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INTRODUCTION 

Human standing requires that the whole body mass is kept in 

equilibrium over a small base of support constituted by the 

feet and the area between them. Equilibrium is maintained 

through different mechanisms that concur to avoid loss of 

balance. One common assumption regarding human standing 

is that the knee is rigid and this is one of the mechanisms by 

which economical equilibrium is maintained [1, page 531].  

 

Previously, perturbations have been applied to the ankle [2] 

and the hip [3] to investigate the physiological mechanisms 

involved in stance maintenance [2,4]. Because the knee has 

been assumed to contribute only marginally to the control of 

the Centre of Mass (CoM) sways [5], to our knowledge, 

perturbations have not been applied to this joint.  

 

In this study, gentle sagittal perturbations were applied to both 

knees during quiet standing to answer the following questions: 

1. do individuals allow their knee to flex when 

perturbed at the knee? 

2. do people allow their whole body to sway when 

perturbed at the knee? 

3. is there a correlation between knee flexion and whole 

body movement?  

 

METHODS 

24 healthy participants, 41±14 years (mean±s.d.), stood 

symmetrically on two force plates (AMTI, OR6-7, Watertown, 

MA, USA) for 200s with their eyes open.  A cotton band was 

placed around each  knee of every participant and  connected 

via Kevlar string (2.5m) to a custom made servo motor 

(Servalco).  Each participant was told that the pulls would be 

very gentle and they would not threaten their equilibrium or 

cause any discomfort. A randomised series of gentle sagittal 

pulls of variable force (1, 1.80, 3.10, 5.6 and 10N) and 

duration (0.2, 0.6 and 2s) were applied unpredictably to either 

knee.  In each trial, each force was applied for each duration, 

making 15 pulls applied at each knee.  All the subjects 

performed at least two trials.  

All the subjects performed an unperturbed standing trial in 

which they stood quietly on the force plates for 30s with eyes 

open.  For both experiments, a 10 camera motion analysis 

system (VICON 612, Oxford Metrics, UK) was used to 

measure the body kinematics: markers were placed on the 1
st
, 

2
nd

 and 5
th

 metatarsal head, the lateral and medial malleolus, 

the heel, the tibia, the lateral and medial tibial condyles, the 

lateral and medial femoral epicondyle, the tibial tuberosity, the 

pelvis and sacrum.   

The following quantities were calculated: sagittal Centre of 

Gravity (CoG); average sagittal displacement of the markers 

placed on the knee and the pelvis; ankle knee and hip flexion 

and internal rotation angles.  

In each trial, all the 15 perturbations at each knee were 

averaged and the time window 5s before and 5s after the onset 

of the averaged perturbation was analysed. For each trial two 

indices were calculated: rigid leg index (Inverted Pendulum 

behaviour, IP) and non rigid leg index that measure the extent 

of knee movement in deviation from the rigid leg (non 

Inverted Pendulum, nonIP), defined as  

 

IP=S×a/(a+b) 

S: maximum sagittal displacement of the average of the 

markers placed on the pelvis, 

a: perturbed lower leg length, 

b: perturbed upper leg length. 

 

nonIP=K-IP 

K: maximum sagittal displacement of the markers placed on 

the knee calculated in one trial.  

 

A cluster analysis of cases was applied to all the trials 

collected.  Each case was attributed values of the IP and nonIP 

coefficients and cases were clustered using Euclidian distance 

and median linkage.  Two main groups of trials were 

distinguished according to the primary difference in similarity.  

 

 

RESULTS AND DISCUSSION 

The same set of pulls applied to the knees of the different 

subjects produced two main responses: in 57 trials, people did 

not flex their knees and their body swayed forward as a whole 

(Figure 1, ×), while in the remaining 7 trials individuals flexed 

their knees (Figure 1, ○). The 2 groups of responses 

demonstrated that different strategies are possible to maintain 

standing: the knee could be locked or not. Generally, keeping 

the knee straight (Figure 1, ×) was associated with a reduced 

whole body forward sway (IP less than 2.5mm) and this 

strategy could be assumed to be ideal to stabilise the whole 

body for small perturbations such as those used in this 

experiment. However the individuals that flexed their knees 

did not lose equilibrium in this experiment. Furthermore for 

larger perturbations, segmental sway confers stability [6] 

because the effects of a larger perturbation could be 

redistributed along the body chain. If the perturbation is so 
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large that a stepping reaction is required, allowing the knee to 

flex also facilitates initiation of movement [7]. 

 

Knee flexion and body movement were associated (Pearson, 

r=0.57, n=64, p<0.001), confirming the hypothesis that the 

knee kinematics is associated with the control of the whole 

body in standing. 
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Figure 1: Scatter plot of all trials showing, in response to the 

perturbations, the IP knee and nonIP indexes. 

 

The 7 trials in which the knee was allowed to flex (○) were 

recorded from 2 participants.  

 

All the individuals tested completed successfully the 

unperturbed standing experiment. No significant correlation 

was found between the knee flexion in the perturbation trials 

and the standing sway during unperturbed trials (Pearson, 

r=0.21, n=24, p=0.33).  The 2 individuals that flexed their 

knees did not differ from the group when considering normal 

standing sway (Tukey’s least significance difference 

procedure, post hoc multiple comparison, p>0.05, n=24). 

Although the two groups of people behaved differently during 

the perturbation trials, these differences in mechanisms and 

strategies would have not been revealed studying standing per 

se. Because the perturbations were gentle, they only evoked 

physiological responses [4].  

 

CONCLUSIONS 

The knee perturbation experiment demonstrates that people 

adopt different strategies when standing: if the knee flexed, 

the individual did not keep the joint locked. However, most of 

the individuals tested did not flex their knees when gently 

perturbed, minimising whole body sway and opposing the 

perturbation. 
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