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SUMMARY
We studied the effects of anterior-posterior (AP) and 
mediolateral (ML) oscillations on control of stability during 
walking in humans.  We found that independent of 
perturbation applied, mean ML margins of stability remained 
approximately constant whereas AP margins of stability were 
influenced by ML perturbations more than AP perturbations.  
Our results support the idea that maintaining lateral margin of 
stability magnitude could be a goal in controlling human 
walking.

INTRODUCTION
Understanding how we maintain our stability when walking, 
particularly when exposed to perturbations or irregular 
environments, is a key to understanding how to prevent falls.  
Hof et al. [1] proposed the use of dynamic margins of stability 
(MOS), which relate the motion of the center of mass (COM), 
or the extrapolated center of mass (XcoM), to the edge of an 
individual’s base of support (BOS).  Rosenblatt and Grabiner 
[2] demonstrated that MOS do not vary significantly between 
walking platforms suggesting that foot placement could be 
used to maintain an approximately constant MOS.

One approach to studying stability control is to expose
individuals to continuous, small magnitude perturbations.  
Such perturbations have been applied physically [3-5] and 
visually [4-6] in virtual environments.  The purpose of the 
present study was to determine how margins of stability were
controlled during continuous pseudorandom oscillations of the 
support surface and visual field.  We hypothesized subjects 
would (1) have decreased MOS in the perturbation direction, 
(2) require a smaller impulse to move their XcoM to the edge 
of their BOS in the direction of the applied perturbations and 
(3) have greater variability in MOS while undergoing 
perturbations.

METHODS
Twelve healthy young adults participated with informed 
consent.  Each subject completed five 3-minute walking trials 
in the Computer Assisted Rehabilitation ENvironment 
(CAREN) system under each of 5 conditions:  no perturbation 
(NOP), anterior-posterior platform (APP) or visual (APV) or 
mediolateral platform (MLP) or visual (MLV) translations.  
All translations were applied as a pseudorandom sum of sines 
with incommensurate frequencies of 0.16, 0.21, 0.24 and 0.49 
Hz.  Kinematic data for the head, trunk, pelvis and feet were 

collected using Vicon at 60 Hz. Details of the experimental 
setup are described in [4,5].

COM position was estimated from the average of the anterior 
and posterior superior iliac spine markers on the right and left 
sides.  COM velocity was calculated as the first derivative of 
COM position.  MOS were calculated as the difference 
between the XcoM and edge of the BOS as described by Hof 
et al. [1]. In the AP direction, MOSap are the perpendicular 
distance between the XcoM and the line joining the toe 
markers.  In the ML direction, MOSml are the lateral distance 
between the XcoM and the lateral heel marker of the foot in 
heelstrike.  Positive MOS indicate that the XcoM projection is 
within the BOS.  

Figure 1.  The CAREN is an immersive VR system with a six 
degree of freedom platform with a built-in instrumented 
treadmill.

For a given heelstrike, the minimum impulse (I) required to 
move the COM outside of the BOS [1] is equal to m*ω0*MOS 
applied in the direction of the smaller margin of stability (i.e. 
MOS is equal to whichever is smaller, MOSap or MOSml), 
where m is mass and ω0 is the square root of the gravitational 
constant divided by the distance between the ankle marker and 
COM.

Two-way analysis of variance (condition x subject) with a 
Bonferroni correction and Tukey post-hoc analysis were used 
to assess statistical significance.  P-values < 0.05 were 
considered significant.

RESULTS AND DISCUSSION
Mean MOSap for the MLP and MLV oscillations were 
significantly greater than during NOP (p < 0.0005, Figure 2).  
MOSap variability was greater during the APP, MLP and MLV 
oscillations than during NOP (p = 0.001, <0.0005, <0.0005, 



respectively).  Thus, in the AP direction, we had to reject our 
hypothesis that MOS would decrease in the perturbation 
direction.  Similarly, we found that only during the AP 
platform perturbation did MOSap variability increase relative 
to NOP, rejecting that idea that MOSap variability would 
increase with any AP perturbation.  We did note that in the AP 
direction, the only condition with an error bar that extended 
below zero was in the MLV direction.  This seems to indicate 
that subjects are more likely to cross their AP BOS boundary 
during MLV perturbations than during the other perturbations 
applied or than during normal walking.

Figure 2.  Mean and standard deviation of MOS in the 
mediolateral and anterior-posterior directions.

Mean MOSml were not significantly different during any 
perturbation condition relative to NOP (Figure 2).  MOSml

variability was greater during the MLP and MLV oscillations 
than during NOP (p < 0.0005).  The finding that mean MOS 
remained approximately constant in the ML direction
independent of perturbation condition is consistent with 
previous observations that MOS remained constant between 
surface types [2,7].  This indicates that even during visual 
perturbations, individuals are choosing foot placement to 
obtain a desired MOS. Again we rejected our hypothesis that 
mean MOSml would increase due to ML perturbations.  
Conversely, MOSml variability increased during the ML 
perturbations indicating that foot placement was affected by 
the perturbations.  Thus we accepted our third hypothesis for 
the ML direction.

Iap was significantly greater during the APP, MLP and MLV 
oscillations relative to NOP (p = 0.044, <0.0005, <0.0005, 
respectively, Figure 3).  Iml was not significantly different 
from NOP during any of the perturbation conditions.  Because 
I is directly related to MOS, it is logical that we observed no 
significant differences in Iml, but did observe differences in Iap.  
However, humans are known to be more unstable laterally 
during walking, and this result could reflect that more control 

is exerted to maintain stability laterally allowing greater 
anterior-posterior fluctuations, hence the smaller impulses 
required in the AP direction to move an individual towards the 
boundary of their BOS.  While it would seem then that 
walking should be more unstable in the AP direction from 
these data alone, it is important to remember that the XcoM 
leaving the BOS does not necessarily mean someone will 
immediately fall.  It means that a corrective motion will be 
needed to keep the individual upright.  In walking, this 
corrective motion could simply be another step forward 
toward a destination, or as in this study, along the treadmill.

Figure 3.  Mean and standard deviation of impulse (I) 
required to move subjects XcoM to the edge of their BOS. 

CONCLUSIONS
During continuous, pseudorandom oscillations, mean MOSap

was greater only during the ML perturbation conditions 
indicating that AP control of motion was challenged by ML 
perturbations.  Individuals maintained their mean MOSml

regardless of perturbation direction supporting the idea that 
controlling MOSml might be a goal during walking regardless 
of perturbation.  
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