The electronic circuitry of the device isolates each transducer output and
amplifies the pulse-amplitude-~modulated (PAM) signal in an operational

amplification stage., The amplified signal is used to frequency modulate a
100 MHz oscillator. The resulting FM signal is transmitted to the external

receiver through the coil on the prosthesis stem.

b. Power Induction Link; The signal collection and transmission
system of the prosthesis is powered externally through a magnetic power
induction link. There are three components active in power transmission:
1) a 100 kHz power oscillator (Hewlett-Packard Model 20SAH); 2) a primary

coil contained in either a teflon sleeve which fits over the prosthesis
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Figure III-1: Sixteen - Channel Radio Telemetry Device
from Carlsonm {2/]
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stem or a garter fitting over the subject's leg; 3) a secondary coil

inside che Teflon™ tip of the prosthesis stem, the same coil which acts as
the PAM/FM transmitting antenna. Approximately 500mW are delivered to the

telemetry system through the power system,

The primary coil used for in vivo tests, the "garter”, was tested by Ralph
Burgess and Bob Fijan in the MIT biomechanics lab, because of concern that
difficulties in positioning and tuning would arise in the use of this
device. Tests in which the prosthesis was mounted in a 8 inch diamenter
plastic tank filled with saline solution at 37 b indicated that the garter
would be no more difficult to tune than the more closely fitting Teflon™
sleeve used for in vitro tests and that the radial placement of the
prosthesis with respect to the garter did not affect data signal
transmission to the FM receiver. The axial distance between the primary
coil and the secondary coil did affect signal tuning; the allowable
distance between the coils was about 2 1/2 inches. With an increase in

power to the primary coil it was possible to increasc this distance.

During in vivo tests it has in fact been found that some precision is
required in garter placement. Tests that require the subject to make
abrupt motions, or that involve large ranges of motion tend to shift the
garter with respect to the prosthesis stem. An example is data taken while
the subject rises from a chair. However, care in securing the garter

allows acquisition of this type of data.

3., Signal Recovery and Initial Processing
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The external receiver for the PAM-FM signal output by the prosthesis is a
Heathkit FM tuner (Model AJ15). Additional circuitry was needed to recover
the output signal. Ralph Burgess, a Research Engineer at M.I.T., designed
and built the multiplex signal recovery system that has been combined with
the FM tuner to standardize and normalize the multiplex signal. A block
diagram of the signal recovery and initial processing steps is shown in

Figure III-2.

The FM tuner outputs 4 analog signals, one of which is the pressure data at
4000 Hz (16 channels at 250 Hz). For the in vivo prosthesis the other
analog channels contain; 1) A frame start/synchronization pulse; 2) A
channel synchronization pulse which indicates to the computer A/D converter
when the pressure analog signal should be sampled; 3) A signal indicating
whether the prosthesis signal is tuned or not. The frame start pulse is
used to determine which sample of the 4000 Hz. pressure signal corresponds
to a given transducer. The channel pulse is necessary because the analog
signal is not perfectly square (Figure II-12). The prosthesis signal
should be sampled near the end of the time period for transmitting the

output of a particular transducer.

Knowledge of the tuning status of the signal is necessary to determine

whether data is valid and whether the garter position needs adjustment.

4, Data Storage

The raw data 1is stored on a digital computer by direct memory access.

After acquisition is complete, this data may be processed. The processing
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will be discussed in Chapter IV, After processing several files are stored
for each test, one each for pressure, kinematic, forceplate, body-segment
length, and transducer position data. Each file has the same name and

different types of data are distinguished by the file extension.

The format of the pressure data file is that each record carries a sample
from each of the 16 prosthesis output channels as well as the outputs from
the other 3 analog channels as described above. Programs requiring
unfiltered pressure measurements read these files and calculate pressures
based on the values of the first two channels. Filtered pressure data

already in pressure units is also stored at times.

B. Three~Dimensional Motion Data

The MIT and MGH Gait labs have very similar kinematic data acquisition
systems. The two labs differ in a few respects. Most data reported here
was acquired at MGH. The basic structure of this system, labelled TRACK
was developed at MIT in the Biomechanics Laboratory by Frank Conati and
ﬁric Antonsson [3]. The system is described in slightly greater detail in
Appendix 1. A block diagram of the kinematic data acquisition system is
shown in Figure III-3. The system obtains data through two opto-electronic
Selspot cameras and a Kistler forceplate (two forceplates at M.G.H.).
Kinematic data is acquired as the locations of up to 30 infra-red light
emitting diodes in the laboratory reference frame. These LEDs have been
mounted in rigid arrays of known dimensions on the subject's leg segments.
The location and rotation of each LED fitted body segment is computed by

hardware and software in the TRACK system. Kinematic data is stored in
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Figure III-3:

Block diagram of kinematic data
collection system.

From Anton sson [3]
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final form as 3-D location and orientation of coordinate systems fixed to

each body segment. The three components of forceplate data are also saved.
Forceplate and kinematic data are acquired simultaneously at the same rate.
The frequency of data acquisition used for kinematic and kinetic data taken
with instrumented prosthesis data has varied between 315 and 153 Hz. Most

kinematic data presented in this paper was acquired at 153 Hz.

C. Test Description

l. General

The overall process followed in acquiring data is diagrammed in Figure
III-4. The subject puts body segment molds and LED arrays on her right
leg. The molds are made of plastic and are molded for the subject's body
to achieve maximum fidelity between limb segment movement and LED array
movement., The garter that provides the external power link to the
prosthesis is placed around the subject's thigh and fastened with Velcro™
to the hip segment mold. The TRACK system is made ready to acquire data.
The prosthesis is powered just prior to taking data. The FM tuner locks
onto the output multiplex signal in about 10 seconds if the garter is well
placed. At this time, programs are run to acquire and store kinematic,
forceplate, and pressure data. The subject is asked to perform a specific
movement and practices the action a few times. When she is ready a trigger
is activated by one of the observers. Data is taken for a length of time
specified when starting the data acquisition programs; during this time
one person monitors the prosthesis tuning indicators on the FM receiver.

The prosthesis is not powered between tests. At M.G.H.
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the forceplate data and the prosthesis tuning signal are immediately
displayed on a Megatek graphics terminal. This display allows the computer
operator to determine whether the prosthesis signal was tuned during the
test., In many tests the forceplate signal provides an indication of
whether the data stored included the desired action. On the basis of these
displays the operator decides whether the test should be saved or repeated.
Data is stored on the computer system and is not completely processed until

after the data acquisition session.

2. Specific Tests and Test Descriptions

A large number of different tests have bzen performed by the subject since
implantation of the prosthesis on June 20, 1984, Test descriptions and
information on the number and dates of trials are presented in Table III-l.
Data taken in June and July 1984, except July 5, 1984, was acquired at 10
Hz. This rate is insufficient to capture signal frequencies above 5 Hz,
but most of the data taken during this time (the 2 weeks immediately
post-operative) was under static conditions for which 5 Hz may be a
sufficiently high frequency. On July 5th data was taken at a higher
frequency, 254 Hz., for the first time. All data has been taken at this
frequency since July 1984, Data was taken approximately six months
post—operative, in December 1984, and again in May, June, August, and
September 1985. Data will be taken well into the future; the use of an

external power source allows this possibility.

a. Calibration data; Traction, in which the subject's femoral

head was pulled out of contact with the acetabulum, was applied on July 3rd
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Table III-1: Test Descriptions and Date of trials

Test Description No. of Trials during months after implantation
0 6 11 12 14 15

Abduction,

Active and Passive 0 to Max 8

splint 1

stance (30 degrees) 1
Adduction,

Active and Passive, 0 to Max 6

Buck's traction (3, 5, 8, and 10 1b) 1
External Rotation
30 Degrees with 45 degrees flexion,

20 Abduction) 1
stance 1
Flexion
CPM Machine 2
30 degrees with 30 Degrees
Abduction (Balanced Suspension) 3
45 Degrees, Neutral
Abduction, Neutral Rotation 2 1
toe-touches 1
active and passive,0 to Max 9 1
90 degrees 1 .
Heel Bounce 6 1
Hopping 2
Hyper-Extension 1

Internal Rotation
15 degrees with 45 degrees
flexion, 20 Abduction
30 degrees, stance
Isometric Abduction, Side-lying
Isometric Adduction
Isometric Gluteus Maximus
Isometric Quadriceps
Jogging 3
Leg raise 1
Lying to Sitting position in Bed
Lying on Tilt Table, O to 45 degrees
Lying on Tilt Table, 45 to 90 degrees
Knee-Sling Exercise (20 Flexion,
Resisted Extension)
Neutral Flexion, Abduction, Rotation 1
Onto bedpan
Pedalling a Bicycle
Rising from seated position
Single-Leg Stance (Left and Right)
Sitting from Standing 1
Sitting Position
straight-back 1
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Table III-1 continued
Test Description No. of Trials during months after implantation
0 6 11 12 14 15

Sitting position
slouched 2
Slow Loading to Stance
Slow Loading from Single-Leg Stance
Stair-climbing
up, Left Leg First
up, Right Leg First
down, Left Leg First
down, Right Leg First
Standing Position
Walker or Crutches
Unassisted or with Cane Only
slouched 1
on Tilt Table at 90 degrees 1
Unloading Traction 3 1 1 1 1
Walking
level,(some a single step) 6 3 2 2
cane 2 3
with crutches,
foot off ground 1 2 4
two-point 1
toe-touch 1 1 3
partial weight-bearing 1 1 3
with walker 2 1
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and July 7th 1984, The lowest average transducer reading from these two
tests has been used as the zero-pressure transducer output for all data
taken in June and July 1984, Similar traction data was taken at the end of
each of the subsequent sessions except in June 1985. The averages obtained
in these tests have been used to determine the zero-pressure transducer
output for that date as will be described in Chapter 4. June 1985 data has

been interpreted using the zero-pressure measurements taken in May 1985.

b. Gait tests; Walking tests were usually performed so that the
subject stepped on the forceplate with the instrumented leg. When two
forceplates were used tests were conducted so that the instrumented leg hit
a forceplate first. No attempt was made to control the walking speed for
the subject; the tempo at which she performed these tests can be obtained
from the kinematic data. On each day she chose a pace which was
comfortable for her. A year after surgery data was taken while she jogged.
Gait tests were also done with walking supports on several occasions.

Tests with a walker were carried out in July 1984, and in December 1984.
Crutch-assisted walking was done in July 1984, December 1984, May and
September 1985 in a variety of ways. Some tests were done in which the
subject held the instrumented leg completely off the floor while others had
her touching the toe of that leg to the floor but not placing weight on
that leg. In some tests her whole foot was placed on the floor and bore
part of her weight. Cane-assisted walking was performed with 15, 30 and 50

pounds of the subject's weight borne by the cane,

c. Sitting-to-Standing; Some vari:i .on occurred in test

parameters for this type of test during the year of data acquisition. In
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general, data acquisition was started as the subject sat in a chair and
continued as she rose to a standing position. The height of the chair,
position of the subject on the chair, and subject's strategy in rising all
varied, as can be seen in the data. Early (June and July 1984) data was
probably takzn at too low a frequency; 1t was later discovered that load
transfer occurs very quickly during this type of test. On all dates the
seated position was about 46 cm above the floor. About 85 degrees of
flexion 1s found at the subject's knee when she sits in a chair of this
height with her tibia perpendicular to the ground. Leg position was not
constrained during the movement; tests may have started while the subject

had a greater or smaller joint angle,

In August 1985 data was taken as the subject rose from seated positions in

chairs 38, 46, and 56 cm high.

d. Stair-climbing; The precise manner in which stair-climbing
tests were done varied. Typically, data acquisition was started with the
subject standing. She then stepped onto the stair with her instrumented
leg first. After a set of two stairs was built, data was taken as she
stepped first with her instrumented leg, placed the other leg on the next
stair, then brought the instrumented leg up to the top stair. The step
used for stair-climbing tests in Decembef 1984, 6 months after
implantation, was 23 cm (9 inches) high. The one used 11 months
post—operative was 18 cm (7 inches) high. After 14 months of recovery

time, stair-climbing was done on a set of two 18 cm high steps.
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e. Heel Bounce; A test was devised in an attempt to quantify more
precisely the relationship between external force timing and the pressure
increase at the hip. This "heel bounce” test consisted of the subject
rising onto her toes from a normal standing position on the forceplate, and
then dropping abruptly back to a flat-footed stance. The change in force
applied to the forceplate was expected to be visible as an abrupt increase
in pressure at the joint. Tests of this type were done 11 and 14 months

after surgery; several different surfaces were used in May.
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IV. Data Analysis and Display

A. Overview of processing

The steps that have been followed in processing data taken from the
implanted prosthesis are outlined in Figures IV-1 and IV-2. The general

procedure is as follows:

Transducer outputs was first translated into pressure values by
consideration of known transducer characteristics and prosthesis behavior
specific to a given data acquisition session. The pressure signals were
then filtered to remove high frequency electronic noise. Filtering
decisions were based on the energy spectra of the signals. Next, the
temporal relationship of kinematic and pressure data was used to establish
prosthesis position and orientation in the hip joint over the course of
each set of data. Pressures are ultimately displayed at acetabular

locations for an instant of time or over a period of time.

The rate of loading at the hip has been obtained from the time variation of
the filtered pressure signal. Estimates of the acetabular areas in which
the greatest rates of loading occurred were made. The corresponding
external load rate may be obtained from the slope of the forceplate signal

over the same short period of time.

Pressure signal reproducibility over repeated tests has been examined and

compared to external force variability as given by forceplate signais.
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