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The Control of Foot Placement During
Compensatory Stepping Reactions: Does Speed
of Response Take Precedence over Stability?

Brian E. Maki, Member, IEEE,and William E. Mcllroy

Abstract—Rapid, reflex-like stepping movements are a preva- NOMENCLATURE
lent and functional compensatory reaction to destabilization, .
however, little is known about the underlying control. In this a-p Antero-posterior.
paper, a model is developed to examine how speed and stability BOS Base of support.
demands affect control of foot placement during forward and COP Center of foot pressure.
backward compensatory stepping reactions. The concept of the COM Center of body mass.
velocity stability margin (VS.M) is |ntrodgced to char.acterlze CNS Central nervous system.
the degree to which the horizontal velocity of the falling body . - .
approaches biomechanical limits on the capacity to decelerate the DSM Displacement stability margin.
center of mass; analogous limits on center-of-mass displacement FO Foot off.
are quantified in terms of the displacement stability margin FC Foot contact.
(DSM). The model is used to predict, for any initial step charac- VSM Velocity stability margin.
teristics, the variation in DSM and VSM that would occur as a a Antero-posterior platform acceleration.

function of changes in timing of foot placement. The VSM was COP Maxi t teri t f
found to prevail over the DSM in establishing limits of stability. max  MaXimum antero-posterior center-ol-pressure
Model simulations demonstrated that there typically exists a displacement.
minimum swing duration that maximizes speed of response while  D,-, com Antero-posterior center-of-mass displacement.
meeting minimum requirements for stability (VSM > 0), as Antero-posterior ground reaction force.
We!l as a s_I_ower spee_d of response (Ionggr swing duration) at Vertical ground reaction force
which stability (VSM) is maximized. Experimental data from . .

Acceleration due to gravity.

platform-perturbation tests in 20 healthy young (22—28) and older ; .
Height of ankle axis above support surface.

(65-81) adults were used, in conjunction with the model, to
investigate whether speed or stability takes precedence during Rotational inertia of body with respect to ankle

natural behavior. Control of single-step reactions appeared to axis.
favor stability; although the model predicted that a minimally Distance between center of mass and ankle axis.
stable step (VSM= 0) could be attained by swing durations as
short as 30 ms, the observed swing durations were, on average, Body mass. . )
Body angle (i.e., angle of inverted pendulum).

135 ms longer than this, and the average VSM was nearly as

large (80%) as the optimally stable value predicted by the model. Flexion-extension ankle moment (“torque”).
Control of the initial step of multiple-step reactions was distinctly

different. The average swing duration was only 55 ms greater

than the minimally stable value and the average VSM was 81% [. INTRODUCTION

smaller than in the single-step reactions. This reduction in VSM R ECENT studies have shown that rapid, reflex-like step-

is consistent with a need to execute additional steps and appears . |
to support the validity of the model. This model may help to ping movements are a very prevalent compensatory

provide insight into the biomechanical factors that govern the reaction to destabilization during upright stance, even when
neural control of compensatory stepping reactions. the postural disturbance is relatively small [1]-[3]. While
Index Terms—Balance, optimization, postural control, stability, the much-studied _aUtomat'C postural responses” [4] that act
stepping. to counter undesired displacement of the center of mass
(COM) may provide an early defense against instability,
change in the base of support (BOS), via compensatory
stepping movements, ultimately has the potential to make
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control parameters include 1) swing-leg selection, 2) timing

of key events (response initiation, swing-leg unloading, foot- COM A ‘

off and foot-contact), and 3) spatial characteristics of the ‘ N,

foot trajectory. This array of control variables appears to COMre & | y Danterior limit
provide considerable redundancy, i.e., for a given perturbation S / A

to the COM, there exist numerous combinations of step Fo Da-pcom

parameters that will reestablish postural equilibrium. Given o@Mif .

these redundant “degrees of freedom,” it is not at all clear
how the central nervous system (CNS) acts to select a specific
response.

The control of the stepping reaction is further complicated
when the characteristics of the postural perturbation are un-
predictable. This would appear to preclude the possibility of mCOMf

(@

Vanterior limit

COM:t

preplanning an effective stepping reaction, forcing the CNSV;"'p oM |

3
instead to control the step on the basis of ongoing sensory in- gy / \ ;
flow. If the step is to be initiated rapidly, it may be necessary to e COMte
select many of the step parameters (e.g., swing leg, initial step . Lo /
direction, and velocity) on the basis of incomplete information OMi;
about the state of instability, and the CNS must somehow deal
with_ the fact that th(_a perturbatio_n may continue to affect the ;a1 coM maximal COM deceleration
motion of the COM, in an unpredictable manner, after the step deceleration capacity (for given COMc,
has been initiated or even after the step has been completed. Da-p com and Danterior limit)
Inaccuracies in the internal CNS representation of the COM (b)
position and motion, relative to the BOS, may exacerbate tb@ 1. Definition of the stability margins and associated terminology [see
control problem. (1) and (2)]: (a) displacement stability margin (DSM) and (b) velocity

Given such uncertainty, a possible control strategy is fipbility margin (VSM). The drawings depict the anterior stability margins

. . . L « ... associated with a forward step; analogous definitions apply to backward steps.
use the available information to try to maximize the “stabilitom.  comr,, and COM: represent the position of the center of mass
margins” associated with the initial step. Such a strategy wouitdtially (prior to perturbation), at time of foot-contact and at final equilibrium

i ilkali i i i~ OM velocity = 0), respectivelyV,-, com is the actual antero-posterior
increase the likelihood that the step will provide sufﬂuerf/?elocity of the COM at fime of 100r.contact, WhereBS.. i 1ot is the

SFab“ization to recover equilibrium despite ongoing, UNPrsaximum antero-posterior COM velocity that could have been decelerated
dictable perturbation and an absence of complete or accur&@M velocity — 0 as the COM reaches end of base of support).

information about the postural state. However, speed of re-
Sponse may also b,e_ ir_nportant, pa”?CEJ!a”y if thg ipitial Ste;B’redictive of the need to take further stabilizing action, i.e.,
fails to recover equilibrium. A faster initial step will increase, y4itional steps.
the time available to execute further stepping reactions before
the COM has been displaced to such an extent that recover
of balance is no longer possible. By facilitating execution of
multiple steps, rapid stepping may allow “more adjustments One model that has been proposed for the control of
to be made to correct for ill-chosen early responses” [7]. stepping during gait involves a symmetrical positioning of the
In this paper, a biomechanical model is developed to exagwing foot and stance foot, with respect to the pelvis, at time
ine how speed and stability demands could affect the contfdlfoot-contact [13]. Such a control scheme serves to provide
of foot placement during compensatory stepping. In contrastgtbility during weight transfer by centering the COM over
previous models of foot-placement control that have focussét® BOS. It seems unlikely, however, that this control strategy
on volitional step initiation [10], steady-state gait [11]—[14] okvould apply to compensatory stepping, which involves task
obstacle avoidance [15], [16], the present model deals widhjectives that are quite different in some respects. In particu-
the control of foot placement during the rapid reflex-like relar, stepping during gait must preserve the forward momentum
actions that serve to recover postural equilibrium. To simpli§f the body, whereas stepping to recover balance is aimed at
the model, we limit consideration to forward and backwar@alting the falling motion of the body.
stepping and neglect demands related to lateral stability. Threé\ necessary, but not sufficient, requirement for arresting
main research questions are addressed. First, the modef {&ll by means of a single stepping movement is that the
used to explore the tradeoffs between speed and stability, &V BOS stability boundary established by the contacting foot
to determine whether maximizing the speed of the steppirgaptures” the COM, i.e., thelisplacement stability margin
response is compatible with maximizing the stability of th€OSM) must be greater than or equal to zero. For example, to
step. We then use experimental data, in conjunction wiBfevent a forward fall
the model, to (_jetermme whether speed or st§b|llty takes DSManterior = Danterior timit — Dap cont > 0 1)
precedence during natural postural behavior. Finally, these
experimental data are used to determine whether decreaswiirere the variables refer to the values at time of foot-contact
the stability of the initial step is, as predicted by the modelsee Fig. 1(a)]. A further requirement is that the stabilizing

1. BlomECHANICAL REQUIREMENTS FOR ASTABLE STEP
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horizontal impulse (i.e., the time-integral of the net horizontéhe swing foot, for a range of potential foot-contact (FC)
ground reaction force) is sufficient to arrest the horizontéimes. In essence, the model is used to extrapolate beyond
momentum of the falling body before the COM reachethe experimentally measured FC time.

the BOS stability boundary. Analogous to the DSM, this

requirement can be expressed in terms ofebocity stability ; ; ;

margin (VSM), which quantifies the difference between theA' Swing Phase Simulation _

velocity stability boundary (i.e., the maximum COM velocity [t was assumed that a resisted “free-fall” follows foot-
that could be decelerated given the relative positions of tRf (FO), i.e., the body falls forward or backward under
COM and BOS at time of foot-contact) and the actual conie influence of gravity, with resistance provided pr|marlly
velocity occurring at time of foot-contact. For example, in thBY the stance-foot ankle musculature. For each trial, the

case of forward falls experimentally measured data were used to determine the
horizontal COM and foot trajectories up to the time of actual
VSMaunterior = Vanterior limit — Va-p com > 0. (2) FC, and the model simulation was used to extrapolate these

) ] ] trajectories beyond the measured FC time. Measured values
Again, the variables refer to the values at time of foot-contagl, com position and velocity at time of actual FC, average

[see Fig. 1(b)]. _ _ stance-leg ankle torque during swing phase and average swing-
Control of a step so as to decelerate the falling body involvgs,: yelocity provided the “initial” conditions and control

a complex inte.raction of effects_. As noted above, the ability Eﬁhrameters needed for the swing-phase simulation. By exam-
decelerate a given COM velocity is dependent on the capagifyg the effect of increasing or decreasing the FC time (or,
to generate shear impulse, which in turn depends on t8givalently, swing duration), while holding all other control
magr_ntud_e of the shear fo_r¢é7a-1,) that_can be generatehd parameters constant, the simulations allowed us to explore
the time interval(A¢) available for this force to act, beforeyhg extent to which the actual FC times were consistent with
the COM reaches the BOS stability limits. For example, fQf,5ximization of speed of response and/or stability.
forward falls In order to predict the swing-phase COM trajectory, the
totAt dynamics of the body were approximated by a single-link
Vanterior limit = (1/m)/ Foop(t) dt (3) inverted pendulum, with stabilizing moment generated at the
o ankle [see Fig. 2(a) and (c)]. Similar models have been used in
where {o = time of foot-contact and m is the mass ofrevious studies of gait initiation [17], as well as more general
the body. Changes in step parameters that act to increggges of movement [18]. The suitability of this type of model
the DSM, at time of foot—contact, will also act to increases Supported by previous studies which have demonstrated
the VSM by increasing the maximum velocity that can bg) the predominant role played by the “ankle strategy” in
arrested[Vanterior imic N (2) and (3)], in two ways: 1) by providing postural stabilization [4], [19], [20] and 2) the
allowing larger shear force to be generated at the contactifgatively small magnitude of stance-leg hip rotation that
foot (an inverted-pendulum model shows that the shear forceyiscurs during compensatory step initiation [3]. Nonetheless, it
approximately proportional to the horizontal distance betwegRould be noted that effects of swing-limb motion on the body
the COM and the center of foot pressure (COP) [17]) anflnamics were not included in the model, nor were potential
2) by increasing the time available for the shear force tntributions due to motion of the upper extremities.
act. Conversely, these same changes in step parameters cg@ allow comparison with experimental data, it was as-
adversely affect stabilization by increasing the COM Ve|OCityumed that the postural perturbation was generated via a-p
that has to be arrested’f, com] in (2). For example, a support-surface (platform) acceleratidn(t)). The swing-

prolonged swing duration can lead to increased step lengfhase equations of motion are as follows [see Fig. 2(c) and
and concomitant increase in DSM; however, the delay tRe Nomenclature for definition of terms]

achieving foot-contact also allows more time for the falling

motion of the body to accelerate. The potential tradeoff of p2g(y) _
effects implies that there may exist a set of optimal step/ —; =mgLsinO(t) —mL a(t)cos©(t) —T(t) (4)
parameters that will maximize the VSM, for any given set p (t) = ma(t)

of perturbation characteristics and “initial” COM conditions

2 2
(i.e., COM position and velocity at time of foot-off). + mL<d 29 cos O(t) — % sin @(t)>
5
lll. THE BIOMECHANICAL MODEL ®)
. . Fz(t) =mg
The data from an experimental trial can only be used to 20(t) d6(t)?
determine the DSM and VSM associated with the particular - mL(T sin ©(t) + pramlee @(t)).
combination of step parameters that were used in that trial. t t
A biomechanical model was developed in order to examine (6)

how the DSM and VSM would change as a function of

changes in the timing of the foot placement. Specificallysor each trial, the stance-leg ankle moment (or “torquet},),

the biomechanical model predicts the antero-posterior (aywas set equal to the average value measured during the swing
trajectory of the COM and the concomitant displacement phase, as noted earlier. The a-p displacement and velocity of
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Fig. 3. Constraints on step length. Drawings depict a forward step for cases
0 mg where the step length is (a) or is not (b) limited by geometrical requirements
for foot-contact (if@2 > ©1, then foot-contact cannot occur). In addition to
L the geometrical constraints shown, the following range-of-motion limit was
imposed:|©; | < 40°.
— Fy the COM, relative to the ankle axis of the stance foot, are
\TF]Z T Da-p COM (t) = Lsin @(t) (7)
do(t
Va-p COM (t) = Lcos @(t) % . (8)
Vi

Fy ‘Fz For each potential FC time, the a-p BOS limit established by
W%W‘—ﬁ the swing foot (relative to the ankle axis of the stance foot)
T —>Fy was defined as

FZ Dlimit (t) = Do + sting(t - tFO) (9)

© where D, is the initial BOS limit (prior to FO),Ssyine 1S
the mean a-p speed of the swing-foot movement (relative to
Zig- 2. The b(jo(m)eCha”ica' mgde'if(a) SgVigg'%hase dyr(‘s{mics‘ (b)CDOStCI_O”tﬁ?é platform),t is the FC time andyo is the FO time. To
ynamics, and (c) corresponding free-body diagram (diagram C applies to - . S
both models A and B; variable definitions are listed at the start of the pap .eet _geomemcal reQu'rementS for a(?hleV|ng foot-contact, the
Panels A and B depict a forward step, but the same model also applies floHowing step-length constraint was imposed:
backward steps. Model A is used in extrapolating the trajectory of the center
of mass (COM) past the recorded foot-contact (FC) time, in order to examine Diinmie(t) < D, + 2Lsin O(¢) (20)
potential effects of delay in FC; COM position and velocity at time of FC are

the “initial” conditions for these simulations. Model B is used in estimatingtrlfsee Fig. 3)_ In addition. to ensure that the simulated step

maximum COM velocity that could be decelerated, given the “initial” (time o th did t d tvpical f fi limit t th
FC) COM and swing-foot positions (to estimate the maximum deceleratio £N9 Id not exceed typical range-or-motion fimits & €

capacity, it is assumed that all load is borne by the contacting foot, and ti&kle or hip, the maximum angular displacement of the
the COP is displaced to the anterior limit of this foot, i.e., GQR). Note:  inverted pendulum@(t), was limited to£40°. This limit was
effects due to the mass and inertia of the supporting foot were assumecl Q. N

be negligible; effects of the motion of the nonsupporting leg on the bocﬁls“mated from maximal step-length measurements performed
dynamics were also neglected. on five male and four female subjects (ages 25-53).
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B. Postcontact Simulation balance. All older-adult subjects were active community-

The results of the swing-phase simulation, as detailed abog&/€llers who did not use any mobility aids. Each subject,
were used to determine the DSM for each potential FC tin¥QUng and elderly, reported participating in some moderate
t, i.e., the difference betweeR,;(f) and Da-p com(t) [see physical activity (including walking) at least once per week.

(1)]. In order to determine the VSM, which was defined, in
an analogous manner, as the difference betwiégn,(¢) and B. Protocol

Va-p com(t) [see (2)], it was necessary to simulate the post- Fonward and backward stepping movements were evoked by
FC dynamics. The post-FC simulation was used to determigg, translation of a moveable platform on which the subject
Viimic (#), 1., the maximum COM velocity that could havesiood [23]. The perturbation waveform comprised a 300-ms
been decelerated at each potential FC time. The post-FC dyyare-wave pulse of acceleration followed immediately by
namics were approximated by a single-link inverted pendulu®,300-ms deceleration pulse. The acceleration was 1.5 m/s
with maximum stabilizing moment generated at the swinggeocity 0.45 m/s, displacement 0.135 m) for forward transla-
foot ankle. To estimate the maximum ankle moment, it wag)ns (which evoked backward steps) and 2.0rVslocity 0.6
assumed that the COP was displaced to the functional limit gfs displacement 0.18 m) for backward translations (which
the BOS established by this foot (the functional BOS lengiy,oked forward steps). These waveform characteristics were
was defined to be equal to 75% of the anatomical foot lengdB|ected, on the basis of prior experiments, to ensure that

(21]) stepping responses were evoked. Subjects were provided with
_ _ a demonstration of the platform motion prior to the first
T(t) = Tonax(t) = hEy(t) + COP o P (1). (11) trial. Ten consecutive platform-translation perturbations were

The model is illustrated in Fig. 2(b). The free-body diagrarifl€" Presented, five forward and five backward (six subjects
shown in Fig. 2(c) and equations of motion (4)—(8) still appl)}?erformed an a_ddmonal backward trial). The dlrect|0n_ of

the only difference being that the sign 6fis now inverted. platform translation was .rando.m|zed and there was a variable
The relative positioning of the BOS and COM at FC predictedf!@y between successive trials ranging from 30-45 s. A

by the swing-phase simulation were used to establish the inifiifdard initial foot position (f2angle between the medial

value for© for each post-FC simulation. An iterative binary1a"9ins of the feet, 18-cm spacing between the heels) was

search approach was then used to determine the maximisgd in all _tria_ls [24]. Subjects_were instructed _to hold their
initial (FC) velocity that could have been decelerated, giveH™S at their sides, to look straight ahead at a visual target (1
this initial ©. The criterion for finding this maximum requires™ @way) and to “try to keep from falling.” They were given
that the COM motion is completely arrested at the instant tHA? SPecific instructions regarding foot motion.
the COM reaches the BOS limit.

C. Measurements

IV. MATERIALS AND METHODS Ground reaction forces were sampled (at a rate of 200 Hz)
. . - from two forceplates mounted side by side on the platform (for
Experimental data were needed to provide the initial con- : . ) X
- : ) oo . _six subjects, a third forceplate, located behind the subject, was
ditions for the model simulations, as detailed in the previod . ; .

also used), and four high-resolution video cameras (shuttered

section. In addition, comparisons between experimental med-1 200 s) and recorders were used to record the motion of

surements and model predictions were needed to test : .
S . reflective markers placed on the limbs, trunk and head. The
validity of the model and to address the primary research ques- . . o .
step location was determined (to within 1 cm) by resolving

tions posed in the Introduction. The experimental data were " : .
. : o ) the position of a marker on the foot relative to a grid marked
collected in two previous studies in which the compensato

r . .
stepping responses of healthy younger and older adults Wé%ethe platiorm, using an overhead camera view. The force-

compared [8], [22]. The experimental methods are outlind? te S|gna!s were used to determine the step tlmlng,'COM
. . ; and COP displacement, and ankle moment. FO was defined to
below. For more details, see the previous articles.

occur when the loading on the swing-foot forceplate dropped
) to less than 1% of body weight. FC was defined in a similar
A. Subjects manner for steps where the foot landed on a forceplate (88%
Twenty volunteers participated in the studies: eight youngesf trials). For the remaining trials, the video recordings were
adult subjects (22-28 years; four males and four femalased, in combination with the stance-leg forceplate data, to
weight 46—87 kg, meas 67 kg; height 155-187 cm, mean estimate the time of FC, as follows: video was first used to
170 cm) and 12 older-adult subjects (65—-81 years; seven matemtify a time window {2 frames, or 33 ms) within which
and five females; weight 43-99 kg, mean 67 kg; height FC occurred, and the inflection point in the stance-leg vertical
152-182 cm, mean- 167 cm). Each subject provided writtenforce that occurred within this time window was then used to
informed consent to comply with ethics approval granted Ipinpoint the timing. These latter FC estimates were accurate
the institutional review board. Only subjects who had ni within +18 ms (error SD), based on comparison with direct
prior exposure to balance experiments were recruited. Nomeordings of contact-onset for a subset of 36 trials where
of the subjects reported significant neurologic, sensorimotorforceplate contact actually occurred.
musculoskeletal problems, persistent problems with dizzinessA-p COM velocity was determined by integrating the a-
unsteadiness or falling, or use of medications that might affqetground reaction shear force, and COM displacement was
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determined by performing a second integration (the initial 4 ¢ |

COM position was estimated by averaging the a-p COP duriﬁ | —— COM displacement at FC

500 ms of stationary standing immediately prior to the onset 12 === COM displacement limit MC

of the stimulus). Comparison with kinematic COM estimate§ - LC P

(Peak Performance, Inc.; 15-segment model, using 31 bo | i //// )

and limb markers), for a subset of 64 trials, showed reasonat%o-8 7 D1 - « 7maximum DSM
good agreement for both displacement and velocity estimat&s. 7

For COM displacement, the mean and standard deviation®fg4 | FO Pl -

the difference between the kinematic and forceplate estimat‘gs L 2z

(at FC) were 0.008 m (4.7%) and 0.014 m (9.0%), respectively. 0.0 - - |

For COM velocity, the corresponding values were 0.001 m/s 0‘4 ‘ ois ' o‘s ' 1f0 ' 1f2

(2.0%) and 0.039 m/s (13.9%), respectively. ,
foot-contact time (s)

@

D. Analysis

. . : 2.0
f Fordeflcg ttrlal,_swrltrj]latloris, barllsed gn (?_)—(11), were pde_r- | COM velocity at FC ve
ormed to determine the swing-phase durations corresponding, . | _ __ .oy velocity limit -

to minimal requirements for stability and optimization of sta=2 t
bility, for both DSM and VSM. In addition, the maximal DSM 1o
and VSM were determined. Experimentally determined valuég
for the a-p COM displacement and velocity at actual time of o 5 -
FC, average a-p swing-foot velocity (a-p step distance/swin
duration), and average swing-phase stance-leg ankle momeib.4
were used as inputs for the biomechanical simulations per-
formed for that trial. Estimates of the inertial body parameters 0.0 JT R B L
needed for the simulations were derived using measurements 0.4 0.6 0.8 1.0 1.2
of the subject height and weight [25]. The simulations were foot-contact time (s)
performed by using Gear and Adams—Moultan multivalue )
methods [26] to integrate the equations of motion. _ o _ _ _

The observed swing durations were compared to modi & Sianele mocel predeions, ot s reaco (snle . (o
predictions of the timing required to meet both minimal andesults are shown for all possible foot-contact (FC) times, ranging from
optimal requirements for stability. Similarly, the sizes of th&ot-off (FO) to the time at which the maximum range-of-motion constraint

g ; : C) is reached © = 40° deg). In panel A, the DSM corresponding to any
observed Stablllty margins were compared to the maxi iven FC time is equal to the distance between the a-p center-of-mass (COM)

DSM and VSM values predicted by the model. Paitied position (solid line) and the base-of-support (BOS) stability limit (broken line),
tests were performed to determine whether any obsenied the anterior end of the contacting-foot. LC indicates the point at which the

; ; ; -length constraint begins to limit the size of the BOS; from FO to LC, the
differences, between experimental and predicted values, WE size is limited only by the swing-foot velocity. D1 indicates the minimum

statistically significant(a = 0.05). Separate analyzes WEre-c time that would yield a stable DSM. In panel B, the VSM corresponding to
performed for trials where subjects recovered equilibrium I@my given FC time is equal to the difference between the COM velocity (solid

; _ : line) and the maximum velocity that could have been decelerated (broken
means of a single stepn - 71) and for trials where an line), given the COM position and BOS limit occurring at that FC time. V1

additional step was used to further increase the a-p lengificates the minimum FC time that would yield a stable VSM. In both A
of the BOS(n = 25), Multiple-step trials in which the secondand B, the bold portion of each trajectory corresponds to the measured data;

; ; i At thinner portion corresponds to the simulated data, extrapolated beyond
;tep did not p_rowd_e Su_Ch stabilization (e.g., lateral steps, Sté € measured FC time (0.73 s). Displacements are defined relative to the
in the opposite direction) were excluded from the analySigoving platform (0.0= stance-foot ankle axis, forward is positive); time
(n = 98)_ Also excluded were seven trials where subjeczero correspon_ds to onset of platform agcelera(imﬁ).l m/s?). Note that
did not step and five trials where the stepping responses wifgmode! predicts an optimal VSM (FC time 0.90 s); however, the DSM

. . e 7 |Hcreases monotonically with FC time.

predicted to be “unnecessary,” i.e., the model indicated that the
stance-leg ankle moment was sufficient to stabilize the COM
over thel initial BOS,bWrglwut st_epzlr;g (me?nmglful DS'\gd"’_‘n% the young(p < 0.005); further details regarding age-related
VSM values cannot be _etermlne for suc trials). I_n a Iflterences are provided in previous articles [8], [22].
to the above analyzes, differences in the characteristics of the
single- and multiple-step responses were analyzed by means
of repeated-measures analysis of variance (ANOVA), and the V. RESULTS
Fisher Exact Test was used to examine the association between
predictions of instability (i.e., VSM< 0) and multiple-step . , .
responses. Although age-related differences were not explicily Predicted Relationship Between Speed
addressed in the present analyzes, it can be noted that the ofidfeSPOnse and Step Stability
subjects were much more likely to take multiple steps: 40% Example simulation results, for a forward step, are shown in
(17/42) of analyzed trials in the older group versus 15% (8/58)g. 4. For the data shown, the model predicts that the FC time

|




86 IEEE TRANSACTIONS ON REHABILITATION ENGINEERING, VOL. 7, NO. 1, MARCH 1999

In general, the DSM was not as useful as the VSM in
establishing the limits of stability. The DSM analysis failed
to predict a minimum nonzero swing-duration requirement for
stability (because the COM was within the BOS limits at FO)
in 82% (45/55) of backward-step trials and 41% (17/41) of
forward-step trials. Conversely, as detailed below, the COM
velocity exceeded the velocity stability limit at time of FO
— COM displacement at FC in 95% (91/96) of trials and the VSM analysis predicted a
— - — COM displacement limit MC lower nonzero stable bound on the swing duration in all but
‘ four of these trials. For those trials where the DSM analysis
02 o4 06 o8 10 12 did predict a nonzero lower bound, this limit was always
superseded by the limit established by the VSM analysis. In
addition, the DSM analysis failed to predict a true optimum for
(@) swing duration, whereas the VSM analysis almost invariably
did predict an optimal swing duration that would maximize
stability. Finally, the proposition that the CNS controls foot-
contact so as to center the COM over the BOS was not
supported by the DSM data. On average, during single-step
reactions, the DSM established by the swing foot was 0.02
m larger than the DSM defined with respect to the back
(forward steps) or front (backward steps) of the stance foot
(p = 0.002). For the initial step of multiple-step reactions, the
-~ COM velocity at FC MC DSM established by the swing foot was 0.12 m smaller than
— —— COM velocity limit the DSM defined with respect to the opposite BOS boundary
+ e e (p < 0.0001).

02 04 06 08 10 12 The VSM analysis indicated that the swing duration had
foot-contact time (s) to exceed a minimum nonzero value in order to achieve
®) a stable step in 87 of 96 trials. In five trials, the step

was predicted to be “globally stable,” i.e., VSMO for all

Fig. 5. Example model predictions, backward-step reaction. Layout aggying durations (within range-of-motion constraints). In the
notation are the same as in Fig. 4, except that the BOS stability limit is

now defined by the posterior, rather than anterior, end of the contacting—fo@.mammg four trials, the step Was pre@cted to_be “gl()ba”y
In contrast to the trial shown in Fig. 4, there is no minimum requirement fainstable” (VSM< 0 for all possible swing durations; DSM

FC time based on the DSM because foot-off occurs while the COM is stif in one of these trials, also). A distinguishing feature
within the stability limits of the initial BOS. . . :
of these latter responses, which all involved multiple steps,
was the slow speed of the swing-foot movement (0.79 m/s,
(or, equivalently, the swing duration) must exceed a minimuon average, versus 1.76 m/s in the other 92 trials), which
value in order to meet requirements for a stable step. Thesulted in a BOS that was inadequate to decelerate the
DSM analysis establishes the minimum swing duration th&@OM. In all 92 trials that were not “globally unstable,” there
will allow the new BOS established by the step to “capturegxisted an optimal swing duration at which the VSM was
the COM [point D1 in Fig. 4(a)]; however, the VSM analysignaximized. The above results indicate that there typically does
indicates that the swing duration must be larger than this ¢xist a tradeoff between the speed of response completion
ensure that the COM velocity can be decelerated [point \éihd the stability of the step. Increase in speed (reduction
in Fig. 4(b)]. The VSM plot also predicts that there exists am swing duration) beyond a specific level is predicted to
optimal swing duration at which the VSM is maximized. Theesult in instability. Conversely, decrease in speed (increase in
DSM, however, increases monotonically with increasing swirgyving duration) is predicted to result in an increasing degree
duration; hence, the maximum DSM occurs at the latest R stability, up to the point at which the optimal VSM is
time that falls within the range-of-motion constraints. Examplkeached.
results for a backward step are shown in Fig. 5. The general
form of the results is similar to that seen in the forward step, -
although it should be noted that the VSM tended to be smal%r Does Speed or Stability Take Precedence
in the backward-step trials [compare also Fig. 6(b) and 6(dffuring Natural Stepping Behavior?
Note also that the DSM plot for the trial shown does not Comparison of the experimentally observed responses to
exhibit a minimum requirement for swing duration, due to ththe stability limits predicted by the VSM model suggests that
fact that FO occurred while the COM was still located withirstability took precedence over speed of response in the ma-
the limits of the initial BOS (although the positioning of thgority of trials. For the 87 responses that had a nonzero lower
COM might suggest that stepping was unnecessary, it shostdbility limit, the model predicted that a stable step could
be noted that the COM velocity at time of FO did exceed thge achieved, on average, by a swing duration as brief as 30
velocity stability limit). ms; however, all but two of these responses (85/87) exhibited
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Fig. 6. Summary of velocity stability margin (VSM) results. Panel A compares, for backward steps, the experimentally measured swing duraabn (unfill
bars) with the critical values predicted by the model: 1) the minimally stable (\S®) swing duration (hatched bars) and 2) the optimally stable (VSM

= maximum) swing duration (filled bars). Panel B compares the VSM corresponding to the measured swing duration (unfilled bars) with the maximum
VSM predicted by the model (filled bars). Corresponding data, for forward-step reactions, are shown in panels C and D. In each panel, meansdand standar
deviations) are shown separately for the single-step reactions (37 backward steps, 34 forward steps) and for the initial step of the muléiplexssep re

(18 backward steps, seven forward steps). Note the greater similarity between actual response and optimally stable values during singtestep react
contrast, the multiple-step reactions tended to involve more rapid steps and smaller levels of stability (VSM).

swing durations that exceeded the lower stability limit, anslbstantial margin, a tradeoff of step stability in favor of
half of the observed swing durations (45/87) exceeded theesater speed of response was evident in the 21 trials where
lower limit by 120 ms or more. All of the latter steps weramultiple steps were used to increase the BOS. On average, the
stable, as evidenced by the absence of further corrective actimtual swing duration for the multiple-step responses exceeded
(i.e., multiple steps). For the 71 trials that involved stabldhe minimally stable value predicted by the VSM model
(single-step) responses, the actual swing duration exceetigdonly 55 ms, in contrast to the margin of 135 ms seen
the minimally stable value predicted by the VSM model bin the single-step responses; thus, the actual swing-duration
135 ms(sd = 48), on averagdp < 0.0001; Fig. 6(a) and (c)]. was much closer to the minimum value required for stability
Moreover, the size of the stability margin that was achievdfig. 6(a) and (c)]. Moreover, the VSM associated with the
was substantial. Although the observed single-step responaesial FC time was reduced by a factor of 81%, on average, in
did not quite achieve the optimal levels of stability predictedomparing multiple- versus single-step responses (0.12 versus
by the model [Fig. 6(b) and (d)], the actual VSM was, 00.62 m/s). In relative terms, the VSM occurring at the actual
average, equal to 80% of the optimal value. In order to achiek€ time was only 44% of the optimal VSM, in comparison to
the optimum VSM, the actual swing duration would have hatie ratio of 80% seen in the single-step responses. This relative
to increase by 60% (100 ms), on average. change was less pronounced than the absolute change because
Although the swing duration in the single-step responséise optimal VSM itself was also reduced during multiple-step
tended to exceed the minimally stable lower limit by a&eactions [particularly for backward steps; see Fig. 6(b)].
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C. Does Decrease in Stability Margin Predict the model. Optimal stability would require a further delay of
the Need to Take Further Steps? about 100 ms in completing the step, whereas the additional
There appeared to be a number of differences in thenefit achieved, in terms of the increase in VSM, would only

spatial-temporal characteristics, in comparing the initial st 20%. . ) )

of multiple-step reactions to the steps occurring during the!t May be beneficial to avoid unnecessary delays in step
single-step reactions. In particular, the initial steps duri,ﬁ)mpletlon for a number of reasons. A shorter swing duration
multiple-step reactions tended, on average, to be shorteri@y: for example, reduce the tendency of the COM to fall
length (7% versus 18% of body height) and duration (1dgterally during step execgtlon.[27]. In addition, as nloted
versus 167 ms) and were completed more rapidly (4@@rl!gr, faster responses will facilitate supggssful execution of
versus 579 ms); a-p COM velocity was also higher (24%dd|t|onal stepping reactions, §hould the |n|t|al'step prove to be
versus 14% of body height/s at FC). None of these apparér}ﬁxdequatg to recover equilibrium. The exgcutlon of additional
trends, however, was statistically significapts(> 0.10). Steps, which was much more prevalent in the older adults,
In contrast, the difference in relative VSM magnitude notegPuld be a result of errors or inadequacies in the planning or
above (80% in single-step trials versus 44% in mumpk__e_xecutlon of the initial step (e.g., due to age-related changes in
step trials) was significanfp = 0.013). In attempting to the neural, sensory or musculoskeletal systems); however, this
use the step characteristics and stability margin measure<@4!d also be the consequence of a CNS control strategy to
predict single- and multiple-step reactions via stepwise |Ogisg@deoff relative stability in favor of greater speed of response.
regression, the best predictor was found to be the DSM I_gtfact, some have suggested that o_Ider adults may prefe_ren-
actual time of FC (Wald chi-squarg,= 0.003; concordancy _t|aIIy adqpt such a strategy [7]. In elth_er case, the r(_educt_lon
of predictions= 99.7%). VSM at time of actual FC was also 4" VSM in the initial step of the multiple-step reactions is
very good predictor (Wald chi-square= 0.002; concordancy consistent with a biomechanical need _to_ execute additio_nal
of predictions= 98.1%). In addition, there was a statistically?!€PS, and appears to support the validity of the modeling
significant association between unstable (negative) VSM af@iProach. That the VSM did not actually reach a negative
multiple-step reactions: multiple steps occurred in 83% &gnstable) level in many of these steps is likely due to the
trials (5/6) in which the VSM was negative at actual gdact the VSM analysis assumes an idealized, maximal capacity
(initial step), but in only 21% (20/90) of reactions that hador COM deceleration (instantaneous transfer of all weight to

positive VSM values(p < 0.005). the swing leg and instantaneous generation of maximal ankle
moment, at time of FC) and thereby overestimates the true
D. Accuracy of the Simulations biomechanical capabilities.

, The present results indicate that it is the capacity to de-

_ In or_der to test the accuracy of the |r_1verted—pendu|u_gb|erate the momentum of the falling body (reflected in the
simulations, the model was used to predict the COM digrgyyy rather than the capacity to “capture” the COM within
placement and velocity at time of FC, based on simulatiofs, gos houndaries (reflected in the DSM), that ultimately
starting at time of FO. These predictions were then comparggines the stability of the step. Nonetheless, the DSM, which
to the measured values. Over the 96 exper!mgntal trials t%ﬁntifies the relative displacement of the COM and BOS,
were analyze(_j, _the mean and standard deviation _Of the e fmportant because this defines the maximum decelerational
between predictions and measurgments of COM d'Splacemﬁ%ulse that can be generated, a key factor that influences the
were 0.004_and 0.006 m, respectively. For COM velocny,_tk\(;SM_ This connection may explain why the DSM was found
corresponding errors were 0.055 aqd 0.067 ”."S' r(aSpeCtM?B"be as good a predictor of multiple-step reactions as the
These errors are reasonably small, in comparison to the m%ﬁﬂ\/l. The VSM is, to our knowledge, a novel measure for
absolute COM displacement (0.14 m) and velocity (0.28 m/ uantifying the dynamic stability associated with the capacity
to decelerate the COM. It should be noted, however, that our
approach is completely consistent with recent work by Pai and

The results of the modeling performed in this study clearatton [18], who have used a similar biomechanical model to
indicate that there is a tradeoff between the speed of coidentify feasible combinations of COM position and velocity
pensatory step execution and the stability of the resultiigat will allow balance to be maintained during movement
step. The model predicted that, for a given set of step ch&rmination.
acteristics (foot-off time, swing velocity, swing-phase COM It remains to be determined how the control of the stepping
trajectory), overly rapid completion of the step (e.g., swingeaction is accomplished by the CNS. Redfern and Schumann
duration <30 ms) would result in a BOS that is inadequatfl3] have proposed that the control of stepping during gait
to decelerate the horizontal motion of the COM. Converseliywolves a symmetrical positioning of the swing foot and
by extending the swing duration to approximately 270 ms, stance foot with respect to the pelvis at time of foot-contact,
is possible to achieve a maximal level of stability. Typicallyand have suggested that the CNS could implement such a
during single-step reactions, behavior appeared to be biasedtrol scheme largely on the basis of proprioceptive feedback
toward achieving stability more so than speed. By selectingram the hip and knee joints and associated musculature. The
swing duration that was on average 135 ms longer than theesent results suggest that such a model may not apply to
minimally stable value, the stability of the step was increasedmpensatory stepping reactions, indicating instead that the
dramatically, to about 80% of the optimal level predicted bgositioning of the COM with respect to the BOS established by

VI. DISCUSSION
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the step is typically biased rather than centered: a larger DSilile holding all other parameters constant, we were able to
in the direction of the fall, as observed, apparently serves to investigate whether the selected swing duration was consistent
crease the capacity to decelerate the falling motion of the bodith efforts to maximize either speed or stability. Of course,
(single-step reactions), whereas bias in the opposite directimmtrol of the other step parameters, such as timing of step
tends to occur when speed of response takes precedence migation and selection of the swing velocity, is also important
stability (multiple-step reactions). Hip and knee propriocepticand future modeling efforts, will be directed at investigating
could still be important, although recent results indicate thdtese parameters. In addition, future models will include
feedback from cutaneous mechanoreceptors, on the plamansideration of lateral, as well as antero-posterior stability.
foot surface, may also play a critical role in regulating these A potential limitation of the present model pertains to the
reactions [28]-[32]. use of a single-link inverted pendulum model to approximate
Although control of stability during stepping requires regthe supporting-leg dynamics. Comparisons between measured
ulation of both COM and BOS, there has been a tenden@nd predicted COM trajectories did, however, suggest that the
in many studies, to address the control of the COM withogimplifications inherent to the model did not lead to large
giving explicit consideration to the factors that govern therrors. Another limitation, as noted above, pertains to the
control of the foot placement, e.g., [33]-[35]. It has beefact that the VSM estimates were based on several idealized
noted, by some, that foot-placement control actually appeassumptions regarding weight transfer and moment generation.
to be the most important factor affecting stability [11]-[13]The veracity of the model could likely be improved in future
[34]. Those models that have addressed the regulation of therk by replacing the simplifying assumptions with more
foot trajectory have focussed on volitional or gait-related tasksalistic estimates, or measurements, of actual behavior. With
[10]-[16], but none have considered control of compensatorggard to the experimental data, it should be noted that the
stepping reactions. Our findings, as already noted, indicate thaultiple-step reactions that were considered in the analysis
the need to decelerate the momentum of the falling COMere restricted to those that showed the most definitive evi-
during compensatory reaction leads to significant alteratiodence of a-p instability during the initial step; i.e., the second
in the control of the foot placement. step actually increased the a-p length of the BOS in the
The model of foot-placement control developed in thdirection of the “fall.” Further work is needed to understand the
current study is based on the premise that control of stepntrol of multiple-step reactions that involve other patterns
stability and speed of response is likely to take precedengkstepping [8].
over other control objectives when stepping to recover balanceln summary, the biomechanical model presented in this
In contrast, previous models pertaining to the control of gaieper demonstrates that there is a tradeoff between the speed of
or obstacle avoidance have tended instead to focus on enetggpensatory step execution and the stability of the resulting
expenditure [14], [15], [36], [37]. Avoidance of fatigue is ofstep: there typically exists a minimum swing duration that
course important during repetitive movements such as gditaximizes speed of response while meeting minimum require-
but is less likely to be a predominant concern in respondimgents for static and dynamic stability (DSM and VSMO),
to transient events, particularly when these events poseard there also exists a slower speed of response (longer swing
substantial threat to stability and safety. The general princighration) at which dynamic stability (VSM) is maximized.
that safety takes priority is supported by findings that observE#perimental data indicate that stability of the step typically
clearances, in stepping over obstacles, are significantly larg@tes precedence over speed of response completion during
than the trajectories predicted by energy-minimization modeiatural behavior, except in reactions where additional steps are
[15]. taken to recover equilibrium. The reduction in VSM in these
Other factors that could potentially influence the regulatidatter reactions is consistent with a need to execute additional
of compensatory stepping reactions pertain to the cont&eps, and appears to support the validity of the modeling
forces occurring during landing. Excessive demand for sheafpproach. The modeling approach developed in this study may
force at the contact foot could, for example, increase the riRIp to provide new insight into the biomechanical factors that
of slipping. Impact absorption may also be important, not ongovern the neural control of compensatory stepping reactions.
in avoiding musculoskeletal injury, but also in controlling the
stability of the landing. The latter is supported, indirectly, by

apparent associations between high rates of contact Ioadinq_ ) ) )
(during the initial step) and the need to take additional steps! e authors would like to thank G. Fernie for suggestions

to recover equilibrium [22], [31]. Recent modeling work hagnd comments, G. Griggs for technical support, and M. A.
demonstrated that step length can be controlled so asEg@mondstone, N. Jiang, D. Lawless, and S. Perry for assistance
minimize the impact force [38]; however, more research |8 data collection, data processing, and/or manuscript prepa-
need to determine whether control of contact loading caftion. They also acknowledge the contribution of T. Sinha to
provide further insight, beyond the results presented here, e Preliminary stages of the model development.
explain the selection of step parameters that occurs during
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