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Abstract—Although the movement of the leg during swing phase is often compared to the unforced motion of
a compound pendulum, the muscles of the leg are active during swing and presumably influence its motion. To
examine the roles of muscles in determining swing phase knee flexion, we developed a muscle-actuated forward-
dynamic simulation of the swing phase of normal gait. Joint angles and angular velocities at toe-off were derived
from experimental measurements, as were pelvis motions and muscle excitations. Joint angles and joint moments
resulting from the simulation corresponded to experimental measurements made during normal gait. Muscular
joint moments and initial joint angular velocities were altered to determine the effects of each upon peak knee
flexion in swing phase. As expected, the simulation demonstrated that either increasing knee extension moment or
decreasing toe-off knee flexion velocity decreased peak knee flexion. Decreasing hip flexion moment or increasing
toe-off hip flexion velocity also caused substantial decreases in peak knee flexion. The rectus femoris muscle played
an important role in regulating knee flexion; removal of the rectus femoris actuator from the model resulted in
hyperflexion of the knee, whereas an increase in the excitation input to the rectus femoris actuator reduced knee
flexion. These findings confirm that reduced knee flexion during the swing phase (stiff-knee gait) may be caused by
overactivity of the rectus femoris. The simulations also suggest that weakened hip flexors and stance phase factors
that determine the angular velocities of the knee and hip at toe-off may be responsible for decreased knee flexion
during swing phase. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

The beginning of swing phase is marked by flexion of the
hip, knee, and ankle of the swing limb that draws the toe
up and away from the ground as the limb moves forward.
Knee flexion is especially important to toe clearance;
without sufficient knee flexion in swing phase, the toe of
the swing limb will strike the ground. Gage (1990) re-
ported that knee flexion of approximately 60° is neces-
sary to ensure toe clearance. Winter (1992) reported that
mean toe clearance is only 1.29 cm in normal swing and
that toe clearance is particularly sensitive to changes in
knee angle.

The motion of the swing leg is often likened to the
unforced swinging of a compound pendulum. The low
level of activity in the leg muscles during swing (relative
to stance) supports this characterization of swing phase
as a ‘ballistic’ motion. In a simulation of swing phase,
Mochon and McMahon (1980) found a range of initial
segment angular velocities for which toe clearance was
achieved without applied forces or moments representing
the actions of muscles. Mena et al. (1981) also found that
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a near-normal swing could be simulated in the absence of
moments applied to the thigh and shank segments.
McGeer (1990) analyzed and built two-legged ‘passive
dynamic’ machines with knees that are able to walk
down slight slopes without forces or moments applied to
represent the actions of muscles. Although these exam-
ples suggest that the swing leg is not muscle-driven, it is
reasonable to expect that muscles do affect the motions
of swing. The muscles of the leg exhibit stereotypical
patterns of activity during swing and presumably gener-
ate forces that affect limb motion.

Knee flexion may be influenced by muscles that cross
the knee and by muscular moments produced at other
Jjoints (via dynamic coupling). For example, Perry (1987)
and Kerrigan et al. (1991) have theorized that a hip
flexion moment not only flexes the hip but also flexes the
knee in normal swing phase. Yamaguchi and Zajac (1990)
found that hip flexion moment contributed to knee
flexion through dynamic coupling in a computer simula-
tion of human walking. In some pathologies, normal
knee flexion seems to be prevented by the actions of
muscles. For instance, patients with cerebral palsy who
walk with decreased knee flexion in swing phase (termed
stiff-knee gait) have difficulty achieving toe clearance
without compensating by circumducting the hip or vault-
ing on the stance limb (Sutherland and Davis, 1993).
Stiff-knee gait is frequently attributed to the knee-extend-
ing action of spastic quadriceps—especially the rectus
femoris—during swing (Perry, 1987, Sutherland et al.,
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1990; Damron et al., 1993). However, the role of hip
flexion moment (or its absence) in producing knee flexion
during the swing phase of either normal of stiff-knee gait
is presently unknown.

The ways in which individual muscles contribute to the
motions of gait are not well known. Speculation about
the function of a muscle during gait is often based only
upon its activation pattern, anatomical position, and the
concurrent motion of the spanned joint(s). However, pre-
vious studies have shown that it is also important to
consider limb dynamics in analyses of muscle function
(Hollerbach and Flash, 1982; Zajac and Gordon, 1989).
Muscles have the potential to accelerate joints they do
not cross and biarticular muscles may produce joint
accelerations that oppose their joint moments; an analy-
sis of muscle function that ignores limb dynamics does
not allow for such possibilities. Information about indi-
vidual muscles is difficult to obtain when muscle actions
are modeled by moments applied to limb segments
(Mena et al., 1981) or about joints (Onyshko and Winter,
1980). However, an accurate dynamics simulation of
swing phase in which muscle forces are applied to the
skeleton may be used to interpret the functional roles of
individual muscles.

We therefore developed a muscle-actuated, dynamic
simulation of swing phase to test the following hypothe-
ses: (1) muscles play a role in producing normal flexion of
the knee joint in early swing phase; and (2) knee flexion in
early swing phase may be inhibited by a decrease in
muscular hip flexion moment. We specifically investi-
gated the role of rectus femoris because overactivity of
this muscle is thought to cause stiff-knee gait. Analysis of
the rectus femoris is complex because it potentially in-
creases knee flexion through its hip flexion moment and
potentially decreases knee flexion through its knee exten-
sion moment.

METHODS

A model of the lower extremity and its muscles was
developed to simulate swing phase dynamics. Experi-
mentally derived muscle excitations and pelvis motions
were input to the simulation, and computation of muscle
forces and the motions of the swing limb were based
upon these inputs. Details of the formulation of the
model and of the swing phase simulation are given below.

Five segments were represented in the lower extremity
model: the pelvis, thigh, patella, shank, and foot of the
right leg (Fig. 1). Inertial properties for the thigh, shank,
and foot segments (see Appendix) were specified using the
regression equations of McConville et al. (1980) for
a 180 cm, 75 kg male. The joints connecting the segments
permitted motions in only the sagittal plane. The hip and
ankle joints were modeled as frictionless revolutes, but
the knee joint model included both the rolling and sliding
of the femoral condyles on the tibial plateau and the
patellofemoral kinematics (both of which depended only
upon knee flexion angle), as described by Delp et al.
(1990). Translation and tilt of the pelvis were prescribed
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throughout the simulation, leaving only three degrees of
freedom: flexion—extension of the hip, knee, and ankle.

Forces representing muscle forces were applied to the
segments throughout simulation of the swing phase.
Each muscle (and its tendon) was modeled by an actuator
that was characterized by four unique parameters: opti-
mum fiber length /,, maximum isometric force F,, penna-
tion angle, and tendon slack length (Zajac, 1989). The
values used for these parameters and for the coordinates
of muscle attachment sites on the segments were defined
by Delp et al. (1990). All muscles were assumed to obey
the same normalized force-velocity and force-length
curves, and all muscles were assumed to have a max-
imum shortening velocity of 10/,s™ ', as suggested by
Zajac (1989) for muscles of mixed fiber type. The passive
tension produced by each musculotendon actuator was
determined by an exponential force—length curve which
specified that passive tension was generated when the
actuator’s muscle fibers were stretched beyond [, and that
passive force equal to F, was developed when fibers were
stretched to 1.51,.

The input to each musculotendon actuator was a time-
varying ‘neural excitation’ signal, u(t), that determined
muscle activation, a(z), via first-order activation dynam-
ics (Zajac, 1989):

%=(u—a)(k1u + k3), (1)
dt
where the activation and deactivation time constants
were determined by

1

Tact = kl + kz (2)
and
1 3)
Tdeact = kz- (

The activation time constant, 7,.,, was chosen to be 12 ms
(Zajac, 1989) and the deactivation time constant, Tgeac:»
was chosen to be twice the value of the activation time
constant, or 24 ms. The value of t4.... Was chosen arbit-
rarily, but the simulation was not sensitive to this choice;
doubling or halving the value of t4.,. had very little effect
on simulation output.

The formulation of a Hill-type model (Schutte, 1992)
was used to represent musculotendon contraction dy-
namics. The equation governing contraction dynamics
was of the form

di
—m—f\jl(lm’ zmlaa)’ (4)

dt

where I, is muscle fiber length, [, is the total length of
the musculotendon actuator, and f, is the force—velocity
relation. Thus, the time derivative of the fiber length (the
fiber velocity) was found by first calculating the fiber
force given the fiber length, musculotendon length, and
activation, and then inverting the force—velocity curve.

Angle-dependent moments represented the effects of
nonmuscular structures that cross the simulated hip and
knee. Specifically, a hip flexion moment was applied
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Fig. 1. Schematic drawing of the lower extremity model. All motions of the'model were constrained to the
sagittal plane. The model included 11 muscles: (1) iliacus, (2) psoas, (3) gluteus maximus, (4) rectus femoris,
(5) adductor longus, (6) combined hamstrings muscles, (7) short head of biceps femoris, (8) combined vasti
muscles, (9) gastrocnemius, (10) soleus, (11) pretibial group: combined tibialis anterior, extensor hallicus
longus, and extensor digitorum longus, and (12) tibialis posterior. Muscle geometry is distorted for purposes
of illustration. Inset: Hip angle was defined as the angle between the long axis of the thigh and the
perpendicular of the line connecting the ASIS and PSIS. Knee angle was defined as the supplement of the
angle formed by the long axes of the thigh and shank. Ankle angle was given by the angle formed by the
long axis of the shank and the line perpendicular to the plantar surface of the foot. Anterior pelvic tilt, hip
flexion, knee flexion, and ankie dorsiflexion each corresponded to a positive joint angle.

during initial swing when the hip was most extended, and
a knee flexion moment was applied during late swing as
the knee reached full extension. These moments were
assumed to be exponential functions of joint angle:

hip:  Mi¥(6w)

_ fs4texp[ — 0.111(04 + 9.96)], < 207, )

- 0 Oy > 20°,
knee: MI¥M(6y)

_ {30.2exp[ — 0.207(6 — 0.030)], 6y < 30°, P

h 0 0 > 30°, )

where the nonmuscular hip and knee moments MY and
MRM are in N'm, and the hip and knee angles, 0 and 6,
are in degrees. Audu and Davy (1985) proposed relation-

ships representing the moments generated by uniarticu-
lar muscles and nonmuscular tissues that were derived by
fitting double-exponential curves to measurements re-
ported by Hatze (1976). Our hip and knee moment rela-
tions were derived by fitting single-exponential relations
to the curves of Audu and Davy with the passive uniar-
ticular muscle moments subtracted. However, we found
that deriving MM in this fashion resulted in total (mus-
cular and nonmuscular) hip flexion moments that were
much larger than those measured during normal gait
(Winter, 1991); for this reason we scaled MM to 75% of
the value reported by Audu and Davy (1985).

We used the musculoskeletal model to simulate the
swing phase (Fig. 2). The excitation inputs to the simula-
tion were derived from the averaged intramuscular EMG
(expressed as a percentage of maximum EMG) collected
by Perry (1992) during normal gait. These experimental
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Fig. 2. Block diagram for the simulation of swing phase. Muscle activations were determined from muscle

excitation inputs (approximated by EMG). The force generated by each musculotendon actuator was

a function of its activation, length, and velocity. Total applied joint moments were calculated by multiplying

muscular forces by moment arms and adding the angle-dependent non-muscular moments. The equations

of motion were integrated in time to determine the kinematic output of the simulation. Hip joint center

translation and pelvic tilt were prescribed from measured gait analysis data. Values for initial joint angles
and angular velocities were also derived from experimental measurements.

EMG data were reported as functions of the gait cycle; to
obtain excitations as functions of time, we assumed the
duration of normal swing to be 0.42 s (Perry, 1992). The
excitation signals used as input to the simulation were
determined by approximating step functions to the ex-
perimental EMG measurements (Fig. 3); the use of step
functions made it possible to vary the excitation inputs
by varying at most three parameters (height, width, and
time of onset).

Motions of the pelvis were prescribed throughout the
simulation as functions of time based upon experimental
data. We measured the gait kinematics of ten healthy
subjects (age range = 6.9-24.7 yr; mean = 12.6 yr) using
a Vicon (Oxford Metrics; Oxford, England) motion
measurement system. A fifth-order polynomial was fit to
the mean of the measured pelvic tilt angle and was used

to prescribe pelvic tilt for the simulation. This function is
given by

Op(t) = 9.58 + 532 — 19.61% + 358:% — 1290¢* + 1210¢°
(7

where the units of 8p(t) are degrees and ¢, the time elapsed
after toe-off, is in seconds. The values prescribed for
toe-off joint angles and angular velocities (Table 1) were
also calculated from measurements of normal gait for
this subject pool. The horizontal (x) and vertical (y)
displacements of the pelvis were also prescribed as func-
tions of time. These functions were derived by fitting
linear and sine functions to averaged measurements of
the hip center trajectory made for a group of six healthy
adult subjects (age range = 18-31yr; mean = 24 yr;
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Fig. 3. Excitation signals, u(t), input to the musculotendon actuators. Simulation inputs (solid lines) are

step function approximations to the intramuscular EMG data (dashed lines) reported by Perry (1992). No

excitation input was provided for soleus, gastrocnemius, or tibialis posterior. For actuators that represent

combined muscles (hamstrings, vasti, and pretibial group), experimental EMG is shown for all of the

constituent muscles. The iliacus and psoas actuators received the same excitation input. The thick dashed

line shown for rectus femoris corresponds to the simulation performed with increased rectus femoris
excitation.

Table 1. Measured joint angles and angular velocities at toe-off.

Mean angle or angu-

lar velocity Standard deviation

Parameter (deg or degs™1) (deg or degs™!)
Hip flexion angle —1.2% 7.5
Knee flexion angle 39.5 10.2
Ankle dorsiflexion

angle — 8.8t 45
Hip flexion velocity 182 46
Knee flexion velocity 322 42
Ankle dorsiflexion

velocity — 109° 106

*Negative hip angle indicates extension.
"Negative ankle angle indicates plantarflexion; negative ankle

dorsiflexion velocity indicates that the ankle is plantarflexing at
toe-off.

height range = 172-185 ¢m; mean = 179 ¢cm), and are
given by
x(t) = L171, (8)

y(t) = 0.026sin (8.4 — 0.080), 9)

where x(t) and y(r) are expressed in meters.

The simulation was implemented on a Silicon Graphics
(Mountain View, CA) workstation using two dynamic
simulation software packages: Dynamics Pipeline (Mus-
culoGraphics, Inc.; Evanston, IL) and SD/FAST (Symbolic
Dynamics, Inc; Mountain View, CA). The equations of
motion for the model were integrated forward in time using
SD/FAST, which employs a variable time step method
based on a fourth-order Runge-Kutta-Merson step.

We performed a ‘one-at-a-time’ factorial analysis
(Hogg and Ledolter, 1987) to determine the capability of
each of the joint moments and initial angular velocities to
diminish peak knee flexion in swing. Each joint angular
velocity was varied from its normal swing simulation
value by two standard deviations (Table 1). Muscular
joint moments equal to twice the joint moment standard
deviation were added to or subtracted from the normal
simulation joint moment at each time step during the
simulation. The standard deviations of the muscular joint
moments were approximated by averaging the standard
deviations calculated by Winter (1991) over the duration
of the swing phase. The change in peak knee flexion and
the change in minimum toe height that resulted from
each altered joint moment and initial angular velocity
were determined.
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A simulation of swing phase was performed with the
rectus femoris actuator removed from the model, and
another simulation was performed with a prolonged
and exaggerated excitation input to the rectus femoris
actuator. The purpose of these simulations was to
clarify the role of the rectus femoris in producing normal
knee flexion. For the latter simulation, the excitation
input to the rectus femoris actuator continued through-
out the swing phase at 30% of its maximum level (as
opposed to 0.03 s and 5% for the normal simulation; see
Fig. 3).

The equations of motion of the swing leg system were
used to assess which factors contribute to angular accel-
eration at the knee. A Lagrangian formulation was used
to derive the equations of motion after a frictionless
revolute was substituted for the knee joint. The equations
were expressed in matrix form:

b 02 s ..
M| —d |=cldz |+v] 4, +pm
b, 62 — 6,6, Y
My
+G+| =M |, (10)
M,

where 0y, 0, and 0, are the joint angles; My, My, and
M, are the joint moments applied to the model by
musculotendon actuators and non-muscular joint
springs; x and y are the horizontal and vertical displace-
ments of the pelvis relative to a ground-fixed reference
frame; and the matrices M, C, V, P, and G depend upon
joint angles and inertial parameters (see the appendix for
a full account of the components of these matrices).

The mass matrix M was found to be full rank and thus
invertible throughout the simulation. Premultiplying
both sides of equation (10) by M ™! gives

O 62 — 60k
— 0 |=MIC|62 [+ M V| 646,
‘N 6% — 064
. MH
+M‘1P[f:|+M‘1G+M1 “ Mg | an
y i

Using equation (11), the joint angular accelerations of
the hip, knee, and ankle were separated into four com-
ponent accelerations that were caused by (1) combined
Coriolis and centrifugal effects, (2) pelvis translation, (3}
gravity, and (4) muscles. Each term on the right-hand side
of equation (11) was calculated at each time step using
the kinematic output (joint angles and joint angular
velocities) and the history of muscle-applied moments for
the simulation of normal swing phase. The muscle-re-
lated acceleration term [on the far right in equation (11)]
was divided first into joint angular accelerations caused
by each muscular joint moment and further into joint
angular accelerations caused by individual muscles.
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Fig. 4. Hip (A), knee (B), and ankle (C) angles versus percent of

swing. Solid curves represent simulation output; dashed curves

with shading represent measured mean joint angles plus and
minus one standard deviation for normal swing.

RESULTS

The joint angle trajectories produced by the simulation
approximated our experimental measurements made for
normal gait (Fig. 4). The simulated knee flexed to 57°
following toe-off and the simulated toe cleared the
ground. In late swing, however, our simulation exhibited
an excess of ankle dorsiflexion.

Factorial analysis revealed that a large decrease in hip
flexion moment produced a substantial reduction in peak
knee flexion (Fig. 5). Increasing knee extension moment
and decreasing initial knee angular velocity each had the
expected effect of decreasing peak knee flexion. An in-
crease in hip flexion velocity at toe-off also decreased
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decrease in peak knee flexion (deg)
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increased hip flexion velocity
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Fig. 5. Decrease in peak knee flexion corresponding to a two-
standard-deviation change in each muscular joint moment and
toe-off joint angular velocity.

knee flexion in swing phase. Specifically, a two-standard-
deviation change (in the direction indicated in Fig. 5) in
the knee extension moment, initial knee flexion velocity,
hip flexion moment, and initial hip flexion velocity de-
creased peak knee flexion by 6.6,5.4,4.1, and 3.2°, respec-
tively. These changes were considered important because
they were accompanied by decreases in minimum toe
height of 2.92,1.29,1.33, and 1.72 c¢m, respectively; all of
which are at least as large as the 1.29 cm average min-
imum toe clearance reported by Winter (1992) for normal

gait. Changes in initial ankle velocity and ankle moment
also affected peak knee flexion, but to a lesser extent.

Rectus femoris was found to play an important role in
regulating knee flexion during swing phase. A simulation
of swing performed with the rectus femoris actuator
removed resulted in excessive knee flexion, suggesting
that the knee-extending action of the rectus femoris in
early swing is important for normal knee flexion (Fig. 6).
Conversely, overactivity in rectus femoris inhibited knee
flexion in the simulation; an increase in the excitation
input to the rectus femoris actuator caused a decrease in
knee flexion.

In early swing the muscles acted to brake the rapid
toe-off knee flexion velocity; the net muscle-induced ac-
celeration of the knee during this period was in the
extension direction. The rectus femoris actuator produc-
ed a knee extension acceleration prior to peak knee
flexion, as did the passive vasti actuator (though the
vasti-induced acceleration was only 50% of the acceler-
ation induced by rectus femoris on average). Knee flexion
acceleration in early swing was produced by the ac-
tuators representing hip flexors, the biceps femoris (short
head), the pretibial group, and the nonmuscular hip
flexion moment [equation (5)]. Gravitational, coriolis,
and centrifugal forces collectively caused a knee exten-
sion acceleration throughout the swing.

We unexpectedly found that the gastrocnemius muscle
produced a knee extension acceleration between 25 and
60% of swing while simultaneously producing a knee
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Fig. 6. Knee angle versus time for simulations performed with the rectus femoris (RF) actuator removed

and with increased and extended excitation of the rectus femoris. The dashed curve with shading represents

measured mean joint angle plus and minus one standard deviation for normal swing. The solid curve within

the shaded area represents the knee angle for a simulation performed with all musculotendon actuators

intact and supplied with normal excitations. Removal of the rectus femoris both prolonged and exaggerated
knee flexion; increased rectus femoris activity decreased knee flexion.
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flexion moment. Though the gastrocnemius was not ac-
tive, it generated force during the simulation when it was
passively stretched. Other biarticular actuators produced
accelerations opposite in direction to their joint mo-
ments: the hamstrings produced a hip flexion acceler-
ation in mid-swing and rectus femoris produced a hip
extension acceleration in early swing.

DISCUSSION

In this study, a muscle-actuated, dynamic simulation
was developed to analyze how muscle actions affect
flexion of the knee during the early part of the swing
phase of normal gait. We found that normal knee flexion
is determined by a large knee flexion velocity at toe-off
which is tempered by the knee-extending action of the
rectus femoris and vasti muscles. Lack of muscular hip
flexion moment was found to inhibit knee flexion in early
swing.

The inputs and outputs of our simulation approxim-
ated data reported in the literature. The initial joint
angles used in the simulation were similar to those re-
ported by Kadaba et al. (1990) at 62% of the gait cycle.
Simulation joint angles (Fig.4) compare favorably to
data reported by Kadaba et al. (1990) and Perry (1992).
We judged excessive ankle dorsiflexion and hip flexion in
late swing to be tolerable because we were more con-
cerned with accurately modeling early swing (the time of
peak knee flexion). The sum of joint moments produced
by muscles and nonmuscular joint springs in the simula-
tion were similar to the swing phase joint moments
reported by Winter (1991), who used an inverse-dynamic
formulation to calculate muscular joint moments from
measured joint angular kinematics (Fig. 7).

We tried to base our simulation on experimentally
derived data wherever possible. Unfortunately, practical
considerations dictated that we could not obtain all the
experimental data we needed from a single source. We
drew simulation parameters and input data from several
sources in the literature as well as from our own measure-
ments. Initial conditions for the simulation were deter-
mined using data collected from a subject pool that
included children over age seven; we believe that the
inclusion of children’s data was justified by the finding of
Sutherland et al. (1980) that an adult gait pattern is
attained by age seven. However, it was necessary to
measure pelvis translation in a different pool of adult
subjects because we expected these data to be smaller in
children.

By modeling the motions of only the swing leg, we
have neglected to model explicitly the motions and mus-
cular forces produced in other parts of the body. Mochon
and McMahon (1980) found that inclusion of the stance
limb was necessary to achieve times of swing that ap-
proximated experimental measurements. However, the
influences of such factors upon the motions of the swing
leg were presumably accounted for in the present model
by the prescribed pelvis translation [the third term from
the right in equation (11)].
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Fig. 7. Muscular hip (A), knee (B), and ankle (C) moments
versus percent of swing. Solid curves represent simulation out-
put; dashed curves with shading represent mean muscular joint
moments plus and minus one standard deviation as calculated
by Winter (1991) for the normal swing, based on an inverse-
dynamic formulation. The abrupt changes in the hip and knee
moments at approximately 65% of swing are caused by the
hamstrings actuator becoming active at that time.

The one-at-a-time factorial analysis that was employed
neglects the effects of combined variation among the fac-
tors. A more elaborate analysis would entail the covari-
ation of all three initial joint angular velocities and all
three joint moments. Such an analysis would require that
729 (3%) simulations be run, as opposed to 13 (26 + 1)
simulations for the one-at-a-time approach. However,
a full factorial analysis would be helpful for understand-
ing how factors combine to affect peak knee flexion.

Our conclusion that the actions of muscles are neces-
sary to check the large knee flexion velocity normally
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Table 2. Comparison of knee flexion
velocities at toe-off.

Initial knee
flexion velocity

Source (degs™")
Mena et al. (1981) 237
Kadaba et al. (1990) 327
Present study 322
Mochon and

McMahon (1980)* 166-286

*Approximate range for which Mochon
and McMahon (1980) reported that
‘ballistic’ swing is possible.

present in early swing (Fig. 7) is consistent with the find-
ings of those who have analyzed above-knee prosthetic
gait. Menkveld et al. (1981) and Hicks et al. (1985) found
that the knee extension moment generated by a damped
knee component is necessary to prevent excessive knee
flexion. This conclusion contradicts the findings of Mena
et al. (1981), who suggested that normal swing phase
could be simulated in the absence of muscular knee
moment. A comparison of toe-off knee flexion velocities
(Table 2) explains this apparent contradiction. The initial
knee flexion velocity used by Mena et al. (1981) is sub-
stantially smaller than either the slope at 62% of the gait
cycle of the averaged knee angle versus time curve re-
ported by Kadaba et al. (1990) or the mean toe-off velo-
city measured in the present study (237° s~ ! versus 327
or 322°s™1). Mochon and McMahon (1980) found that
swing could occur without muscular moments only over
a range of initial knee flexion velocities that excludes
both of the values measured for normal gait; this further
supports the conclusion that muscular action is necessary
to affect a normal knee flexion pattern in most normal
subjects. It is possible that the use of muscles to restrain
knee flexion in early swing is not needed if toe-off knee
flexion velocity is reduced, as occurs in slow walking.
Murray et al. (1984) found that both rectus femoris activ-
ity and toe-off knee flexion velocity (estimated from the
slope of the reported mean knee angle trajectory) de-
creased with walking speed, though peak knee flexion in
swing did not. Patients who walk with stiff-knee gait have
been found to walk at low speeds (Kerrigan et al., 1991)
but are, perhaps, unable to duplicate the reduction in
toe-off rectus fermoris activity that appears in the slow
gait of unimpaired subjects. .

Those who have attempted to identify the biomechani-
cal determinants of stiff-knee gait have often cited only
spasticity of the quadriceps during swing as the cause
(Sutherland et al., 1990; Damron et al., 1993). We agree
that the lack of swing phase knee flexion associated with
stifi-knee gait might be caused by an increased knee
extension moment that would accompany overactive
quadriceps. The results of the present study, however,
suggest that altered knee and hip flexion velocities at
toe-off and decreased hip flexion moment may also con-
tribute to decreased knee flexion (Fig. 5). Thus, the deter-
minants of the toe-off knee and hip angular velocities and

weakened hip flexors are also possible causes of stiff-knee
gait.

Our finding that the gastrocnemius acts to extend the
knee in swing was unexpected because the gastrocnemius
passes posterior to the knee. Knee extension acceleration
by a muscle that produces a knee flexion moment is made
possible by the coupled nature of the system dynamics
(Zajac and Gordon, 1989). Gastrocnemius is a biarticular
muscle that produces a knee flexion moment and an
ankle plantarflexion moment. These moments produce
opposing accelerations of the knee joint: knee flexion
moment accelerates the knee in flexion and ankle plan-
tarflexion moment accelerates the knee in extension. If
the latter acceleration is larger than the former, a net
knee extension acceleration results. The direction of the
gastrocnemius-induced acceleration at the knee is deter-
mined by the muscle moment arm at each joint and the
components of the inverse of the inertia matrix [M ! in
equation (11)], which transforms joint moments into
joint angular accelerations.

The actions of an individual muscle are often inferred
from EMG recordings and from the moments generated
by the muscle. We have concluded from the results of our
muscle-actuated simulations that an accurate assessment
of the function of a muscle at a particular time during gait
must account for the force-generating properties of the
muscle, the musculoskeletal geometry, and the coupled
nature of the system dynamics. Although we have fo-
cused on normal gait in this study, characterizing the
accelerations caused by muscles during walking may also
be helpful for understanding which muscles contribute to
abnormal gait and for planning surgical procedures that
alter the actions of muscles to correct pathological gait.
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APPENDIX

The components of the coefficient matrices in the matrix
equation of motion [Equation (10)] are
M,, =C, + 2C¢cos b + 2Cgcos(f + 0a) + 2Cycosby,

M,, = C, + Cocosly + Cgcos(Bg + 0,) + 2Cocosf,,

M;, = Cs + Cgcos(fx + 04) + Cycosh,

M,, = C; + Cocosfy + Cycos(fx + Ba) + 2Cocosia,

My, =Cy + 2C9cos§A,

My, =C3 + Cycos0,,
M,;;=C; + CgCOS(éK +0,) + Cocosla,

M,;=Cs + CgcoséA,

My, = C;.

C,; =0,

C,y = — Cesinfy — Cysin(f + 0,),
Csy = — Cgsin(fy + 8,) — Cysindy,
C,, = Cesinfy + Cysin(fyx + 8,),
Cy, =0,

Ciy= — Cgsiné,\,

C,3 = Csin(fg + 84) + Cosind,,
C,; = Cysinfl,

Cs3 =0.

V,; = 2Cesinfg + 2Cqsin(fy + 0),
V,, =0,
Vi, = — 2C9sin§A,
V,, = 2Cgsin(Bg + 04) + 2Cosind,,
V,, = 2Cysinf,,
V32 = 0,

Vy3 = 2Cgsin(fg + 04) +
2C,sinda,

V,3 =2C, sinf,,

Vi3 =0.

Py, = Cscosfy — Cscos(Oy + §K)
— C,cos(fy + Ok + 8,),
P, = ~ Cscos(fy + ) — C;cos(fy + b + B4),
Py, = — C,cos(Oy + éx + éA),
P, = — C,sinfy, — Cssin(@y + )
— Cysin(By + Ok + 0a),
Py, = — Cssin(0y + Ox) — Cosin(By + Ok + 8,),

Py, = — Cpsin(fy + O + 6,).

G, = — Cyosinfy — Cyysin(@y + Jy)
— Cypsin(By + B¢ + 8,),
G, = — Cyysin(0y + Ox) — Crasin(0y + Ok + 0,),

Gg = — Clzsin(ﬂn + 0]( + éA)
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The constants C,~C, depend on the inertial parameters of the
segments and are given by

Cy = myd} + mg(12 + d2) + me(13 + 12 + dB)

+Iv+ Is+ Iy,
B+ Is + Iy,
Cy = medt + Iy,

Cy=msd} +mp()3 +d

C4 = deT + mslT + mplr,
Cs = msds + mgls,

Co = mglds + mghls,

C7 = m]:dp,
Cg = mglydy,
Cq = mglgdy,

Cio = (mrdy + mgly + mely)g,
Ciy = (msds + mgls)g,
Cy2 = mpdeg.

The hip flexion angle is represented by 8y. The adjusted knee
and ankle flexion angles are defined by: Oy = — 6, and
0, = 04 + 36.5°; adjustments to 0 and 0, (which were defined
to reflect commonly used clinical measures) were performed to
write the equations more concisely.

The acceleration due to gravity is given by g and the inertial
parameters of the segments are given in Table Al.

Table Al. Segment inertial parameters

Parameter Symbol Value

Masses my 9.74 kg
ms 3.86 kg
mg 0.99 kg

Moments of inertia

(Izz) Iy 0.167 kgm?
Is 0.060 kg m?
Iy 0.005 kgm?

Lengths Ir 040 m
Is 043 m

Distances from prox-

imal end to center of

mass dr 020 m
ds 0.15m
dy 0.08 m

Because all pelvis motions were prescribed, the values as-
signed for the pelvis inertial parameters did not influence the
simulation. Mass and moment of inertia were estimated for the
patella (0.025 kg and 0.005 kgm?, respectively). The simulation
was not sensitive to these values; kinematic output was
similar when these estimates were either increased or decreased
fivefold.



