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Abstract

The purpose of this study was to determine the minimum forward center of mass (COM) velacity
required to prevent backward loss of balance in gait as function of the initial COM position. We
hypothesized that these threshold values would be different from those previously published for
standing because of the postural differences between gait and standing. To investigate this issue, we
constructed a seven-link, nine-degree-of-freedom biomechanical model and employed dynamic
optimization to estimate these threshold values under two initial postural conditions: (1) the posture
at the beginning of swing phase (i.e., at toe-off), and (2) symmetric bipedal standing. In particular,
for a range of possible COM positions posterior to the base of support (BOS), simulated annealing
was used to search for the minimum velocity that could carry the COM into the BOS and avoid
backward loss of balance. We found that the stability boundary against backward balance loss in
walking had a similar overall trend as that previously published for standing. In general, the minimal
COM velocity necessary to prevent a backward loss of balance in walking was greater than that in
symmetric bipedal standing, and the difference could approach 30% or more when the COM started
0.5 and 1.0 foot-lengths behind the BOS. These discrepancies suggest that simpler biomechanical
models, while being more efficient and easier to employ, may not always be adequate for exploring
stability limits of humans.
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1. Introduction

Falls among older adults presents a significant medical and societal challenge. Between 25%
and 35% of persons aged 65 or older report one or more falls each year. Consequently, falls
are the leading cause of injury-related hospitalization and death in this older population
(Holbrook, 1984; Tinetti and Williams, 1998). Injuries as a result of falls affect a broad
spectrum of persons: not only frail or impaired individuals but healthy individuals as well
(Morley, 2002; Rubenstein et al., 1994). Furthermore, slips that occur during daily living often
result in a backward fall incident (Topper et al., 1993), and this type of fall is especially likely
to cause hip fracture (Smeesters et al., 2001). Clearly, reducing the incidence of backward falls
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is important, and improving the stability against backward loss of balance can offer the first
line of defense.

A primary objective for the control of stability is to control the relative motion between the
body center of mass (COM) and its base of support (BOS). When the COM is behind the BOS
and its forward velocity fails to reach above a certain threshold, the forward momentum of the
COM will be insufficient to carry it into the BOS before diminishing to zero under the influence
of gravity, leading to a backward balance loss. Across a range of possible COM positions
posterior to the BOS, a set of corresponding COM velocity thresholds exists that would bound
the region of backward loss of balance in the COM-state space. Individuals, young and old
alike, can prevent unintended backward loss of balance and instability by operating above these
stability limits, as in walking where forward progression of the COM is desired.

Computer simulation and optimization approaches have been applied to predict such dynamic
stability limits based on general human anatomical, physiological, and environmental
constraints (Pai and Patton, 1997; Pai and Igbal, 1999). Such predictions have provided a basis
for the understanding of the adaptive behavior of the motor control system when balance
perturbations are introduced (Pai et al., 2003; Pavol and Pai, 2002). The existing boundaries
for backward balance loss are based on an assumed symmetric bipedal standing posture (Pai
and Patton, 1997; Pai and Igbal, 1999). These results have been verified against a range of
experiment results derived from symmetric standing (Pai et al., 1998, 2000, 2003; Patton et
al., 1999, 2000). However, the extent to which these predictions are applicable to walking is
unclear.

The primary purpose of this study was to determine the minimum forward COM velocity
required to prevent backward loss of balance at toe-off in gait and during standing as function
of the initial COM position. We hypothesized that because of the difference in initial posture,
the threshold values derived for gait would be different from that for symmetrical standing. If
the results do not support this hypothesis, the findings would imply the general applicability
and robustness of the simpler models with symmetric bipedal standing, which sometimes can
be determined with drastically reduced complexity and computational costs (Hof et al.,
2005).

2. Methods

Simulations were conducted for two types of initial postural conditions: that of walking at the
beginning of swing phase and that of symmetric bipedal standing. For each of these postural
conditions, a series of optimization problems was solved to determine the minimum forward
velocity of the COM that would allow the COM to be brought above the BOS at the end of the
movement for each specified initial COM position. In order to achieve this objective, a sagittal-
plane bipedal model comprised of seven rigid body segments was developed. The segments
included a lumped head, arms, and trunk (HAT) segment as well as a left and a right foot,
shank, and thigh. Anthropometric and inertial properties were adapted from Anderson and
Pandy (1999). The position and orientation of the right foot (the base segment of the model)
were defined by a planar joint with respect to the ground reference frame. The degrees of
freedom corresponding to this joint were the horizontal and vertical displacements of right heel
(%, y) and the angle of right foot relative to the ground 6. The remaining segments branched
out in an open chain from the right foot, all articulated with pin joints directed orthogonal to
the sagittal plane (Fig. 1). Thus, a total of nine generalized coordinates, g =[X, y, 01; 02; 03;
04; 05; 06; 07], were used to define the configuration of the body.
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Each anatomical joint in the model was actuated by a single resultant joint moment with peak
flexion and extension limits based on published values (Anderson and Pandy, 1999).
Specifically, the resultant joint moment was computed using the following relationship:

[ aWTE, a@®=0,
T\ a®T], a;(1)<0, )

where 1j, a;, and T; are the moment, activation level, and the physiological moment range of
the ith joint, respectively. The superscripts E and F represent extension and flexion, or plantar
flexion and dorsiflexion for the ankle, respectively. A first-order differential equation governed
the rise and decay of activation level in response to a net muscle excitation (Pandy et al.,
1992).

a =(1/tise) (4 = ua) + (1/tra) (u — @),
u=u(r) e [-1,1],
a=a(t)e[-1,1]. (2)

The rise and decay time constants, tyjse and gy, were both assigned a value of 10 ms. Each
muscle excitation-time history, u(t), was defined by a set of independent linearly interpolated
variables or control nodes.

In walking, the joint moments in the swing leg were less variable than in the stance leg.
Therefore, fewer control nodes were used to represent the excitation histories in the swing (left)
leg than in the stance (right) leg. Specifically, the numbers of control nodes used were 18, 18,
18, 11, 11, and 5 (81 total) corresponding to the right ankle, right knee, right hip, left hip, left
knee, and left ankle, respectively. In symmetric bipedal standing, each excitation history was
approximated by 11 control nodes (66 total).

In walking, the initial configuration of model was set to correspond to body positions taken
from the swing phase of gait. In standing, both feet were placed side-by-side with identical
joint angles for the left and right sides of the body; both feet were constrained to remain in
contact with the ground throughout the simulated movement. Contact of each foot with the
ground was modeled using a set of 16 visco-elastic elements uniformly distributed beneath
each foot (Anderson and Pandy, 1999). For each postural condition, the posterior starting
position of the COM was systematically varied. In walking, the simulated COM initial positions
normalized to foot length were —1.50, —1.25, —1.00, —0.75, —0.50, and —0.25 (negative values
indicating displacements posterior to the most posterior point of the right heel with right foot
in stance phase). Joint angles for positions —0.50, —0.75, and —1.00 wereobtained directly from
experimental gait data (see below), in which the COM position corresponded closely to these
positions at the instant of toe-off (swing initiation). Joint angles for —0.25, —1.25, and —1.50
were obtained by linear interpolation and extrapolation of the joint angles obtained from the
experimental data. In standing, two initial positions of —1.00 and —0.50 were considered. Joint
angles corresponding to each of these positions were obtained from Igbal and Pai (2000). The
duration for the simulations was fixed to provide adequate time for the COM to reach the BOS,
ranging from 0.40 to 0.51 s depending on the initial position of the COM.

For the walking posture, the optimization performance criterion had the following terms:
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where wj is the weight of the ith term. The subscript r and | indicate right and left, respectively.

X0 @Nd X, respectively, represent the horizontal velocity and acceleration of the COM. The
symbol L 1 has the following behavior:

0, x>0,
I'XJ{ —x, x<0.

The first two terms in the cost function required the COM to lie within the BOS with the left
foot forward of the right foot at termination of the simulation. The third term prevented the left
foot from contacting the ground. Term four required the vertical component of the ground
reaction force, Fy, to remain positive for all visco-elastic springs. Terms five and six restricted
the joint angles and angular velocities to remain within physical limits determined by
experimental data. Term seven was used to prevent the hyperextension of the joints by
constraining the excitations. Finally, the last three terms required the COM to come to rest in
static equilibrium at termination of the simulation.

For symmetric bipedal standing, the cost function had a similar form:

f= w1 [Xeon = Fheat +Wz8(Fy.1_r)+W3e(Q)

. .2 .
+wse (q) +wse () +we 1 | 2. 49; +w7 |XmM |
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, 4)

where Xpeel represents the position of the posterior heel, and the ground reaction force term
included the forces acting on both feet. The remaining terms are the same as in Eq. (3).

The optimization problem was thus to find values for the initial joint angular velocities

(01,6, ..., and for the 81 and 66 excitation controls nodes in walking and in standing,
respectively, that minimized the performance criteria expressed in Egs. (3) and (4). Simulated
annealing (Coronaetal., 1987) was used to perform the optimizations. Iteration was terminated
when the improvement in the cost function was less than 1073 for 500 consecutive function
evaluations. All state equations for the model (i.e., Eq. (2) for activation and the equations of
motion) were integrated forward in time using a Runge—Kutta—Feldberg 5-6 variable-step
integrator (Atkinson et al., 1989). Equations of motion for the dynamical linkage were derived
using SD/Fast (PTC, Needham, MA).

The results of the computer simulations were evaluated in three ways. First, a sample of six
COM states was taken from the backward balance loss region. It was verified that a dynamic
optimization solution could not be found with any of these initial states that would lead to
successful termination with the COM restored over the BOS. Second, the current simulation
results were compared with those previously published in the literature. And, third, the
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predicted threshold for backward balance loss was checked against experimentally derived gait
data to verify that it was not crossed during the course of normal walking.

In gait experiments, 39 young (age in years: 27.0+4.7) and eight older adults (75.9£7.1) were
recruited. Subjects in each group performed three blocks of 10 trials each at their, respectively,
preferred fast, natural, or slow speeds along a 7 m walkway. The data for the young subjects
walking were obtained from a study on slipping (Bhatt et al., 2005). These 39 subjects were
randomly divided into three speed groups: fast (n = 12), natural (n = 13), and slow (n = 14)
where only the last (i.e., the third) block, which was always performed at the same speed at
which the subsequent first slip was induced, was included here. Due to a relatively smaller
sample size of older adults, the last trial of every speed block was analyzed (i.e., each subject
had three representative trials, one at each speed).

The threshold against backward balance loss in walking required normalized forward COM
velocities of 0.305, 0.29, 0.259, 0.213, 0.15, and 0.075 when the COM started 1.5, 1.25, 1,
0.75, 0.5 and 0.25 foot-lengths behind the heel, respectively. The velocities required to prevent
backward balance loss for walking were greater than for symmetric bipedal standing
throughout the range of COM positions considered (Fig. 2: solid vs. dashed line and stars). For
the two initial COM positions of —0.50 and —1.00, velocities required for walking were about
the 37% higher than the corresponding standing postures (Table 1).

Inspection of the results for a specific simulation in walking (Xxcom = —0:75, triangle and dash-
dot in Fig. 2, which is representative of the simulations for the other COM positions) revealed
that the optimization process resulted in a coordinated solution that enforced the various
conditions expressed in the performance criterion in Eq. (3) (Fig. 3). Joint angles remained
within physiological ranges, and the left foot remained above the ground throughout the
simulation. At movement termination, joint angular velocities were close to zero, the left heel
was anterior to the right heel, and the COM was just within the base of support. In addition,
the simulated vertical ground reaction force was similar to that previously reported in a study
on gait termination (Jaeger and Vantichatchavan, 1992) and was very close to body weight at
movement termination (Fig. 4).

Further confidence in the threshold for backward loss of balance comes from three sources.
First, when we used initial COM states that were located inside the region of backward balance,
a solution that brought the COM above the BOS was not possible (Fig. 5). Second, the results
computed for symmetrical bipedal standing posture were similar to previously published results
for standing posture but using a simpler inverted pendulum model (Table 1)(Pai and Patton,
1997;Pai and Igbal, 1999). Finally, the COM states at toe-off (swing initiation) obtained from
the subjects walking at different speeds were distributed well beyond the threshold that would
trigger a backward loss of balance (Fig. 2). At no time during swing phase did the COM state
trajectory of any subject cross the threshold computed for waling that would trigger backward
balance loss.

4. Discussion

The stability limits against backward loss of balance have been previously derived with a
reductionist approach based on inverted pendulum models (Hof et al., 2005; Pai and Patton,
1997; Pai and Igbal, 1999). They are remarkably robust and appropriate for a range of task
conditions with symmetric bipedal standing postures. These task conditions include bi-manual
pull (Patton et al., 1999, 2000), resisting floor perturbation (Pai et al., 2000), waist pull (Pai et
al., 1998), chair-rise and a slip (Pai et al., 2003). The initial positions of the lower limbs are
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symmetrical and similar in all these activities. Walking, however, is characterized by a
distinctly asymmetrical posture. Indeed, the present study provides evidence that the threshold
for backward loss of balance for walking is different from the thresholds for activities with
symmetrical foot placement.

It is generally believed that the more posterior the COM is related to the BOS, the less stable
is the person. Larger step lengths at faster speeds are associated with more posteiorly located
COM with respect to the base of support—the primary contributing factor for instability and
backward balance loss according to this static concept. The results of the current analysis
suggest, however, that a person is unlikely to be in a state of instability at toe-off during gait
even when the COM is located posterior to the BOS, especially during higher walking speeds.
The instability caused by large step lengths can be sufficiently offset by a correspondingly
higher COM velocity (Bhatt et al., 2005). Indeed, our results have revealed that the stability at
toe-off of regular gait tends to be greater (i.e., further beyond the thresholds that can trigger
backward balance loss) at faster speeds regardless of the age of the individual under nonslip
conditions (Fig. 2).

This misconception may be attributable to the traditional view on stability, which states that
the body can keep standing still without falling as long as the vertical projection of the COM
remains inside of the BOS (Borelli, 1680). Most contemporary clinical exams and balance tests
are based on this centuries-old understanding of static stability (O’Sullivan, 1994). Efforts have
been made to assess dynamic stability by introducing perturbations during quiet standing in a
postural stress test (Wolfson et al., 1986) and in a moveable-platform setup (Nashner, 1987).
It is only recently that this concept has been extended to dynamic situations with symmetric
bipedal standing (Pai, 2003), and, in the present study, to walking. The thresholds derived in
this study provide a quantitative basis for assessing an individual’s stability beyond that of
quiet standing. The thresholds also provide information necessary to quantify the effect of
adaptive training. For instance, individuals can be trained to reduce the risk of falls by
adaptively improving their COM state stability (Bhatt and Pai, 2005). From this perspective,
such stability limits provides the basis for setting quantifiable goals for these individuals.

In this connection, the present study lays a foundation for understanding backward balance
loss during a slip, the most common reason for backward falls (Bhatt and Pai, 2005; Pai et al.,
2003). The gait model, with minor modifications, together with the optimization approach used
in this study, can be applied to determine the boundary for slip conditions. The difference
between the boundaries for slip and nonslip conditions quantifies how much one must alter
his/her COM state by increasing the forward velocity of the COM and/or anteriorly shifting
the COM position in order to maintain stability even during a slip (Pai and Igbal, 1999). The
empirical evidence supports a basic premise that the central nervous system (CNS) must have
learned to modify and update the internal representation of these stability limits in order to
correct previous errors made during balance recovery (Pai et al., 2003). The adaptive alteration
of gait would be the prerequisite for motor behavior modification and its retention intended to
reduce slip-related fall incidence among older adults (Bhatt and Pai, 2005; Pai et al., 2003).

The results of this work are based on several simplifying assumptions, which may influence
the simulation results and limit their applicability. Chiefly, the model permitted motion only
in the sagittal plane. Although the movement of each individual limb during walking is
primarily planar, the pelvis undergoes some degree of movement in both the frontal and
horizontal planes. Indeed, the motion along the mediolateral direction may have an impact on
stability. Similarly, neglecting the motion of the arms could also have affected the placement
of the threshold for balance loss. Moreover, the simulation results are likely dependent upon
the assumed strength of the model, which may be sufficiently different to account for
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differences between previous studies (Table 1). The impact of these limitations will be studied
in the future.

Despite these limitations, however, the credibility of the results is supported by a number of
sources. First, the fact that solutions were not possible when simulations were started with
COM states taken from within the region of balance loss supports that the dynamic optimization
solutions converged to a true stability boundary, given the current modeling assumptions, and
were not sub-optimal solutions. Second, the results for standing were quite similar to previously
published values (Pai and Patton, 1997). This is encouraging because those values have been
verified extensively with different computational (Hof et al., 2005) or empirical methods (Pai
et al., 1998, 2000, 2003; Patton et al., 1999, 2000). Finally, experimental data for normal
walking both from young and older adults were also supportive of the model simulation results,
as the data were clearly beyond the thresholds for initiating a backward loss of balance (Fig.
2). Taken together, it is convincing that we have been able to determine a valid range of the
minimum COM state values at the instant of toe-off in walking, above which a backward loss
of balance can be avoided.

In summary, the present study determined the boundary against backward loss of balance for
walking, which can be substantially different from that for symmetric bipedal standing. The
present study also lays a foundation for using the current model, appropriately modified, to
simulate the stability boundary against backward loss of balance during slips. Together, these
results can provide insights for understanding the neuromechanical adaptive mechanisms
employed by the CNS and the bases for constructing effective preventive strategies aimed at
reducing incidence of slip-related falls.
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Fig. 1.

Schematic of the seven-link, nine-DOF, sagittal-plane model of the human body. The vector
ag=1[xV, 01, 0o, ..., 67] represents the generalized coordinates of the model. Generalized
coordinates x, y, and 064 specify the position and orientation of the right foot, which was the
base segment of the model during the stance phase, with reference to the global frame (X, Y).
Jointangles 6; (i = 2, 3,...,7) specify the angles of the right ankle, right knee, right hip, left hip,
left knee, and left ankle, respectively. On the right side, the direction of the rotation axes is
along the positive Z-axis (laterally to the right), but for the left side of the body the joint axes
were in the direction of the negative Z-axis (laterally to the left). The locations of the centers
of mass, shown as the half-shaded circles, were based on regression equation (McConville et
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al., 1980). The positive X-axis is in the direction of forward progression, and the positive Y-
axis is upwards.
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Fig. 2.

The stability boundary against backward balance loss (solid line) corresponds to initial postures
at the beginning of swing phase in regular gait, interpolated based on seven individual initial
center of mass (COM) positions (Xcom = 0:0, —0.25, —0.50, —0.75, —1.00, —1.25, and —1.50,

normalized to foot length, Iggs, with negative values indicating distance posterior to the base
of support (BOS)). All but the condition for Xxconm = 0:0 were predicted by the simulation. The

velocity of the COM was normalized to V& X /2, where g is the acceleration due to gravity, and
h the body height. To illustrate the actual result from one simulation run, the dash-dot line
represents the simulated COM state trajectories for the dynamic optimization solution for
walking with an initial COM position of —0.75. The triangle identifies the starting point of the
COM state for this single simulation. Also included are the results (two stars) based on the
present seven-link model but with two initial postures corresponding to bipedal symmetric
standing (Xcom = —0:50 and —1.00), respectively. It is obvious that these states for standing
are much closer to the previously published boundary for bipedal standing (dashed line, Pai
and Patton, 1997) than to the boundary for walking. Finally, the experimental data from gait
analysis are also included. The small open diamond, circle, and square represent the measured
COM states at toe-off of the left foot obtained from 39 young subjects walking at fast (n = 12),
natural (n =13), and slow (n = 14) speeds. The small closed diamond, circle, and square indicate
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the COM states of the older subjects (n = 8) at the three walking speeds fast, natural and slow,

respectively. The large open and close markers and SD bars, respectively, indicate the
corresponding mean =1 SD values of the COM state for the young and older subjects.
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Fig. 3.

Simulated joint angular displacements (a), joint angular velocities (b), and stick-figure
animation (c) for successful balance recovery starting from a normalized COM position of
—0.75 during walking. The solid and dash lines are for the right and left sides, respectively.
For both ankles and both hips, positive values represent extension (plantar flexion for the
ankle); while for both knees, positive values indicate flexion. The number beneath each stick
figure indicates the simulation time, and the asterisk represents the COM position.
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Fig. 4.

Simulated vertical ground reaction force for balance recovery starting from a normalized COM
position of —0.75 during walking (circles) and the experimental data from Jaeger and
Vantichatchavan (1992) (triangles). The simulated and experimental data demonstrated similar
oscillator behavior. At termination, the ground reaction forces stabilized near body weight.
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Fig. 5.

Unsuccessful balance recovery. Initial COM states were chosen to lie within the region of
backward balance loss. The diamond marks the starting COM state. At the termination of the
movement, the COM was still significantly behind the right heel and its horizontal velocity
was nearly zero.
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Table 1

Comparison between the initial COM horizontal velocities necessary to prevent backward balance loss for
walking and for standing derived from the current study as well as the published results (in parenthesis) (Pai and
Patton, 1997) at two initial COM positions

Xcom XCOM

(a) Walking (b) Standing a/b (%)
—-0.50 0.150 0.109 (0.094*) 138
-1.00 0.258 0.190 (0.186*) 136

The COM position and forward velocity are dimensionless variables expressed as a fraction of IBOg and V &x h, respectively, where IBOS represents
the length of the foot, g is the gravity constant, and h is the body height.
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