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SUMMARY 
The compass gait model is used to analyze the center of mass 
(CoM) trajectory in normal gait. It was demonstrated that the 
compass gait theory, over its features, both overestimates the 
amplitude of the CoM vertical trajectory and does not 
correctly predict the vertical ground reaction force (GRF). On 
the basis of the compass gait model, Saunders et al. suggested 
that 6 major gait determinants allow reducing this amplitude 
and therefore approaching the real CoM trajectory. The aim of 
this paper was to evaluate the relative influence of each gait 
determinant on the CoM trajectory and respective effect of 
each determinant on the vertical GRF using a common 3D 
mathematical model. The stance knee flexion as well as the 
pelvic obliquity showed a major contribution to the decrease 
of the CoM estimated position only during double support, 
contributing to the appearance of the first peak of vertical 
GRF. During single support, the stance ankle dorsiflexion 
rather contributed to the CoM vertical excursion and ankle 
plantarflexion at later single support was responsible to the 
appearance of the second peak of vertical GRF. The largest 
effect on minimization of the CoM vertical amplitude 
appeared when considering the foot mechanisms in the model. 
 
INTRODUCTION 
In the concept of compass gait, the walking subject is widely 
modeled by a bipedal system having massless rods of constant 
length without feet, ankles or knees, and hinged at the hips. 
The consequence of such modeling is that the CoM vertical 
trajectory is overestimated [1,2]. It also predicts just one 
vertical GRF at midstance, when the leg is perpendicular to 
the ground [5]. On the compass gait basis, Saunders et al. [1] 
identified 6 major gait determinants contributing to minimize 
and smooth the vertical and lateral trajectories of the CoM: 
pelvic rotation and obliquity, stance knee flexion, foot and 
ankle mechanisms, and tibiofemoral angle. From the predicted 
compass gait model, the 6 determinants coordinated action 
would allow approaching the actual CoM vertical trajectory. 
Saunders et al.'s view was widely accepted specially in clinical 
gait biomechanics [2,3]. Several authors [4,5] recently focused 
on the analysis of gait determinants contribution. However, 
these studies focused on one of gait determinants isolated 
influence, leading to implement a mathematical model only 
dedicated to the considered determinant. 
 
The aim of the present study was to determine which of the six 
determinants of gait should be considered to reduce the 

amplitude of the vertical CoM trajectory and predict the 
pattern of vertical GRF. Then, we proposed a 3D 
mathematical model based on the compass gait theory able to 
assess the relative contributions of the six gait determinants 
quoted on: 

(i) The CoM vertical trajectory.  
(ii)  The pattern of vertical GRF.  

 
METHODS 
Eight healthy adult subjects were instructed to walk along a 
10-m laboratory walkway at three different gait speeds: slow, 
comfortable and fast. A set of 56 reflective markers were 
placed on bony landmarks of the subjects. The data from ten 
cameras (Vicon, Oxford, UK) were collected and 
synchronized with data from seven staggered force plates 
(Kistler, Winterthur, Switzerland; Sensix, Poitiers, France). 
  
We proposed an extension of the classical compass gait model 
integrating four segments which represented the subject lower 
limb (Fig. 1). Let Si (i=1,4) denote the four segments 
respectively associated to the local frames Ri =(Oi, xi, yi, zi). 
We obtained the following equation to compute the CoM 
trajectory C in the reference frame R0: 
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where T0,1, T1,2, T2,3 and T3,4 respectively represented the 
relative transformation matrix of the shank, the thigh, the 
pelvis and the segment between O4 and C. 
 

 

Figure 1:  Extended compass gait model and definition of the 
6 kinematic variables representing the gait determinants: P(t), 
�1(t), �2(t), �2(t), �3(t) and �3(t). 
 
We  introduced the experimental kinematic value relative to 
each gait determinants into the homogeneous transformation 



matrix concerned: T0,1 considering the foot (P(t)) or the ankle 
mechanisms (�1(t)), T1,2 considering the tibiofemoral angle 
(�2(t)) or the stance knee flexion (�2(t)) and T2,3 considering 
the obliquity (�3(t)) or the rotation of the pelvic (�3(t)).  
In each gait determinant representation, only the kinematic 
value concerned was changed along the stance phase. The 
input kinematic value was set to the measured value occurring 
during the entire gait stride and others data referred to gait 
determinants were set constants. 
 
The GRF is obtained using Newton equation in R0: 
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where f=[fx fy fz 0]t is the resultant of GRF, M the mass of the 
subject and g=-9.81 m.s-2 the acceleration of the gravity. The 
CoM acceleration vector is obtained by successive numerical 
derivation of the trajectory with time. 
 
RESULTS AND DISCUSSION 
The respective influence of the 6 determinants on the 
amplitude of the CoM vertical trajectory was illustrated in 
Figure 2. Pelvic rotation and tibiofemoral angle had negligible 
contribution on both minimization of this amplitude. The 
stance knee flexion, showed no contribution to the reduction 
of the estimated position at the time of the peak of vertical 
CoM trajectory. The results showed a major contribution of 
this determinant as well as pelvic obliquity to the reduction of 
the amplitude of the CoM displacement only during double 
support. Gard et al. [4] hypothesized that considering their 
evolution during the gait cycle, the knee flexion and pelvic 
obliquity of the stance limb would be mostly involved in the 
absorption of a part of the mechanical shock generated by the 
foot strike and the rapid transfer of the stance limb weight 
toward the controlateral limb during double support. The foot 
mechanisms throughout the CoP translation under the stance 
foot seemed to be the kinematic variable that was determinant 
in the reduction of the CoM vertical displacement during 
single support. 
 

 

Figure 2:  Respective contributions of the gait determinants to 
CoM vertical displacement for comfortable gait speed during 
stance phase. 
 

Figure 3 showed the respective contribution of the gait 
determinants on the GRF. The curves suggested that the first 
peak of vertical component of GRF, in early single support, is 
due to both stance knee flexion and pelvic obliquity. These 
results corroborated Pandy's studies [5] which showed that 
knee extensors as well as hip abductors contributed 
significantly to the first peak of vertical GRF when they were 
activated with considerable force. The ankle mechanisms 
throughout the ankle plantarflexion at later single support 
contributed to the appearance of the second peak of vertical 
GRF. The ankle plantarflexor shortened to generate almost all 
the positive work of the stance lower limb muscles [6]. They 
provided an active push-off and contributed to support and 
forward progression more than the others muscles. 
 

 

Figure 3:  Respective contributions of the gait determinants to 
vertical component of the GRF for comfortable gait speed 
during single support.  
 
CONCLUSIONS 
The purpose of the study was to point out which of the gait 
determinants minimize the amplitude of the CoM vertical 
trajectory and predict the pattern of vertical GRF. The foot 
mechanisms, throughout the CoP translation under the stance 
foot, had a major influence on the decrease of CoM vertical 
excursion. Otherwise, the stance knee flexion and pelvic 
obliquity were responsible to the reduction of this excursion 
during double support and the appearance of the first peak of 
vertical GRF. The ankle plantarflexion at later single support 
contributed to the appearance of the second peak. 
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