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SUMMARY
Quantifying  human  balance  performance  is  key  to 
diagnosing and treating balance deficits,  and ultimately to 
reducing the amount of injury caused by falling. A planar 
balance theory based on foot placement location developed 
in the field of  robotics  has  been shown to be compatible 
with human walking and other movements. This theory is 
extended to analyze three-dimensional (3D) movements, and 
has  undergone a  preliminary experimental  validation with 
encouraging results. Importantly this new theory can be used 
to quantify how off-balance a human is, and how quickly 
they are able to restore their balance.

INTRODUCTION
Falling accounts for more than 40% of injury-related health-
care costs in Canada [1]. Quantifying bipedal instability and 
balance  performance  is  key  to  identifying  people  with 
compromised balance and preventing injury. At the present 
time, heuristic methods are used to assess balance, and do so 
with  limited  success.  Unfortunately,  most  theoretically 
grounded balance definitions (commonly used in robotics) 
make  assumptions  that  are  inappropriate  for  analyzing 
human_movement.

Recently,  Wight et al. [2] introduced a new sagittal  plane 
balance theory using foot placement location as the primary 
mechanism for making balance corrections. Millard et al. [3] 
showed  that  the  assumptions  of  Wight  et  al.'s  theory  is 
compatible with human walking, and additionally,  that the 
location  predicted  by  Wight  et  al.'s  accompanying 
algorithm, the foot placement estimator (FPE), corresponds 
well  with human foot placement.  Here we summarize the 
3D extension  to  Wight  et  al.'s  planar  theory,  the  method 
used  to  calculate  the  location  of  a  balancing  step,  and 
present  a  preliminary  experimental  validation.  We 
hypothesize  that  a  balance  restoring  ground  location 
(computed by the 3DFPE algorithm) will be covered by the 
subject's base of support when the subject intends to stop. 
The subject may not cover the 3DFPE location when they 
do not intend to stop.

MODEL
Wight et al.'s foot placement estimator computes the contact 
location  that  will  allow  a  simplified  biped  (Fig.  1)  to 
transition from a falling state to a balanced standing pose. 
The  simplified  bipedal  model  assumes  that  leg  length 
(defined as the distance between the center-of-mass, COM, 
and the contact  point), moment-of-inertia about the COM, 
and system energy (the sum of kinetic and potential energy) 
are constant throughout the step. In addition, it is assumed 
that the foot ground contact is plastic and momentum-

conserving.  As  shown  in  Millard  et  al.  [3],  these 
assumptions  are  well  met  by  real  human  walking,  and 
furthermore, the sagittal plane contact location predicted by 
Wight et al.'s FPE corresponds very well with human foot 
placement  locations.                                     

Extending  Wight  et  al.'s  planar  stability  proof  to  three 
dimensions  is  very  involved.  The  stability  proof  [4]  (not 
reproduced here due to its unwieldy size) revealed that when 
the size of the foot is small in comparison to the height of 
the biped, it is possible to balance a falling biped using foot 
placement alone only if the linear and angular  velocity of 
the biped are in the horizontal plane, and are perpendicular 
to each other. This is equivalent to saying that the linear (v1) 
and angular  velocity (w1) can be projected onto a vertical 
plane without any loss of information. Such a plane can be 
found  for  a  real  biped  by  first  computing  the  angular 
momentum  vector  of  the  biped  about  its  COM  ground 
projection  point  (HGP,  with  vectors  shown  in  bold).  The 
projection plane is then defined by a vertical unit vector (uz), 
and a horizontal unit vector (u with components ux and uy) 
that is perpendicular to the horizontal components of  HGP.

Figure 1:  The simplified biped stepping relative to the 
FPE  [2].  (a)  Stepping  closer  than  the  FPE  results  in 
falling forward. (b) Stepping further than the FPE causes 
the biped to fall  back onto the swing leg. (c)  Stepping 
precisely  at  the  FPE  will  perfectly  balance  the  COM 
above the standing foot



     

 
       (1)

Steps taken along this plane will cause the simplified biped 
to  rotate  in  a  vertical  plane  about  its  foot.  A  balance 
restoring step length along this line can be found by using 
Wight et al.'s planar FPE shown in Eqn. 2 (here  sin and 
cos are  represented  by  s and  c for  brevity).

(2)

Equation 2 uses the translational velocity components of the 
COM of the biped that are parallel ((v1xy

|| = v1▪u) and v1z
|| = 

(v1▪k)),  and  angular  velocity  components  that  are 
perpendicular (w1

┴ = w1 ▪ (u x k)) to the vertical projection 
plane. Trigonometry can be used to find the location on the 
floor where the foot should be placed relative to the COM 
ground projection location.

METHODS
Three-dimensional  kinematics  of  a  subject's  legs,  pelvis, 
torso, arms, and head were collected using a passive Vicon 
motion  capture  system  during  continuous  walking,  gait 
termination and a standing long jump trial.  This data was 
transformed into segment positions and orientations using an 
inverse kinematic model developed in Visual3D. Segment 
masses  and  inertias  were  estimated  using  anthropometric 
tables.  The 3DFPE was computed at  every recorded  time 
instant  by  first  computing  the  orientation  of  the  vertical 
projection plane to find the step direction using Eqn. 1, and 
then using Eqn. 2 to compute the step length. Human foot 
placement locations were compared to the location predicted 
by the 3DFPE. The sensitivity of the 3DFPE solution with 
respect  to  violations  of  the  assumptions  of  the  model  is 
numerically computed as in Millard et al. [3]. In addition, 
the  amount  of  the  angular  momentum  vector  not 
perpendicular  to  the  projection  plane  is  computed  to 
determine how well the dynamic assumptions of the 3DFPE 
are met.

RESULTS AND DISCUSSION
The 3DFPE fell within the base of support of the subject's 
feet  during  the  gait  termination  and  jumping  trials  as 
expected  (Fig.  2).  During  the  walking  trials  and  the  gait 
jumping  trial,  the  3DFPE  location  is  within  the  base  of 
support of the subject's feet. In each trial, less than 0.01% of 
the  subject's  angular  momentum  vector  could  not  be 
projected into the vertical plane defined in Eqn. 1, indicating 
that the dynamic assumptions of the 3DFPE were well met. 
Finally, the computed foot placement location proved to be 
very  insensitive  to  observed  fluctuations  in  leg  length, 
moment-of-inertia  about  the  COM,  and  system  energy. 
Variations of whole body angular momentum during contact 
have  affected  the  predicted  location  by  as  much  as  2cm 
during  the  walking  trials,  and  7.5cm during  the  jumping 
trial.  These  results  are  encouraging,  and  indicate  that  a 
larger experimental study should be undertaken. In addition 
to further validation, work should be done to determine if 
the distance between the subject's COM ground projection 

location  and  the  3DFPE is  a  useful  measure  of  how off 
balance a subject is. Finally, the time integral of the distance 
between the 3DFPE and the  COM ground projection should 
be  investigated  as  a  potential  measure  of  balance 
performance.

CONCLUSIONS
The preliminary experimental  validation indicates  that  the 
assumptions  of  the  3DFPE  are  compatible  with  human 
walking, gait  termination and even jumping. These results 
indicate that further experimental validation of the 3DFPE is 
justified, and in addition, related metrics for imbalance and 
balance  performance should be pursued.  These results are 
particularly  relevant  to  biomechanists  and  clinicians  alike 
because the balance-related metrics can be used to improve 
current  balance  diagnostic  and  rehabilitation  methods.
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Figure 2: The subject's foot falls, COM and 3DFPE 
trajectories and the 3DFPE locations (at the time of 
contact) are shown for the walking, gait termination and 
jumping tasks. The convex hull between the feet during 
double stance is shown in grey.


