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Abstract

This thesis examines the medio-lateral body motion during single steps in an attempt 

to understand how balance is controlled in human stepping and gait. During a step 

the body’s centre of mass (CoM) is not over the base of support. The body is unstable 

and falls sideways, but is ‘held together’ such that it moves approximately as a single 

unit. Over a range of step directions, there is a close relationship at the end o f the step 

between stepping foot position and CoM position and velocity. This may be in order 

that the stepping limb can catch and redirect the fall of the body securely. A freely- 

falling model of the body closely predicts body motion during the step. This suggests 

that the position and velocity of the CoM at the end of the step are determined by the 

values at the start. Subjects are found to vary these starting values systematically with 

step direction and duration, and also to take into account initial posture. Together 

with evidence that the duration of the single-support phase is determined in advance, 

this suggests that the body motion during the step could be controlled ballistically. 

This strategy may be used because body motion is difficult to influence appreciably 

once the step is under way. In responding to a cue to change step direction ‘mid- 

flight’, subjects are able to alter body motion but 1) are more able to increase than to 

decrease the rate of the sideways fall, and 2) appear to have to resort to a m ulti

segment strategy. In contrast, responses appearing in the swing limb at short latency 

suggest that ordinarily swing limb motion may be subject to ‘on-line’ control. Thus 

inaccuracies in the ballistic control of the body mass may be compensated for by 

mid-step alterations in swing limb motion.
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Chapter 1

1. General introduction

Content o f the thesis

The body of this thesis consists of a description of three experimental studies 

(chapters 3, 4 & 6) and two rather more theoretical sections (chapters 2 & 5). In the 

interests of clarity each of these chapters contains its own introduction, literature 

review and discussion and therefore this and the final chapter only deal very briefly 

with some general issues.

The various approaches to the study o f human stepping and gait 

Because human bipedal gait is so different to quadrupedal and even other bipedal 

forms of locomotion, almost all of the work referred to in this thesis concerns human 

stepping or gait. Even with this narrowing of focus there remains a bewildering array 

o f different approaches to the subject. Perhaps this is inevitable given the complexity 

of the phenomena under study. Given below is a very brief overview o f the various 

current lines of investigation.

Studies of the locomotion of non-human primates (Dunbar, 1997) and o f the 

(probable) gait of early hominids have revealed something of the evolution of 

modern human bipedal gait. Modern human gait is found to be associated with a 

reduced demand for blood supply to the musculature and a greater rate of perfusion 

of the brain (Abitbol, 1995). There is also evidence that the vestibular apparatus in 

habitually erect and bipedal hominids is adapted such that it might better sense the 

body motion produced during fully upright gait (Spoor et a l,  1994).

Development of gait has also been studied ontogenetically. Here the emphasis has 

been on the development of balance control. Evidence has been found for a fast 

maturation of balance control during the early months of autonomous walking 

(Assaiante et a i,  1993), but responses such as anticipatory postural adjustments (also 

see below) appear to continue to develop up until the 14̂ *̂  year (Hirschfeld & 

Forssberg, 1992). In addition, Brenière et a l  (1989) have investigated the 

development of gait initiation in young children.
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Control of balance during gait in adults has been studied biomechanically. A 

common approach has been to study the dynamics of the body considered as a 

number of major (rigid) segments and to attempt to derive equations which describe 

an adequate control system {e.g Chow & Jacobson, 1972; Townsend, 1985;

Koopman et a l,  1995). MacKinnon & W inter (1993) evaluated the muscle torques at 

the hip and ankle required to produce the observed frontal-plane motion of the body 

during gait. However, most of these often very sophisticated mathematical analyses 

appear to have had very little impact on the rest of the literature, presumably because 

they are virtually inaccessible to non-physicists.

The responses to perturbations during gait both self induced and externally applied 

have been studied (see chapter 6). Self induced perturbations are found to be 

associated with ‘anticipatory postural adjustments’ which are specific to the phase of 

the step cycle in which they occur (Nashner & Forssberg, 1986; Hirschfeld & 

Forssberg, 1991). Externally applied perturbations release stereotyped adaptive 

response patterns in both stance and swing limbs (Dietz et a l,  1986; 1987; Eng et a l,  

1994) which it has been suggested are partly spinally organised (Quintern et a l, 

1985). Another approach using external perturbations has been to impel standing 

subjects sufficiently to evoke reflex steps and to compare the organisation of these 

with that of normal voluntary steps (McDroy & Maki, 1995; Maki et a l,  1996). One 

finding has been that preparatory medio-lateral adjustments to balance found in 

voluntary steps (see chapter 3), usually thought to be associated with weight transfer 

to the forthcoming stance limb, are found to be reduced and often absent altogether.

A surprisingly large number of studies have specifically studied the initiation of gait. 

Here perhaps more than ever the diversity of approaches and therefore findings 

defies summary. The body is found to move medio-laterally as well as antero- 

posteriorly before the step begins (Jian et a l,  1993 - see chapter 3) and the forwards 

motion of the body has been suggested to be due simply to gravity (Le. the body is 

allowed to fall -  Breniere & Do, 1986). Furthermore, the overall sequence of events 

has been suggested to be controlled by a single ‘motor program m e’ (Breniere et a l,  

1987).
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The existence of such motor programmes in the control of (steady-state) gait has also 

been investigated using various forms of ‘pattern analysis’, both temporal (Shapiro et 

a l,  1981; Brunt et a l,  1991) and spatial (Winter, 1984 ; Mah et a l ,  1994). A 

recurring finding is that the various phases of the step cycle appear to maintain a 

fixed temporal relationship to one another suggesting the operation of a central motor 

programme (see chapter 4).

Another line of enquiry since the early part of this century has been to look at the 

energy changes which occur during gait {e.g. Elftman, 1939; Saunders et a l ,  1953; 

Ralston & Lukin, 1969). More recently the notion that during gait there is a cyclic 

inter-conversion between kinetic and potential energy has been tested more 

rigorously (Cavagna et a l, 1976; Gordon et a l,  1980). It has been suggested that this 

inter-conversion can render the gait extremely energy-efficient (Alexander & 

Goldspink, 1977).

A number of groups have looked at the visual control of locomotion over various 

terrains. Somewhat surprisingly, it appears that a series of quick glances at the 

ground ahead is all that is required even when negotiating a complex series of 

obstacles (Assaiante et a l,  1989; Patla et a l,  1991). However, when foot placement 

is the first priority, subjects fixate the foot target throughout each step (Hollands et 

a l,  1995 - see chapter 6).

Neurophysiological investigations of human gait are comparatively rare, presumably 

because they are technically rather difficult. A number of central pathways have been 

found to be modulated in phase with the step cycle (Dietz et a l ,  1985; Duysens et 

a l,  1994; 1995). Melvill Jones & W att (1971) found that muscle activation around 

foot-strike was anticipatory rather than reflex, suggesting a centrally ‘program m ed’ 

origin. Neurophysiological work in other species, notably the cat, has been used to 

supplement these findings (Pearson, 1976; Armstrong, 1988; Beloozerova & Sirota, 

1993).

Finally, a vast number of studies have been conducted on the gait and stepping of 

neurological patients and the elderly. The findings are as diverse as the patients, but 

include reduced stride length, disruption of the temporal relationship between the
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various phases of the step cycle (Maki, 1997; VanSwearingen et a l,  1996), and 

balance problems (Ishikawa et al., 1995) in particular associated with inability to 

transfer weight medio-laterally (Elble et at., 1994; 1996) etc.

The present approach

Given the diversity and sheer volume of the work alluded to above, some feel that 

‘gait analysis’ has generated surprisingly little of direct use to the clinician. For 

example, according to Brand (1992), “..not one measure of locomotion has gained 

wide acceptance in clinical practice” . Part of the problem may be that the data are 

often daunting in their complexity and not easily accessible to the non-specialist. One 

aim of the work presented here was to try to find some simple general principles 

which might have more direct clinical application.

The vast majority of previous studies on gait and stepping has considered only 

motion in the saggital plane, presumably because the primary interest has been in the 

means of progression. The work presented here focuses not on progression but on the 

control of balance during a step. Here, motion in the frontal plane is of particular 

relevance because the change in the conditions of support when one foot is lifted off 

the floor (in order to take a step) are in this plane. Apart from the scientific interest in 

studying this relatively neglected area, it is hoped that it might help us understand 

better some of the difficulties with walking experienced by the elderly and by 

neurological patients. These subject groups often fall and the consequent injuries 

constitute a major public health problem. For example it has been reported that 28- 

35% of those aged 65+ fall at least once each year (Blake et al., 1988) and that falls 

account for approximately 60% of all injuries in the elderly (Downton, 1993). Koller 

et al. (1989) report that in a study of 100 patients with Parkinson’s disease, 38% 

reported falls, 13% of them falling more than once a week. Many o f these falls occur 

while walking or attempting to walk, and abnormalities of gait have been used as 

predictors of risk of falling (VanSwearingen et a i,  1996). Furthermore, it has been 

suggested that deficits in the control of lateral stability appear to be particularly 

associated with increased risk of falling (Maki et al., 1994; Maki & M cllroy, 1996).

It is hoped that the work presented here can be used in subsequent studies o f elderly 

subjects and neurological patients in an effort to understand why they fall and how 

such falls can be prevented.



Chapter 1

Abbreviations and definitions

The following is a list of abbreviations and definitions used in this thesis.

AP - antero-posterior

Balance -  in the static case, a body may be said to be in balance when the vertical projection 

of its CoM (see below) is within the base o f support (see below)

Ballistic -  (from Greek Ballo, a throw; of projectiles, moving under the force of gravity 

only; Concise Oxford Dictionary) - in neurophysiology and motor control a ballistic 

movement is one in which at least the beginning of the movement is supposed to be 

produced by an initial burst of muscle activity the consequences of which take some time 

to develop due to the inertia of the moving part -  in this thesis the term also carries the 

more general connotation of a body moving under the force of gravity only {i.e. falling -  

see below)

Base of support -  area of contact between a body and its supporting surface {e.g. in the case 

of a standing human, the area on the ground bordered by the outer edges of the feet)

CNS - central nervous system

CoM - centre of mass -  point at which the overall body-mass may be thought to act 

CoP - centre of pressure - point of application of the resultant of the ground reaction 

Falling -  moving under the influence of gravity -  in particular in this thesis, in a state {e.g. 

position) in which it is not possible to counteract wholly the influence of gravity and thus 

arrest the downwards acceleration of the body-mass 

Gait -  manner of locomoting, e.g. walking or running

Inverted pendulum -  a pendulum in which the pivot is below rather than above the mass 

(requires springs about the pivot in order to oscillate) -  the inverted pendulum model of 

human stance is one in which the body is thought to behave like an inverted pendulum 

with all appreciable movement occurring at the ankles 

ML - medio-lateral

Motor programme -  a stored sequence of muscle activations or joint rotations (or other 

representation of a movement) which may be executed (resulting in a movement) without 

requiring feedback from the periphery (re-afference)

Posture -  the posture at one or more joints is the position of those joints -  thus applied to the 

body as a whole, the posture is the position of all of the joints 

Progression -  the carriage (usually forwards) of the body mass during gait 

Step -  a step is here defined specifically as the single support phase of a step 

Sway -  a term used to describe the oscillatory motion of the body during quiet stance 

(usually thought to be mostly due to motion at the ankles)

10
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2. Estimating the position and motion of the CoM of the human 

body

Abstract

The CoM is a useful concept in describing whole-body motion. The most commonly 

used technique for estimating the position and motion of the CoM of the human body 

treats the body as system of rigid bodies where the CoM of the whole is a weighted 

sum of the CoMs of the constituent bodies. In practice this technique presents many 

technical difficulties because it is necessary to estimate the mass and position of the 

CoM of each of a subject’s body segments, and then accurately to follow the motion 

of all of these segments as the subject performs the required task. Recently this 

technique has begun to be evaluated and significant errors in estimation o f CoM 

position have been found. An alternative and much simpler approach is based on 

ground reaction data. From these it is possible to calculate the acceleration of a 

subject’s CoM and then to derive the velocity and displacement by integrating. This 

approach suffers from the problem that the double integration amplifies tiny errors in 

the original ground reaction data. This can produce very large errors especially if the 

time over which the integration is performed is long. A method is presented for 

correcting ground reaction data to greatly reduce this error.

Introduction

W hole-body activities such as posture and gait are difficult to analyse because of 

their complexity. Perhaps the most obvious simplification is to look at the overall 

picture as described by the motion of the CoM and the rotation of the body as a 

whole about its CoM. It seems probable that the CNS too must somehow simplify the 

problem, reduce the number of ‘degrees of freedom ’ (Bernstein, 1967). But as Hasan 

(1991) has pointed out, Newtonian mechanics may not obviously lead us to the same 

reductions as those the CNS uses. The concept of the CoM may well be a case in 

point. In quiet stance for instance, although the CoM may seem to be closely 

controlled in that it is kept well within the base o f support, this may simply be an 

‘emergent property’ of an altogether different control process, for example one that

11



Chapter 2

aims to maintain certain combinations of joint angles or torques (Lacquaniti et al ,  

1990).

However, with this caveat in mind, CoM motion remains a useful starting point in 

attempting to understand whole-body movement, and especially so where the body 

appears to be behaving largely as a single unit or segment (see chapter 5). M ost of the 

data presented in this thesis are of CoM motion. This chapter reviews current 

approaches to estimating the whole-body CoM motion before describing a new 

technique (used throughout this thesis) for reducing error in ground reaction-derived 

CoM  motion data.

Whole-body model methods

The CoM of a rigid body is fixed at a particular position with respect to the body.

This is not the case for the CoM of a non-rigid body or for that of a system of rigid 

bodies. In the latter case, as the position of any one of the bodies in the system 

changes, so does that of the overall CoM with respect to the other (stationary) bodies. 

The position of the CoM of the system (R) may be calculated if the masses and 

positions of the CoM of each of the constituent bodies is known.

M = ^ m ^

where r, is the position and m, the mass of the segment of the body.

The most common approach to calculating the position and motion of the CoM of a 

human body is to treat it as a system of rigid bodies. This involves a number of 

approximations, the most serious o f which is in respect o f the trunk whose behaviour 

is not well described either as a single or as a series of rigid bodies. Furthermore, 

even segments such as the thigh, which are associated with a single bone, are only 

very approximately rigid: a large proportion of the mass is in the fluid state, the tissue 

moves on the bony skeleton, and the bones themselves have a degree o f elasticity. 

Notwithstanding these initial difficulties, the technique is used extensively and is 

therefore reviewed here. The primary requirements are 1) to be able to estimate the

12



mass and position of the CoM of each of the body segments, and 2) to be able to 

follow the motion of each of the body segments.

f/ig CoM q/goc/z q/̂ f/zg 0̂6/y jggmgzz ĵ

There are two approaches to this. The first involves generalising measurements made 

on cadavers to living subjects (Dempster, 1955; McConville gf o/., 1980; Plagenhoef 

6'r o/., 1983). The overall height and mass of the cadavers is first measured. Then they 

are dismembered and the dimensions and inertial properties of each of the segments 

are measured directly. These data are then used to estimate the properties of the 

body-segments of living subjects by assuming that each such property bears a fixed 

relationship to the overall body height and mass; for instance that the mass of the 

thigh segment is a certain percentage of the overall mass, that its length is a certain 

percentage of the overall height, and that the distance from one end of the segment 

(along the long axis) of its CoM is a fixed fraction of the segment length. (The 

principle moments of inertia can be expressed in a similar fashion and are also 

estimated in these studies for use in calculating dynamic parameters such as joint 

torques.) The primary drawback to this technique is that it assumes a similar body 

build across the cadavers and living subjects. It is also subject to a number of errors 

arising from differences between the cadavers' and living tissue. Plagenhoef erf rz/. 

(1983) estimate that errors of between 10 and 15% should be allowed for.

The second approach is to model each of the body segments geometrically and to 

estimate the mass and CoM position directly from these models (Hanavan, 1964; 

Miller & Morrisson, 1975; Yeadon, 1990). The major drawback to this technique is 

that the density distribution of the tissue is not known and must either be estimated or 

assumed to be uniform. A possible solution to this problem appeared some years ago 

in the literature (Casper gf zz/., 1971 czW  zzz Williams & Lisner 1977; Zatsiorsky & 

Seluyanov, 1983; 1985). This involved the use of gamma rays to measure the density 

distribution of the body segments, the absorption of the gamma radiation being 

proportional to tissue density. However, since these somewhat preliminary reports, 

no further details of this method appear to have been published.

13
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Following the motion o f each o f the body segments

This is almost invariably done using one of a number of optical systems based either 

on video or on the reflection or emission of infra-red. The technical difficulties are 

formidable. To follow unambiguously the 3-dimensional motion of a rigid segment ^ 

requires a minimum of 4 reflectors or lights arranged in a 3-dimensional (non-planer) f  

shape, such as a triangular-based pyramid, together with at least 2 cameras. Many 

studies attempt to simplify the situation by looking only at 2 dimensions and 

assuming then that 2 markers per segment will do. However this is potentially flawed 

in that no real movement is 2-dimensional and any rotation which occurs ‘in the 3"̂  ̂

dimension’ will tend to distort the picture in the other two.

Assessing the accuracy of these optical motion analysis systems is extremely 

difficult. There are 2 important sources of error, 1) that in resolving the position of 

the markers, and 2) that due to movement between the markers and (the bone of) a 

segment. In regard to the first of these, two studies by Ehara et al. (1995; 1997) have 

compared the performance of a number of commercially available systems. They find 

maximum errors in resolving the position of a marker of between 4 and 50mm 

depending on the system. However, this may underestimate the maximum error 

which would be experienced in practice since in these studies the markers were 

ideally placed (on a stick held by a walking subject) for the cameras to ‘see’ them. In 

practice markers tend to move in and out of such ideal positions giving rise to 

artefacts which can be difficult to distinguish from actual movements. Markers can 

even momentarily be totally occluded, for example by a swinging arm or leg during 

gait.

The second problem, that of markers moving with respect to the bone of a segment, 

is also a potentially serious source of error. In general, markers are attached to the 

skin and therefore during activity move with the skin over the bones. A number of 

studies have investigated the errors introduced in this way by developing fixtures for 

markers which actually insert into the bone. Others have used radiographic 

techniques. These are all reviewed in some detail in Holden et a l  (1997). Movements 

of markers attached to the skin of up to 40mm (and in one case even 70mm) with 

respect to the underlying bony structures are reported. Holden et al. (1997) describe a

14
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new fixture for reflective markers which inserts into the bone (in this case the tibia 

and fibula) with sharp steel pins. This fixture was designed with the aim of being 

minimally invasive. However, even so, elaborate precautions must be taken to ensure 

that the apparatus is sterile (subjects were even given antibiotics as a prophylactic 

measure) and the site of entry of the pins must be carefully anaesthetised. It seems 

that attempting to instrument the whole body in this way would be impractical.

An optical system (Selspot II) is used to follow the motion of various parts of the 

body in the study described in chapter 6. The problems outlined here have been taken 

into account although it will be seen that the technique is not used in an attempt to 

follow the motion of individual body segments as such, but only to get a more 

general impression of how various levels of the body are moving.

Using and evaluating the whole-body model

Despite the considerable technical difficulties the ‘whole body model’ approach has 

been extensively used in a number of laboratories. The models used vary in their 

design and sophistication, for example from 4-segment 2-D (Horak & Nashner, 1986; 

Burleigh & Horak, 1996), through 8-segment 2-D {e.g. Toussaint et al., 1992) to 13- 

segment 3-D (Jian et al., 1993) and 14-segment 2-D {e.g. Winter et a i ,  1990).

Unfortunately, studies using this technique have not made public any attempt at 

validating it, for example giving any indication of the level of uncertainty in the 

estimation of CoM position. Given the technical difficulties outlined so far this 

seems rather surprising. Two studies which compared techniques of estimating CoM 

position and motion (see below) (Eng & Winter, 1993; Benda et a i,  1994) seem 

simply to assume without question that the whole-body model is the standard against 

which other methods are to be judged. However, quite recently, concern with the 

whole-body model approach has started to appear in the literature (de Looze et 

a i , 1992; Kingma et a i ,  1995). These two studies aimed directly to test (and in the 

latter case also to correct) whole body models by comparing predicted with observed 

forces exerted at the support surface and on a load which the subject lifted against 

gravity. For example, subjects were asked to stand as still as possible in a number of 

different postures and in each case the horizontal position of the CoM estimated from

15
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the whole-body model was compared with the average position of the CoP during 

these periods (when the body is approximately still the average horizontal positions 

of the CoM and CoP should coincide). The models’ estimates of the position o f the 

CoM were found generally to be between 1 and 4cm in error. This type of finding is 

particularly difficult to reconcile with studies of quiet standing balance in which 

apparently uncorrected CoM position traces derived from a whole-body model show 

CoM position fluctuations of less than 5mm and yet, judging from the superimposed 

CoP trace, are highly accurate (Winter, 1990).

Force-platform methods

These methods rely on the fact that the force exerted on the body by the support 

surface is proportional to the acceleration of the body’s CoM (Newton’s 2"^ law). 

Thus, where a body of known mass is wholly supported by a force platform which 

can resolve the forces exerted on it into 3 orthogonal components, it is theoretically 

possible to determine the 3-dimensional acceleration of the CoM. The acceleration 

records thus obtained may then be integrated to obtain the change in velocity and, if 

the initial velocity is also known, the change in position of the CoM during the 

measurement period.

The earliest use of this type of approach seems to be that of Fenn (1930) who went on 

to use the records of CoM velocity to calculate the external kinetic energy o f the body 

( Vimv^). This approach was then taken up by Cavagna (et a i,  1964; 1975) who used 

analogue integrators to calculate CoM velocity and external kinetic energy during 

walking and running. Since this time, a number of other investigators, interestingly 

all studying gait or its initiation, have used ground reaction forces together with 

digital integration to calculate CoM motion (Cappozzo et a i,  1976; Tesio et a l ,

1985; Breniere et a l,  1987; lida & Yamamuro, 1987).

None of these workers however mention a major problem with the method, which is 

that the estimates of velocity and (especially) displacement tend to drift, due to the 

integration process accumulating and therefore in effect greatly amplifying any error 

in the acceleration trace. This issue is first addressed in the impressive work of 

Shimba (1984) and a means of correcting for it based on the relationship between the
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estimated position of the CoM and the line of action of the resultant o f the ground 

reaction is described. Unfortunately, it seems that this sophisticated study has not yet 

received the attention it deserves.

Comparisons o f the various approaches

The whole-body model and force platform methods are the two most common 

approaches to estimating CoM motion. However a number of other methods have 

been suggested for certain applications including the use of Fourier analysis (Crowe 

et a l,  1995), iterative techniques (Levin & Mizrahi, 1996), low-pass filtering o f the 

CoP trace (Benda et a i,  1994), and the use of a single marker attached to the waist 

(e.g. Cotes & Meade, 1960).

Three studies (Eng & Winter, 1993; Benda et al., 1994; Thirunarayan et al., 1996) 

have attempted a direct comparison of various o f these methods. Unfortunately none 

o f them evaluate the whole-body model and, as mentioned above, the first two simply 

use it as the yardstick against which to judge the others. Eng & W inter point out the 

drift problem with the force platform method but don’t deal with Shim ba’s (1984) 

method for correcting for this. Benda et al. attempt to apply Shimba’s technique but 

appear to misunderstand it. Thirunarayan et al. who look only at vertical CoM 

displacement during gait in patients, are critical of both the whole-body model and 

force platform approaches suggesting instead the use of a single sacral marker. This 

simple method may be sufficient for use in this particular clinical application, but, as 

Eng & W inter point out, it can be grossly inaccurate in estimating horizontal motion 

of the CoM.

In conclusion it is apparent that there is considerable technical difficulty in 

calculating whole-body CoM motion and that all of the currently available techniques 

have major drawbacks. Only recently have these begun to be seriously investigated. 

Choice of technique will of course depend on the particular application or 

experiment. However, in view of the difficulties, it may well also be appropriate to 

tailor the experiment to the technique, and an example of this approach is described 

in the next section. Finally, it should be stressed that the whole-body model approach 

can be used to derive data other than whole-body CoM motion, for example loading
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on bones or joint torques. However only CoM estimation is relevant and considered 

here.

A  new method o f  correcting ground reaction-derived CoM motion data

As stated above, a major problem with ground reaction-derived CoM motion data is 

that the integration process ‘amplifies’ error in the acceleration record giving rise to 

drift in the velocity and displacement traces. A new approach to correcting for this 

drift based on constraints introduced into the experimental design is described here 

together with some results of an evaluation of the method.

The red line in figure 2.1 A shows the medio-lateral (ML) acceleration of the CoM  of 

a subject as he takes a step forwards with one foot and then with the other such that 

he ends as he started, in normal quiet stance with the feet side by side (see chapter 3). 

This acceleration was calculated from the M L force exerted by the subject on the 

support surface (force platform) and the subject’s mass,

F  = -ma

where F  is the force exerted on the platform, m is the subject’s mass and a the 

acceleration of his CoM.

The acceleration trace was digitally integrated using a mid-point method and the 

result is shown in figure 2. IB (red line). Since the subject started the trial standing as 

still as possible, the initial M L CoM velocity is taken to be zero. W hilst even in quiet 

stance the body is in constant motion (Hellebrandt, 1938), it is apparent from figure 

2.1 A that the accelerations of the CoM involved are negligible compared to those 

observed during the step. Thus in comparative terms the CoM can here safely be 

assumed to be motionless during quiet stance. However, since the subject also ended 

the trial in quiet stance, the CoM velocity should at the end return to zero, which it is 

apparent from figure 2. IB it does not. This discrepancy (shown by the vertical arrow) 

is assumed due to ‘integration drift’.
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Figure 2.1
A. (upper trace) The red line shows a typical record of the medio-lateral acceleration of a 
subject's CoM. B and C (red lines) show the medio-lateral velocity and displacement 
obtained from this acceleration record by numerical integration. The black line in C 
shows the medio-lateral position of the CoP. The vertical arrows in B and C show 
respectively the velocity and displacement errors. These are used to calculate the offset 
and slope of a correction ramp (shown in large scale in the lower trace of A) which is 
subtracted from the acceleration record. The black lines in A and B and blue in C show 
respectively the acceleration, velocity and displacement following correction of the 
acceleration record and subsequent integration. A C all show a time period of 4s. D and E 
show respectively the AP and ML position of the CoM (blue line) and CoP (black line) 
plotted against time for a single trial (8s duration) in which a subject stepped forwards, 
came to a standstill, and then stepped forwards again. The position of the CoM is as 
calculated following correction of the acceleration traces (not shown). The intermediate 
period of stillness deduced from the force traces is indicated by the area between the 
vertical lines. During this period, the positions in the horizontal plane of the CoM and 
CoP are very similar. F and G show another similar trial, this time 10s in duration. Here 
the subject steps twice, moving in a triangular path and ending up at approximately the 
starting position. The two periods of stillness are marked by the vertical lines.
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The velocity trace was then integrated once more to produce a record of CoM 

displacement over the data collection period. Again assuming the CoM to be 

effectively motionless at the start and end of the trial, its horizontal position should 

be coincident with that of the CoP at these times. However, as can be seen from 

figure 2.1C, if the CoM trace is made coincident with the CoP at the start of the trial, 

it is not coincident at the end. Again this discrepancy is assumed due to ‘integration 

drift’. In practice, because the CoP of a standing subject oscillates around a mean 

position and only momentarily comes completely to rest (Murray et al. 1975), the 

mean position of the CoP over the initial and final 100ms is used for comparison 

with the CoM position at these times. It is also worth noting here that CoP positions 

derived from force-platforms are themselves subject to error which can be quite 

significant at positions towards the edges of the platform (Bobbert & Schamhardt, 

1990).

The error in the acceleration record is assumed to consist of an offset and a 

superimposed linear ramp. Thus we can write

t=T

j [a{ t ) - {mt  + c)]dt = 0 ............................................. (1)
r=0

t=T

J J -  {jnt + c)j dt^= ACoP ................................(2)
f =0

where a(t) is the acceleration with time, T  is the duration of the trial, ACoP is the 

change of position of the CoP (and therefore the CoM) during the trial, and m and c 

are the slope and offset of a correction ramp which is subtracted from the 

acceleration trace.
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Re-arranging (1) and (2) and integrating we obtain

t= T

j a{ t )  = + c T  ........................................... (3)
/=0

t= T

j  j a ( f ) d f ’’= i m r ’ + |c r ^ + A C o P  ..................... (4)
t=0

The parameters of the correction ramp are obtained by solving (3) and (4) for m  and 

c. This process would then be repeated for the other (horizontal plane) dimension.

The offset and ramp calculated in this manner for the trial depicted on the left-hand 

side of figure 2.1 is shown enlarged in part A. This is subtracted from the original 

acceleration record (red line) to produce a corrected record (black line). As before 

this is then integrated twice producing the velocity and displacement records shown 

by the black line in B and blue line in C.

Assumptions about the nature o f the error

Correcting the acceleration traces in this manner assumes that the error consists of an 

offset and a superimposed linear ramp. This assumption is based on the two known 

sources of error. The first of these is due to crosstalk in the force transducers. The 

presence of crosstalk means that if a vertical force is exerted on the platform, in 

addition to registering this, it also indicates that a small horizontal force is present. 

The vertical forces in this experiment are much larger than the horizontal and are 

dominated by the subject’s weight, which is constant. Thus an approximately 

constant but fictitious horizontal force is indicated throughout each trial giving rise to 

an offset in the horizontal acceleration traces. The second source of error arises from 

the tendency of the piezo transducers and/or the charge amplifiers (used to convert 

the output of the transducers into a time-varying voltage) to drift. This gives rise to 

drift superimposed onto the acceleration records.
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Evaluation o f the technique

However, other sources of error showing more complex characteristics could 

presumably also be present and could contribute to the ‘integration drift’ observed. A 

number of tests of this method of correcting the acceleration traces have therefore 

been conducted and these have shown that it can produce very credible records of 

CoM  displacement in a variety of situations. For example figure 2.1D & E show a 

test in which a subject on the force platform stepped forwards and came briefly to a 

standstill before stepping forwards once more. The displacement o f the CoM  was 

calculated from acceleration traces corrected as described using the initial and final 

periods of stillness. It can be seen that during the intermediate period of stillness the 

positions of the CoM and CoP coincide. This suggests that the correction has led to 

an accurate record of CoM position not only at the start and end of the trial, but 

throughout. This can be seen also to be the case in figure 2. IF  & G which show CoM 

and CoP records from a trial in which a subject stepped along a triangular path, 

stopping twice and ending up at approximately the starting position.

In addition, higher order functions (quadratic and cubic) have also been fitted to the 

acceleration error and the results tested in the same manner as described above. 

However on the whole this does not produce a better error correction than the linear 

function. It is therefore suggested that, together with the good performance of the 

linear function, this implies that most of the error in the acceleration records is simple 

in form.

General applicability o f the technique

Only in the case of a movement such as a step, where the CoM  motion is much 

greater than in quiet stance, is it possible to arrange for the CoM to be effectively 

motionless at the start and end of a trial enabling the linear equation system in (3) and 

(4) to be solved. It may however also be possible to use this technique in other 

situations in which such constraints are not practicable. Integration o f acceleration 

records o f quiet stance reveals that CoM acceleration and velocity quite frequently 

cross zero at approximately the same instant. It may be assumed that at these times 

the horizontal positions of the CoM and CoP are coincident. This assumption is valid 

in the case of a bipedally standing human because it would seem to be impossible for
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such a system simultaneously to have non-zero angular and zero linear acceleration 

about its CoM. Thus equations analogous to (3) and (4) may be solved for each 

period between ‘simultaneous’ zero crossings of CoM acceleration and velocity in 

theory allowing force platform-derived CoM motion during stance to be reliably 

corrected and thus rendered usable.
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3. Control of balance in the frontal plane during steps in different 

directions and from different postures

Abstract

During a step the body’s CoM typically remains medial to the supporting foot and 

therefore the body is unstable and falling (sideways) under gravity. This may make it 

difficult to adjust the frontal-plane body motion appreciably once the step is under 

way. This study therefore asks whether this motion could be controlled largely in a 

ballistic manner, that is by setting the initial (toe-off) position and velocity o f the 

CoM such that the fall develops as required for the particular step without the need 

for appreciable mid-step adjustment.

Subjects stepped in different directions and from different postures. The motion o f 

their CoM was determined from ground reaction forces. The frontal-plane motion 

was compared to that of a single-segment mathematical model of the body which for 

each trial was given the position and velocity of the subject’s CoM and then fell 

freely under the influence of gravity.

The lateral position and velocity of subjects’ CoM at toe-off varied across the 

different step types in a manner consistent with a ballistic mode of control. 

Furthermore the model, given these positions and velocities as initial conditions, 

closely predicted the subsequent CoM motion.

The results suggest that subjects may produce the different body-trajectories required 

for different types of step largely in a ballistic manner. This would imply that the 

CNS must judge in advance the size and direction of the initial throw given to the 

body-mass. The implications of this for the control of balance during steady-state gait 

are discussed.
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Introduction

Most studies of stepping or the initiation of gait which have considered the motion of 

the body-mass {e.g. Carlsoo, 1966; Cook and Cozzens, 1976; Brenière et a l ,  1987; 

Crenna and Frigo, 1991) have focused on the AP component of this motion, 

presumably because they have been concerned mostly with the means and control of 

the forward progression. This study is primarily about the control of balance during 

stepping. Here the ML component of body motion is particularly relevant since the 

change in the support conditions which occurs when a foot is lifted off the ground is 

predominantly in the frontal plane.

In normal stance the CoM is midway between and some distance above the two feet, 

that is above the middle of the body’s base of support. If one foot is lifted off the 

floor, the support conditions change. The body is now supported by only one limb 

and the base of support is greatly reduced in size, its area being that of the supporting 

foot’s contact with the ground. It follows that lifting one foot off the floor (without 

any preliminary shift of the body-mass) leads to the body’s CoM no longer being 

over its base of support. In these circumstances the body becomes unstable and 

begins to topple, pivoting about the ankle and falling downwards and sideways away 

from the supporting foot. In order to move from normal bipedal to stable unipedal 

stance this fall must either be avoided or be arrested once it has begun. Subjects 

appear to do the former. They accelerate their body-mass towards the forthcoming 

support side before lifting the foot (Rogers and Pai, 1990; Mouchnino et a i ,  1992). 

The instability is avoided altogether and the CoM is brought to a position directly 

above the single supporting foot.

A similar preparatory lateral acceleration of the CoM to that seen in moving from 

bipedal to unipedal stance is observed when quietly standing subjects prepare to take 

a step forwards in order to initiate gait (Brenière et a l, 1987; Nissan and Whittle, 

1990; Jian et a l, 1993). It is often assumed that, in a manner analogous to moving 

into unipedal stance, this serves to bring the body into a position of stability over the 

single limb which will support it during the step (e.g. Dôk*,'^1992). However Jian et 

a l  (1993) report that during gait initiation, although the CoM of the body moves 

towards the support side, it does not do so sufficiently to bring it directly over the
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supporting foot. If correct, this has important implications for the way in which 

balance during a step is controlled. It implies that the body is being allowed to topple 

or fall over during the step and therefore that the extent to which the body motion can 

be altered once the step has begun is limited. Thus it seems unlikely that the wide 

range of body trajectories required for different types (e.g. direction, speed, length) of 

step could be produced wholly by adjusting the motion once the step has begun. The 

alternative is that broadly different trajectories are produced by changing the state 

(position and velocity) of the body at the start o f the step. There is some indirect 

experimental evidence to support this idea. Patla et al. (1991) found that if  walking 

subjects are instructed to change direction just before the beginning o f a step, they are 

not able to do so during this step. They are however able to change direction if 

instructed to do so one step in advance. The authors concluded that a change of 

direction while walking needs to be planned in the previous step. Hollands et al. 

(1995) have shown that subjects, stepping over a series of irregularly placed 

‘stepping stones’, generally fixate the next stone to be acquired before the stepping 

foot has been lifted. Again this implies that the forthcoming step is being planned in 

advance.

This study looks for the possible existence of a ‘ballistic’ strategy of control ofbody- 

motion in the frontal plane during a step. In particular it looks to see if the lateral 

position and velocity to which subjects bring their body-mass at the start o f the step 

is such that a more-or-less unconstrained fall during the step will take the body in the 

required direction. Such à strategy would keep to a minimum the need for potentially 

difficult mid-step adjustments. The motion of subjects’ CoM as they stepped in 

different directions and from different initial postures has been analysed, and a 

mathematical model of the body falling freely under gravity about the ankle joint has 

been used to help interpret the data.

Methods

Six normal subjects (four female and two male) with ages ranging from 23 to 36 

(mean = 28.5) years gave their informed consent to participate in the study, which 

was approved by the local ethics committee. Subjects stood barefoot on a large force 

platform (Kistler 9287) adopting one of two stance widths, narrow (intermalleolar
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distance = 10cm) or wide (= 20cm), and on an auditory cue stepped to a new 

position. Data collection for each trial began with the auditory cue and the 

illumination of one of four lights arranged in a row in front of the subject. These 

lights instructed the subject with which foot and in which direction to step. 

Illumination of one of the centre lights was an instruction to step forwards either with 

the right or left foot (right centre and left centre light respectively). Illumination of 

one o f the outer lights was an instruction to step diagonally (forwards and out to the 

side) with the foot nearest to the light. These four conditions were presented to 

subjects in random order and therefore data collection began before subjects knew 

with which foot to start moving. This was to ensure that subjects did not stand with 

their weight more on one side than the other in preparation for a step with a ‘known’ 

foot, so that all o f the preparatory movement normally necessary could be recorded. 

Data collection continued for 4s after the signal to move. Subjects stepped in their 

own time and at their own speed. Each trial consisted o f the initial step as instructed 

by the lights, followed by a step with the other foot to bring it alongside the first, 

such that subjects started and ended each trial in normal (tandem) stance. Subjects 

were asked to stand as still as possible at the start and end of each trial (see chapter 

2). Only the initial step (as instructed by the lights) is analysed in this study and all 

results and discussion refer to this. Typical final positions of the feet for movements 

forwards and diagonally beginning with the right foot are shown in figure 3.1.

Subjects were asked to adopt the most comfortable starting positions of the feet (at 

the required intermalleolar distances) and these were marked by drawing around the 

feet with chalk. This enabled subjects to start all trials of a given stance width from 

the same position. Each subject’s starting foot positions were captured onto computer 

by tracing around the chalk outlines with an infra-red LED and following the path 

described with a Selspot system. Trials were grouped into four blocks of sixteen and 

the initial stance width was alternated between blocks so that each subject performed 

two blocks of trials from each width, and a total of sixty four trials. In order to record 

the precise time that subjects’ feet cleared and struck the surface of the force platform 

(at the start and end of steps respectively), the surface o f the plate was divided into a 

number of isolated conductive areas. A small potential difference was applied 

between the subject and these areas which caused a current to flow only when a foot
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Figure 3 .1
A view from above of the experimental set-up. Subjects 
stood on a force platform facing a row of four lights 
illumination of which instructed them with which foot 
and in which direction to step. Approximate final 
positions of the feet for a movement forwards (red) and 
a movement diagonally beginning with the right foot 
(blue) are shown.
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was in contact with the surface of the platform. The data from the force platform and 

the conductive areas on the platform were collected with a sampling frequency of 

lOOOHz. Signal noise was reduced by averaging every five consecutive data points 

which lowered the effective sampling frequency to 200Hz.

The motion of subjects’ CoM as they stepped was calculated using ground reaction 

forces and numerical integration techniques (see chapter 2).

Model

The body supported on one leg during a step has been represented with a truncated 

cone which pivots on a base about a fixed point (figure 3.2A). The use o f a single

segment model such as this is suggested by the finding that during a step the body 

moves largely as a single unit (MacKinnon and Winter, 1993; Jian et a l, 1993. Also 

see chapter 5). The cone falls freely about the fixed pivot under the influence of 

gravity except that it is constrained to have zero angular velocity about its long axis. 

For a structure such as this which is symmetrical about its principal long axis this 

means that the angular velocity and angular momentum vectors are always parallel. 

As a result the equation of motion simplifies to

J  — CO— R X /Mg

where J  is the angular momentum, I\ is the moment of inertia (short axes) about the 

pivot, CO is the angular velocity, R  is the position of the CoM, m is the mass, and g  is 

the gravitational acceleration. The model was given a subject’s mass and moment of 

inertia about the ankle. This latter value was estimated using standard anthropometric 

data (Plagenhoef et a l, 1983). Then, for each trial, the model was given as initial 

conditions the position and velocity of the subject’s CoM at the start (toe-off) of each 

step (as calculated from the force-platform data). The subsequent motion of the 

m odel’s CoM as it fell about the pivot under the influence of gravity was then 

predicted by solving numerically the above equation of motion using a second-order 

Runge-Kutta algorithm. This motion was compared with that of the subject’s CoM 

for each trial. This process was repeated for all subjects. Figure 3.2B shows
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Figure 3.2
A. A model of the body supported on one leg during a step. It consists of a 
truncated cone which pivots on a base about fixed point This point 
corresponds approximately to the subject's ankle (see discussion). The starting 
position and velocity of the cone is set to the position and velocity of the 
subject's CoM at toe-off. Thereafter the cone falls freely under the influence 
of gravity. B. A view from above of the motion of the cone (curved arrow) 
when given an initial velocity forwards and towards the support (straight 
white arrow). This is representative of the direction of the initial velocity and 
type of motion observed in the present study. The rectangle represents the 
support foot.
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diagramatically a view from above of the sort of motion which resulted from a typical 

starting position and velocity.

The model was also used to investigate the importance of the lateral velocity (or 

momentum) of subjects’ body mass at toe-off to the subsequent motion o f the body 

during the step. The process described above was repeated but this time the m odel’s 

initial lateral velocity was set to zero. Thus it predicted how the subject’s body would 

move if all conditions at the start of the step were as before except that the body now 

had zero lateral momentum.

Results

In all measurements made, no significant difference was found between right and left 

foot steps and so the data have been pooled across the levels of this factor. For ease 

of measurement and presentation left foot steps have been reflected so that all steps 

appear and may be analysed as right foot steps. Four experimental conditions remain 

made up of two initial stance widths (narrow and wide) and two step directions 

(forwards and diagonal). There was no significant interaction between these two 

factors. Although data collection and modelling were in 3 dimensions, the present 

analysis focuses almost exclusively on the motion in the frontal plane.

Figure 3.3 is a plan view of the paths described by the CoM and CoP with respect to 

the initial position of the feet. One trial of each of the four conditions is shown, all 

taken from a single subject. As discussed in chapter 2, the CoM was assumed to start 

at the same position in the horizontal plane as the CoP (forward of the ankles and 

midway between the feet). The CoP (green line) moves first towards the forthcoming 

stepping (right) foot and a little backwards. It then reverses direction and moves 

across under the support (left) foot. During the step it moves forwards under the 

support foot. The path of the CoP is not shown beyond the end (heel-strike) o f the 

right foot step. The CoM initially moves towards the support foot and forwards. The 

thickened part o f the line indicates when the right foot was not in contact w ith the 

ground. At the moment the right foot clears the ground (toe-off), which is indicated
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Figure 3 .3
A plan view of the paths described by the CoM (red/blue) and CoP (green) with 
respect to the initial position of the feet for four trials. The upper row shows 
movements forwards, the lower row movements diagonally (forwards and to the right). 
The left column shows movements from the narrow stance width, the right shows 
movements from the wide. The CoM and CoP both start in the same position, forwards 
of the ankles and midway between the feet. This position is indicated by the straight 
arrow in the top left diagram. The curved arrows show the initial directions of CoM 
and CoP movement. The thickened part of the CoM line shows when the right foot was 
not in contact with the platform. The path of the CoP is shown only up to the right foot 
heel strike. The inset shows the medial border of the support surface defined as a line 
joining the most medial points of the support foot.
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by the transition from the thin to the thickened portion of the line, the CoM  is not 

directly above the support foot in any of these trials. During the step the CoM  moves 

forwards and initially continues to move towards the support side before then starting 

to move away. Only in the case of the step forwards from the narrow stance width 

(top left) does this extra displacement towards the support side bring the CoM  over 

the support foot at any point during the step. A medial border of the support surface 

was defined (inset figure 3) and the number of trials in which the CoM was on or 

over this border 1) at the start of and 2) at any time during the step was counted. The 

results are shown in table 3.1. Only in steps forwards from a narrow stance width did 

either of these events occur in a high proportion of trials. In the vast majority of trials 

the CoM  was not over the supporting surface at any time during the step.

Narrow Wide

Forwards (%) Diagonally (%) Forwards (%) Diagonally (%)

at toe-off 36 3.3 1.2 0

at any point during step 52 11.5 5.2 2.1

Table 3.1

Percentage of the total number of trials in each condition in which the CoM was 

on or over a line defining the medial border of the support foot i) at toe-off, and 

ii) at any point during the step.

Figure 3.4 depicts the same four trials but now showing the lateral component of 

motion of the CoM plotted against time. The traces are aligned to the initial (right 

foot) toe-off, shown by the vertical lines. Initially the CoM is accelerated towards the 

support (left) side. As a result, by toe-off, it is displaced and has velocity towards this 

side. This lateral displacement and velocity at toe-off is greater when stepping 

forwards (red traces) than when stepping diagonally (blue traces). It is also greater 

when stepping from a wide (right column) than from a narrow (left column) stance 

width. The lateral displacement and velocity of all subjects’ CoM at toe-off was 

measured in all trials and these same trends were found to be present. The results are 

shown in figure 3.5. ANOVA with repeated measures showed both effects to be
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Figure 3.4
Details of the lateral component ofi motion ofi the CoM for the same four trials 
depicted in figure 3.3. Approximately the first 3 seconds of each trial is shown. The 
traces are aligned to the initial toe-off shown by the vertical lines. Heel strike 
occurred some 400-500ms later. The red traces are forward movements, the blue 
traces are diagonal. The left column shows movements from the narrow stance 
width, the right column shows movements from the wide.
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Figure 3 .5
Group data^for the displacement and velocity of the CoM at toe-off (mean + L ^  ^
S.E.M.). The red bars show forward movements, the blue show diagonal. The 
effects of step direction and stance width are significant (p<0.001) for both 
displacement and velocity (ANOVA with repeated measures).
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highly significant for both velocity and displacement. For velocity, F (l,5 ) = 262.61, p 

< 0.001 (step direction) and F (l,5 ) = 187.32, p < 0.001 (stance width), and for 

displacement, F (l,5 ) = 152.64, p < 0.001 (step direction) and F (l,5 ) = 145.07, p < 

0.001 (stance width).

Model

In general the model was able to predict the motion of the CoM during the step with 

reasonable accuracy. Figure 3.6A shows the lateral motion o f the CoM and the 

prediction of the model for a single trial from a typical subject. The model is set 

going at toe-off (first vertical line) and falls freely under gravity until heel-strike 

(second vertical line). When given the position and velocity of the subject’s CoM at 

toe-off as initial conditions (upper broken line), it predicts a trajectory of the CoM 

close to that observed in the subject. Also shown is the m odel’s prediction when 

given the position and forwards velocity of the subject’s CoM at toe-off as initial 

conditions, but with the initial lateral velocity set to zero (lower broken line). In this 

case it predicts that the mass falls away from the support side much more rapidly. It 

is suggested that the difference between these two predictions gives an indication of 

the contribution of the velocity (or momentum) of the subject’s CoM at toe-off to its 

subsequent motion during this step.

The performance of the model across all trials from each subject was assessed by 

measuring the displacement of the subject’s CoM during the step and the 

displacement predicted by the model (figure 3.6B). Then, for each trial, the actual 

displacement was plotted against the m odel’s prediction. Figure 3.6C (upper graph) 

shows the results from a typical subject. The filled symbols show the result obtained 

when the model was given all initial (toe-off) conditions. The regression line has a 

slope close to unity (0.94) indicating the existence of a relationship between 

predicted and actual displacement. Further, the points appear to be clustered about 

the regression line, and this is reflected in the high adjusted r^ value of 0.93. This 

shows that most o f the variation in the displacement of the subject’s CoM during the 

step was accounted for by the model. This same pattern was found in all subjects. 

Because variation in the model’s behaviour is due entirely to changes in the initial 

(toe-off) conditions, these findings suggest that the displacement of a subject’s CoM
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Figure 3.6
A shows the lateral displaeement of the CoM (red eontinuous line) and the CoP (green) dunng the first 
2 seeonds of atypieal single trial. The vertical dashed lines mark the start (toe-off) and end (heel- 
strike) of the step. Also shown are tw o predictions of the CoM displacement during the step (red 
broken lines). The upper of these two lines is the prediction made when the model started with the 
same position and velocity as the subject, the lower when its initial lateral velocity was set to zero B 
shows the method of measurement of the displacement of the CoM (actual and predicted) during the 
step. The sign convention is such that towards the support side (upwards) is positive. The upper figure 
in C shows the actual plotted against the predicted displaeement for all trials from a typical subject.
The various types of step (different stance widths and directions) are shown by the various symbols, 
explained by the key. Filled symbols show the result when the model started with the same position and 
velocity as the subject at toe-off, open when its initial lateral velocity was set to zero. The lower figure 
in C shows the regression lines for all subjects.
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during a step is largely predicted by the position and velocity of the CoM at the start 

o f it. The open symbols show the result obtained when the model was not given the 

lateral velocity of the subject’s CoM at toe-off, but instead had its initial lateral 

velocity set to zero. The regression line has a slope of 0.38 and the points appear to 

be scattered widely about the line, reflected in the very low adjusted r^ value of 

0.092. Thus here, in sharp contrast to the previous result, the regression does not 

seem to describe the data in any meaningful way. The model seems now to account 

for virtually none of the variation in the displacement of the subject’s CoM. This 

same pattern was found in all subjects. Regression lines for all subjects are shown in 

the lower graph of figure 3.6C. The group of lines to the left show the results when 

the model was given zero initial lateral velocity, those to the right when it was given 

all of the subjects’ initial (toe-off) conditions. The regression parameters for all 

subjects are given below in table 3.2.

all initial conditions zero initial M-L velocity

subjects gradient intercept (m) adj. r̂ gradient intercept

(m)

adj. r̂

1 0.95 -0.0051 0.94 0.29 -0.0062 0.05

2 0.88 -0.0108 0.94 0.01 -0.0185 -0.02

3 0.94 -0.0093 0.93 0.38 0.0035 0.09

4 0.96 -0.0100 0.96 0.13 -0.0020 -0.01

5 0.95 -0.0126 0.88 0.15 -0.0076 0.00

6 0^8 -0.0226 0.91 0.18 -0.0049 0.01

Table 3.2

Parameters of regression of actual displacement against predicted displacement 

when model was given i) all initial conditions, and ii) all initial conditions 

except that its initial ML velocity was set to zero. Because of non-normal 

distribution of data, inferential statistics are not given (Hays, 1988).

In a plot such as figure 3.6C of actual against predicted behaviour, all o f the points 

lying on a regression line having unity gradient and zero intercept would indicate that 

the model perfectly predicted the behaviour of the real physical system. As shown in 

table 3.2 the gradients found were all slightly less than but generally very close to 

unity, and the intercepts were all negative and on average approximately 1cm. Thus
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across all subjects and trials the model tended to predict a slightly more positive 

displacement (<lcm ) during the step than that actually observed (for example as in 

figure 3.6A). The source of this error is not known. One possibility is that it is some 

form of measurement error, for example in determining the position of the CoP 

(Bobbert and Schamhardt, 1990). Another possibility is that subjects were actively 

assisting the fall either by producing torques at the ankle or/and by accelerating one 

body segment on another. A further possible source of the error is an incorrect 

estimation o f the subject’s inertial properties. These are estimated using subjects’ 

height and weight and standard anthropometric data (Plagenhoef et a l, 1983). Using 

such data introduces error due for example to the fact that no subject has the same 

body build and shape as those from which the data was obtained. Plagenhoef et a l  

estimate that error of between 10% and 15% is to be expected. To investigate the 

effect o f error of this sort on the results obtained the model was run on one subject’s 

data using a range of values for the moment of inertia. The results are shown in figure 

3.7 and table 3.3. The model’s behaviour is found to be sensitive to small variations 

in the moment of inertia. Reducing the value to 90% of the original estimate reduces 

the intercept almost to zero while leaving the gradient virtually unchanged. It also 

produces a small increase in the r^ value. This indicates that inaccuracies (here an 

over-estimation) in the moment of inertia estimate could produce the modelling 

errors observed.

39



Chapter 3

0.06

0.04

P
0 .0:

-0.06 -0.04 - 0.02 0.06I)ora

C3
B 70%

80%
90°o 
95° b 

105°o 
110% 
120% 
130°o

-0.04

-0.06

predicted  d isp lacem ent (m)

Figure 3.7
Regression lines of actual against predicted displacement for one subject 
(BF). The red line shows the result obtained with the original estimate of 
the subject's moment of inertia. The other lines show the results obtained 
with greater and smaller estimates shown as percentages of the original 
estimate.

40



Chapter 3

value of Mol (% of 

original value)

gradient intercept

(m)

adj. r̂

70 0.79 0.0092 0.93

80 0.87 0.0042 0.96

90 0.92 -0.0006 0.96

95 0.94 -0.0029 0.95

100 0.95 - 0.0051 0.94

105 0.96 -0.0071 0.93

110 0.96 -0.0090 0.92

120 0.96 -0.0124 0.89

130 0.96 -0.0152 0.86

Table 3.3

Regression parameters (actual against predicted displacement) for 

various values of moment of inertia (Mol) expressed as percentages 

of original value.

Discussion

This study looks for the existence of a ‘ballistic’ strategy of control o f whole-body 

motion in the frontal plane in stepping. In such a strategy the sideways fall which 

occurs during the step would be allowed to develop freely and the motion o f the 

body-mass during the step would be controlled by setting the position and velocity of 

the CoM at the start o f the step.

Position o f the COM with respect to the base o f support

As outlined in the introduction, it has previously been noted that, during the first step 

of gait initiation and the single support phases of steady-state gait, the CoM of the 

body is not directly over the base of support. The present results show that this is also 

generally the case when subjects step to a new position (and then come to a halt), 

either directly or diagonally in front (figure 3.3, table 3.1). Only when stepping 

forwards from a narrow stance width did subjects’ CoM cross the medial border of
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the support surface in a significant proportion (52%) of trials. When this did occur, 

the CoM typically just ‘clipped’ the medial border of the foot (figure 3.3, top left), 

and it is unlikely that a position in which the body was stable over the single 

supporting limb was attained. Thus, in keeping with earlier studies (Shimba, 1984; 

Mackinnon and Winter, 1993; Jian et a i, 1993), these results suggest that in general 

the body does not achieve a position of stability over the single supporting limb 

during a step.

Displacement and velocity at toe-ojf

Again in keeping with earlier studies (Brenière et a l, 1987; Nissan and W hittle,

1990; Jian et a l, 1993) subjects were found to accelerate themselves towards the 

support side before lifting the stepping foot. In all trials this resulted in the CoM 

being displaced and having velocity in this direction at toe-off. Both lateral 

displacement and velocity were greater in forwards than in diagonal steps, and when 

stepping from the wide compared to the narrow stance width (figure 3.5).

These findings are consistent with the notion that during the step the body falls freely 

and that therefore its trajectory is determined at the start of the step by setting 

appropriate initial conditions. For example, a diagonal step requires that the body 

ends up displaced laterally, whereas a forwards step does not. This means that the 

sideways fall during the step must develop more in a diagonal than in a forwards 

step. This could be achieved by reducing the preparatory lateral displacement which 

would increase the angle of the body with the vertical at toe-off (figure 3.8A). The 

medial acceleration of the CoM due to gravity also would be increased as it is 

proportional to the cosine multiplied by the sine of this angle and the angles involved 

are small. Thus the rate of the sideways fall is increased causing it to develop more in 

a given time. Alternatively the fall during the step could be allowed to develop more 

by reducing the lateral velocity of the CoM at toe-off which would amount to 

‘throwing’ the body mass less forcefully towards the support side (figure 3.8B). This 

would reduce the maximum displacement towards this side (attained during the step) 

and increase the overall rate of fall away from it. Both o f these differences were 

observed when comparing diagonal with forwards steps.
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Figure 3.8
A. A frontal plane representation o f the body supported on one limb at toe-off 
(starting position shown by broken line figure). A smaller preparatory lateral 
displacement (s) leads to a larger angle with the vertical at toe-off (6,) than a 
larger preparatory lateral displacement (/ & 9i). B. A smaller lateral velocity at 
toe-off (FJ leads to a smaller maximum displacement towards the support 
than a larger lateral velocity (Fj). C. Assuming no preparatory lateral motion, 
increasing the stance width increases the angle o f the body with the vertical at 
toe-off.
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The stance width effect may be considered in the same way. Assuming for a moment 

no preparatory motion, increasing the stance width increases the angle with the 

vertical of the body at toe-off (figure 3.8C). This therefore increases the medial 

acceleration of the COM during the step. Thus for a given step direction (and 

therefore CoM trajectory) either an increase in the preparatory displacement or/and 

velocity is predicted when comparing steps from the wide with those from the narrow 

stance width. Again, both of these differences were observed.

An interesting feature of this type of strategy is that, for any given step, the sideways 

and vertical displacement of the CoM is kept to a minimum. For example it is less for 

a lateral than for a forwards step. It is however also less for a forwards step than it 

would be if the CoM was moved sufficiently laterally to bring the body into a 

position of stability. Thus, in steady-state gait, the observed strategy might be 

predicted to be more energetically efficient than one in which the body was 

repeatedly brought over successive supporting feet. This issue is discussed further in 

chapter 5.

Model

In order to investigate to what extent the body might be falling freely during a step, 

the behaviour of subjects was compared to that of a mathematical model o f a freely- 

falling structure. The model is 3-dimensional but only the M L component o f its 

motion is relevant and considered here. The different step directions and starting 

postures used in this study provide the model with a wide range of initial positions 

and velocities, and therefore, taken together, constitute a more rigorous test than 

would any one of the types of step individually. The model is found to account for 

most of the variation (across all steps and step-types) in displacement of subjects’ 

CoM during a step. This lends preliminary support to the idea that subjects bring 

their body-mass to a position and velocity at the start of the step such that a more-or- 

less unconstrained fall during the step produces the particular body-motion required. 

There is some error in the m odel’s prediction. In general it appears slightly to 

underestimate the rate of the sideways fall occurring during the step. This may be due 

to measurement/estimation errors (see results) and/or to some violation of one or 

more o f the assumptions of the model. For example the fall during the step may be
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actively assisted/retarded, the body may not be adequately described as a single rigid 

unit, or the pivot (ankle) may move significantly. Further insight into the source and 

nature o f this error must await more accurate methods of determining subjects’ 

inertial properties as well as more complex modelling.

W hen the m odel’s initial lateral velocity was set to zero, rather than to that o f the 

subject’s CoM at toe-off, a strongly contrasting picture was produced (figure 3.6, 

table 3.2) in which the model predicted that the CoM fell much more rapidly than it 

actually did, and in which very little of the variation (across all trials) in the 

displacement during the step was accounted for. The first of these findings suggests 

that, without the initial momentum towards the support side, the body would keel 

over sideways very rapidly as soon as the stepping foot was lifted. This fall would 

have to be arrested by quickly placing the stepping foot back down on the floor more 

laterally. In effect a quick and uncontrolled sideways step would have been taken. 

Thus, for this purely mechanical reason, it appears that the initial sideways 

momentum is crucial to the execution of a controlled forwards step. In view o f the 

apparent importance of this sideways momentum at toe-off, it is suggested that the 

preparatory lateral movement is well described as a throw of the body-mass towards 

the support side. These findings also emphasise just how critical is the instability of 

the body at the start of a step. Although the horizontal position of the CoM  may not 

be far outside the base of support, the body falls sideways rapidly unless it already 

has substantial momentum towards the support.

Previous ballistic models o f gait and gait initiation

The idea that the motion of the body during a step results from a fall, and that this fall 

is modified by the body’s state at the start of the step is not new. As Roberts (1979) 

puts it, “ ... in locomotion ... the mass of the body is alternately thrown and caught 

again at each step; thrown upward and forward at take off, and caught again on 

landing.” (pl45). M ochon and McMahon (1980) developed the simple inverted 

pendulum ballistic model of motion during the swing phase by adding a double 

pendulum to represent the swing limb. Their model was able to predict with 

reasonable accuracy a number of published experimental observations o f normal gait. 

Another group has emphasised how motion at the end o f the first step of gait
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initiation depends on that at the start (Brenière et a i, 1987; Brenière and Do, 1991). 

However all of these studies have restricted their analysis to the saggital plane. Here 

the concern is with the control of balance during a step and the focus is on motion in 

the frontal-plane because the change in the conditions of support that occurs when 

one foot is lifted off the floor is predominantly in a ML direction.

Implications o f the present findings fo r  the control o f frontal plane body motion in 

steady-state gait

As pointed out above the modelling presented here emphasises the importance of the 

lateral velocity at toe-off (which is always directed towards the support side) to the 

subsequent motion of the body during the step. The lateral velocity of the CoM  at 

toe-off may be similarly important in steady-state gait. MacKinnon and W inter 

(1993) report a figure of approximately 0.1 m/s directed towards the support side.

This is very close to the present figure for steps forwards from the narrow stance 

width (figure 3.5), which, of the types of step studied here, are the most similar to 

those taken during normal gait. If the lateral velocity at toe-off is crucial to the 

maintenance of balance during steady-state gait, it becomes important to know how it 

is produced and controlled. In taking an initial step from quiet stance (as studied 

here), the body-mass appears to be accelerated up to its toe-off lateral velocity by the 

action of the forthcoming stepping limb, and by a slight flexing (and thus withdrawal 

of the support) of the forthcoming stance limb (Nissan and Whittle, 1990; Brunt et 

a l, 1991). Control of the lateral velocity of the CoM at toe-off in steady-state gait 

may be achieved in an analogous way. During double support, a thrust delivered by 

the rear le% before it begins its swing accelerates the body forwards and upwards into 

the next swing phase (Elftman, 1939; Bernstein, 1967). This thrust will also have a 

M L component the size of which could be varied by adjusting the exact direction and 

size of the thrust by precise control of the torques about the various joints of the leg 

(van Ingen Schenau et a l, 1992). Furthermore it is well established that during 

double support the knee of the leg in front (forthcoming support limb) flexes by 

between 10 and 15° (Rose and Gamble, 1994).

However Townsend (1981, 1985) has suggested an alternative means by which 

frontal plane motion of the body during steady-state gait could be controlled, which
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is by the setting of M L foot placement. The more laterally the foot of the swinging 

leg is placed down in front, the greater the angular acceleration of the body during the 

next step (in which this foot acts as the support). This ‘foot placem ent’ strategy is 

clearly not available to subjects taking an initial single step, as in this study. However 

in steady-state gait it is a possibility and represents another means by which lateral 

velocity at toe-off may be controlled.

Further work is needed to elucidate which of these strategies predominates in the 

control of frontal plane whole-body motion during gait. One situation which may 

produce problems for the ‘foot placement’ hypothesis is that where there is little or 

no choice about foot position, as when walking on stepping stones. Interestingly, a 

recent study which looked at subjects’ eye movements as they walked over a series of 

irregularly placed stepping stones found that the next target in the series was 

generally fixated just before the foot which was to be placed on it had been lifted 

(Hollands et a l, 1995). This finding is in keeping with the idea that the body motion 

during the step is being prepared and determined just before the swing foot is lifted, 

as predicted by the ‘thrust’ hypothesis.
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4. Temporal structure and control of body motion in forward steps 

at different speeds.

Abstract

During a step the body falls until caught by the swing limb as it returns to the ground. 

This suggests a relationship between swing foot and body position/velocity at heel- 

strike. The ballistic hypothesis predicts that body (CoM) position/velocity at heel- 

strike will depend on its position/velocity at toe-off and on the step duration. Thus 

determining the CoM toe-off position/velocity requires that where and when the 

stepping foot is to be placed back down on the ground is determined in advance. This 

study investigates these ideas by asking subjects to step forwards (to the same place) 

at a range of speeds. In addition, the temporal structure o f the movement sequence is 

analysed. As before, CoM motion data were calculated from ground reaction forces, 

and foot contact events were determined electrically. The preparation and execution 

of the step were divided into a number of phases according to ground reaction and 

foot contact events. Subjects varied their ML CoM position at toe-off with step 

duration in a manner consistent with the ballistic hypothesis suggesting that they 

were taking into account the intended duration of the step. However M L CoM 

velocity was constant across the range of movement speeds, not only at toe-off but at 

any given fraction through the movement. The durations of the phases o f the step 

were found to be fixed fractions of the overall movement time. This suggests the 

presence of some sort of timing template which can be ‘run’ at various speeds but 

which keeps the relative timing of the sequence of events constant. This in turn 

suggests that the duration of the step is determined in advance. These findings are 

consistent with the idea that not only the ‘goal’ (new foot position) but also the 

duration of the step are determined in advance and used to judge the toe-off 

conditions of the body-mass required for the body to fall appropriately during the 

step.
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Introduction

The previous study suggested that during a step the body falls in the frontal plane 

more or less freely, and that therefore its motion is largely controlled by bringing it to 

a certain position and velocity at the start o f the step. The discussion assumed that 

different trajectories of the body-mass are required or at least desirable for different 

directions of step. This seems reasonable since, if the swing foot as it returns to the 

ground catches the fall of the body, there is presumably some relationship at heel- 

strike between 1) foot position and 2) body position and velocity which (for example) 

allows the body to be caught most easily or securely. The study described in chapter 6 

tests directly the prediction of a relationship between foot and body position/velocity 

at heel-strike.

If the body’s motion during the step is determined by its position and velocity at toe- 

off, then these two variables together with the step duration determine its position 

and velocity at heel-strike. From this, and the suggested relationship between foot 

and body position/velocity at heel-strike, a number of predictions are indicated. The 

study in the last chapter (implicitly) tested one of these, that CoM position and 

velocity at toe-off will vary predictably with the swing foot position (at heel strike) 

when step duration is approximately constant. The study described in this chapter 

tests another, that CoM position and velocity at toe-off will vary predictably with 

step duration when the swing foot position at heel-strike is held approximately 

constant.

Another issue investigated here is whether the step duration is determined in 

advance. If the aim or ‘goal’ of a step is thought to be where the swing foot is to be 

placed then the preparatory movements of the body mass must be seen as being 

determined by this goal. In fact these preparatory movements are often ‘relegated’ to 

the status of ‘anticipatory postural adjustments’ (Massion, 1991), although this does 

not necessarily seem helpful since both posture and equilibrium are being changed 

rather than maintained. However, the issue here is that where the swing foot is to be 

placed does not alone specify the required preparatory movement of the body mass, 

or more particularly the CoM position and velocity at toe-off. It is also necessary to 

know (in advance) the intended duration of the step.
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A motor programme fo r stepping

It has previously been suggested that the sequence of movements which comprise 

human gait initiation is controlled using a ‘motor program m e’ (Brunt et a l ,  1991). 

The notion of a motor programme is of a stored sequences of muscle commands that 

can be ‘run o f f  at will and without the need for feedback from the periphery 

(Lashley, 1917; Henry, 1960; Keele 1968; Schmidt, 1975). The discovery o f central 

pattern generators (see chapter 6) has been seen as direct evidence for the existence 

of such programmes. Schmidt (1975) suggested that motor programmes might exist 

only in general form and, prior to being used, a number of parameters such as overall 

speed or force of the movement must be decided upon. Thus for example a 

programme may exist for throwing a ball, but before using it the subject gauges how 

hard or fast to throw it. A number of studies have looked for evidence of motor 

programmes in human gait and gait initiation. Shapiro et a l  (1981) postulated the 

existence in humans of a motor programme for locomotor limb movements. They 

studied subjects walking and running at a range of speeds on a treadmill. Using 

records of joint angle with time they divided the step cycle into 4 phases after the 

scheme proposed by Philippson (1905; cited in Shapiro et a l ,  1981). They found that 

in both walking and running, while the absolute time spent in each of these phases 

varied with the overall movement speed, the fraction of the step cycle spent in each 

was approximately constant. (The fraction of the cycle spent in each phase was 

different for walking and running.) The authors suggest that these findings betray the 

existence of a generalised limb movement motor programme which specifies the 

temporal relationship between the various changes in jo in t angle, but which can be 

‘run o f f  at a range of speeds. Melvill Jones & W att (1971) in a study of long-latency 

stretch reflexes in the triceps surae during stepping concluded that “It would seem 

that the entire act is programmed and dispatched from higher centres as a single

e n tity  the correct timing and sequence of muscle contractions having been

learned through previous experience.”

Brunt et a/. (1991) divided the initiation of gait (from cue to move, to second toe-off) 

into a number of periods using EMG and foot contact events. They found that over a 

wide range of speeds each of these periods remained a constant fraction of the
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initiation period as a whole, and took this as evidence of an underlying gait initiation 

motor programme. However Brenière et a l  (1987) considered that, as the speed of 

gait initiation increased, the duration of the ‘anticipation phase’ (up to heel-off of 

initial swing limb) increased while that of the ‘execution phase’ (from swing heel-off 

to maximum forward CoM velocity) decreased. Curiously, they found that the sum of 

these two periods remained approximately constant over the range of gait initiation 

speeds studied. This stedy* measures the duration o f the constituent parts o f the step 

sequence over a range of movement speeds in an effort to resolve this conflict and to 

assess whether there is evidence that step duration is determined in advance.

Finally, this study compares the way in which the M L and AP CoM velocities vary 

with movement speed. The free-fall ballistic model of the last chapter might predict 

that M L velocity should decrease with increasing speed {i.e. with decreasing step 

duration), whereas the AP velocity, as might be predicted, has been shown to 

increase (Cook & Cozzens, 1976).

Methods

The experimental procedure was similar to that described in the previous study and 

only the differences are described here.

Six normal subjects (five female and one male) with ages ranging from 23 to 32 

(mean = 26.3) years gave their informed consent to participate in the study, which 

was approved by the local ethics committee. Subjects stood with an intermalleolar 

distance of 15cm, and on an auditory cue stepped forwards first with one foot and 

then with the other so that they ended each trial as they started it, in normal quiet 

stance. Two lights placed in front of the subject, one o f which illuminated at the same 

time as the auditory cue, indicated with which foot to begin the movement. Each 

subject took a total of 60 steps divided into 3 blocks of 20. In one of the blocks 

subjects were instructed to step at their normal speed, in another to step faster than 

normal, and in the other to step slower than normal. The order in which these speed 

conditions were presented was randomised across subjects.
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As before, the motion of subjects’ CoM as they stepped was calculated using ground 

reaction forces and numerical integration techniques (see chapter 2).

Results

Figure 4.1 shows single right-foot trials taken from 2 representative subjects. The 

traces show the AP (red) and ML (blue) components of acceleration and velocity of 

the CoM for fast, normal and slow steps. Only the first 3 seconds of each trial is 

shown. The 4 vertical dotted lines associated with each set o f traces show 1) the 

time of onset of lateral acceleration 2) peak preparatory lateral acceleration 3) toe- 

off 4) heel-strike. Note that here and in all that follows, the term ‘preparatory’ 

refers to the period up to toe-off of the first step, that is up to the 3"̂  ̂vertical line in 

figure 4.1. The deflections in the traces after the 4 ‘̂  vertical line are associated with 

the step of the left foot, which is being brought forwards to be alongside the right.

The maximum forwards velocity occurs in all cases soon after heel-strike (4̂  ̂

vertical line) and can be seen to increase from the slow through the normal to the 

fast step speeds. This was the case in all subjects. The left bar chart of figure 4.2A 

shows the means (+SEM) of maximum forwards velocity across all subjects and 

trials for the 3 step speeds (F(1.4,7.2) =23.1, p=0.001; ANOVA with repeated 

measures: fractional degrees of freedom result from adjustments using the Huynh- 

Feldt epsilon to correct for departures from the assumption o f circularity (Hays, 

1988)/. From figure 4.1, the overall duration of the step (F^ to 4̂ *̂  vertical line) can 

be seen to decrease with increasing step speed. This too was the case in all subjects 

(right panel, figure 4.2A; F(2,10) =28.0, p<0.001). These results show that subjects 

were able to comply well with the instructions to step forwards at normal, faster 

than normal and slower than normal speeds.
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acce le ra tio n
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Normal

1 ^

Fast

S u b ject 2 (A S )

acce le ra tio n veloc ity

Figure 4.1
AP (red) and ML (blue) 
components of acceleration 
and velocity for single right- 
foot steps taken from 2 
representative subjects. One 
fast, one normal and one 
slow step from each subject 
is shown. Upwards 
deflection indicates 
forwards acceleration in AP 
traces, and leftwards 
(towards support side) in 
ML. Vertical dotted lines 
indicate 1) time of onset of 
lateral acceleration 2) peak 
preparatory lateral 
acceleration 3) toe-off 4) 
heel-strike.
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A Max. forwards velocity Total step duration

B Absolute duration Relative duration

Figure 4.2
A Means (+SE) across subjects of maximum forwards velocity and step duration 
(force onset to heel-strike) for the 3 stepping-speed conditions, slow (red), normal 
(blue), and fast (green).
B Means (+SE) across subjects of durations of the 3 component periods of the step 
(as depicted in cartoons at the right-hand side). Left column shows absolute duration, 
right shows duration of period divided by total step duration (relative duration).
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Durations o f each o f the phases o f the step

The events marked by the vertical dotted lines in figure 4.1 divide each of the steps 

into 3 periods or phases. In each of the trials illustrated the first and third periods 

appear to be of approximately equal duration whilst the second is noticeably shorter. 

This was more apparent in some subjects than others, but in all cases, over the range 

of step speeds, the durations of the each of the 3 phases appeared to vary together. To 

investigate this, the duration of each phase was measured in all trials. The results are 

shown in figure 4.2B. The absolute duration of each period reduces with increase in 

step speed (left column - respectively, F( 1.5,7.6)= 17.5, p=0.002; F(1.7,8,7)=26.9, 

p<0.001; F(1.9,9.4)=24.2, p<0.001). However, when the duration of each phase is 

expressed as a fraction of the total step duration (lateral acceleration onset to heel- 

strike), there is no significant difference across step speeds (right-hand column; 

F(1.7,8.5)=1.6, p=0.26; F(2,10)=1.5, p=0.27; F(2,10)=1.8, p=0.22). Thus, as step 

speed increases, the durations of each of these periods reduce by the same proportion.

Medio lateral motion o f the CoM

The traces in figure 4.3 show the ML velocity and displacement of the CoM plotted 

against time. Single trials have been aligned to toe-off (vertical broken line) and then 

averaged by condition across all subjects. Right foot trials show an initial deviation 

upwards (towards the subjects’ left side), left foot trials downwards (towards the 

subjects’ right). After reflection about the midline, right and left foot trials appear 

very similar. As in the previous study, this was confirmed statistically, the effect of 

stepping foot or any of its interactions not reaching significance in any of the 

measurements made. M L velocity and position of the CoM at toe-off were measured 

in all trials and the results are shown in the bar charts in figure 4.3. The position 

changed across step speed, with the CoM being more displaced towards the support 

side the slower the step (F(1.9,9.3)=37.5, p<0.001). In contrast, the velocity at toe off 

was very constant across the range of stepping speeds (F(2,10)=0.37, p=0.70).
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ML velocity ML displacement

A

5cm

200ms

B
o

<u

Figure 4.3
A. Averages across all subjects of medio-lateral velocity and displacement of 
CoM against time. Traces aligned to toe-off (vertical dotted lines) before 
averaging.
B. Means (+ S.E M.) of velocity and displacement at toe-off.
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ML velocity AP velocity

10 cm

20 cm

Figure 4.4
Averages across all subjects of medio-lateral and antero-posterior velocity 
of the CoM against time Traces have been normalised in time between 
toe-off and heel-strike before averaging.
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One very noticeable feature of the velocity traces is that they converge and cross at 

around the time of toe-off. At first sight this appears to be a special feature of the toe- 

off event. However, if before averaging, the velocity traces are normalised in time 

between the onset of force and heel-strike and 4̂  ̂vertical lines in figure 4.1), the 

M L traces are found to coincide almost exactly throughout the step (figure 4.4). This 

suggests that the coincidence of the traces at toe-off in figure 4.3A arises simply 

because toe-off occurs at a fixed fraction of the overall movement time, as already 

demonstrated (figure 4.2).

Scaling o f acceleration and time

The similarity of the time-normalised ML velocity traces in figure 4.4 is striking, 

particularly in contrast to the AP traces shown to the right in which CoM  velocity 

increases with increasing step speed as expected. The traces show that at any given 

fraction through the step the ML velocity is the same regardless of step speed. 

However, in order to achieve this, the sideways force that subjects exert on the 

support surface must increase with increasing step speed, because the time available 

to accelerate the body mass to a given velocity decreases. The increase in ML 

acceleration with step speed can be seen in figure 4.1. It is also apparent from figure 

4.1 that the form of the ML acceleration curve remains approximately constant across 

the range of stepping speeds, whereas that of the AP acceleration changes quite 

dramatically. This is of interest because, for a (any) curve of given shape, the 

integral (area under the curve) remains constant only if the amplitude is increased by 

the same degree as the duration is reduced. This principle is illustrated in figure 4.5A.

Thus, since velocity is the first integral of acceleration, it follows that here the M L 

acceleration should increase inversely in proportion to the step duration. This was 

tested by measuring the peak preparatory acceleration and duration of the preparatory 

period in all trials and regressing one against the inverse of the other (figure 4.5B). 

The results show that as the duration of the preparatory period reduces by a factor of 

3, from 1 to % seconds, the maximum amplitude o f the AP acceleration increases 

from under 0.3 to almost 1.4ms'^, by a factor of about 5, whereas that of the ML 

acceleration increases from about 0.35 to just over l.Oms'^, by a factor of just under
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Figure 4.5
A. Diagram illustrating that if  the amplitude of a curve is increased by the 
same proportion as the duration is decreased, the area under the curve remains 
constant
B Regression of maximum preparatory acceleration against inverse of 
duration of preparatory period (force onset to toe-off). Regression parameters 
are AP (red) y=0.56x - 0.29 r2=0.65, and ML (blue) y=0.33x + 0.0024 
r2=0.77.
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3. Thus M L acceleration amplitude does vary inversely in proportion with duration 

whereas AP acceleration amplitude increases more quickly.

Discussion

Timing

The step preparation and execution were divided into three phases using foot contact 

events and also the time of the peak preparatory M L acceleration (figure 4.1). This 

latter event was chosen as it provides some indication of the time at which the 

forthcoming swing limb changes roles from an extending strut which accelerates the 

body over towards the support side (Brunt et al., 1991), to a flexing system of 

linkages which allows the foot to be lifted and placed in a new position. The timing 

of this change of role is presumably crucial to the whole manner in which the step 

will proceed, because for example it will directly affect the M L position and velocity 

of the CoM at toe-off. These two consecutive roles for the forthcoming swing limb 

illustrate the way in which the step preparation and execution constitute a sequence 

of movements.

The present finding, that the durations of each of the phases of the step remain a 

fixed fraction of the overall movement time, is in agreement with that of Brunt et at. 

(1991). This agreement is all the more interesting in view of the fact that Brunt et al. 

used both a different overall movement period (from start cue to toe-off o f stance 

limb) and different events to divide this period (e.g. stance and swing tibialis anterior 

EM G onset). W hether or not this type of finding is seen as evidence of some sort of 

‘tem plate’ or ‘program m e’ which is used to plan and/or execute the movement, its 

main relevance in the present context, that it suggests that the duration of the single 

support phase is determined in advance, remains. As outlined in the introduction, 

advance knowledge of both the goal and the duration of the step in theory makes 

possible the calculation of the toe-off CoM position and velocity required to bring the 

freely-falling body to the appropriate state at the end of the step.
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The suggestion that step duration is determined in advance does not necessarily 

imply that it might not be adjusted (moderately) as a result o f for example the way 

the body moves during the step. Assuming body motion is difficult to adjust once the 

step has begun, an inaccurate choice of initial conditions (toe-off position and 

velocity) could be compensated for by adjusting either where or when the stepping 

foot is placed back down on the ground.

CoM position and velocity at toe-ojf

The ‘ballistic’ hypothesis outlined in the previous chapter suggests that body motion 

during a step is controlled by varying the size of an initial ‘throw ’ of the body mass 

towards the support side. It predicts that the size o f this throw should decrease with 

increasing step speed because the shorter the duration of the single support phase, the 

less time the fall of the body away from the support side during the step has to 

develop. This prediction is in effect met, but unexpectedly by varying toe-off CoM 

position and not velocity. Thus it is not so much the size of the throw as where the 

body is thrown from that is varied.

The reason this strategy is used is not clear. The^ o d o llin g  described in the 

previous chapter suggested that CoM velocity exerted considerably more influence 

than position on the subsequent body motion during the step. It is possible therefore 

that keeping toe-off velocity constant while varying position is a way of achieving a 

fine control of the body motion. However, analysis of the amplitude of the M L 

acceleration curves may suggest that CoM position and velocity are not in fact 

independently controlled (see below).

Preparatory acceleration o f the CoM

As illustrated in the results (figure 4.5), the first integral of any curve remains 

constant if the curve is extended in one dimension and reduced in the other by the 

same degree. Just this manipulation is found to occur in the M L preparatory 

acceleration. As movement speed varies, the amplitude and duration vary inversely in 

proportion (figure 4.5, r  ̂= 0.77). The fact that, at any given fraction through the step, 

the first integral (velocity) is found to be constant (figure 4.4) supports the 

impression in figure 4.1 that the shape of the M L acceleration does not change
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appreciably over the range of movement speeds. This suggests that the CoM 

displacement and velocity may not be controlled independently, since such 

independence would require changes in the shape of the acceleration curve. One 

possible advantage of this might be that only one variable, acceleration amplitude, 

need be varied. However, that such a simple manoeuvre should produce across the 

range of movement speeds the conditions at toe-off required for a ballistic control of 

the subsequent body motion is rather surprising.

Although the work presented in this thesis concentrates on body motion in the frontal 

plane, it is interesting here to look briefly at some sagittal-plane data because o f the 

contrast it provides. In contrast to the ML, the AP (preparatory) acceleration curves 

shown in figure 4.1 can be seen to change their shape dramatically with change in 

movement speed. Furthermore, the peak AP preparatory acceleration increases with 

step speed considerably faster than the ML (figure 4.5). Together these effects cause 

AP velocity (at toe-off) to increase with increasing (intended) speed of movement. 

This is achieved despite the fact that the duration of the preparatory phase o f the step 

decreases with increasing movement speed. Subjects seem to be giving themselves 

less time to do more. The timing structure appears to dominate.

Summary and conclusions

The results suggest that the timing of the various phases of the step is rather strictly 

controlled such that the duration of each phase is a fixed fraction o f the overall 

movement time. This implies that the duration of the single support phase o f the step 

is determined in advance, a necessary criterion for the ballistic hypothesis o f the 

previous chapter. However, within this strict time framework subjects seem to be 

able to control the acceleration of their body-mass independently in the M L and AP 

directions such that the differing requirements in the two dimensions, respectively 

control of balance and forward progression, are met. In particular, in the M L 

direction, the CoM is brought closer to the support side the longer the duration o f the 

single support phase. This is consistent with the idea that CoM motion during this 

phase is controlled ballistically. However this variation o f toe-off CoM position 

appears to be brought about simply by increasing the amplitude of the M L 

preparatory acceleration in proportion to the decrease in the duration of the

62



Chapter 4

preparatory period. This has the rather striking effect o f keeping the M L CoM 

velocity constant across the range of movement speeds at any given fraction through 

the movement. The significance of this is not yet clear.
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5. An evaluation of the inverted pendulum model of body motion 

during stepping

Abstract

Given the prevalence of the inverted pendulum model of human whole-body motion, 

and the existence of findings which appear to bring it into question, it is curious that 

very few attempts have been made to test its validity. This chapter describes a 

method for evaluating the model based on ground reaction forces, and then applies 

the method to data from the previous chapter. Preliminary results only are available 

at this stage due to uncertainty in the estimation of subjects’ inertial properties. W hile 

the model appears to be able to explain much of the variation in body motion, both 

between subjects and between the different step speed conditions, it accounts better 

for frontal than for sagittal plane body motion. A simplified form of the model, in 

which the CoM acceleration is proportional to the distance between the CoM  and 

CoP, appears to be a useful approximation. It is concluded that some caution should 

be exercised in the use of the inverted pendulum model and that further attempts to 

investigate its applicability to human body motion would be instructive.

Introduction

The inverted pendulum as a model o f human body motion

The AP motion of the human body during stance and in gait has often been likened to 

that of an inverted pendulum. According to this notion the body behaves essentially 

as two rigid segments consisting of 1) the feet and 2) all remaining body parts, with 

all significant movement assumed to occur at the ankles. This model has been used in 

investigations of quiet stance (Smith, 1957; Gurfinkel & Osovets, 1972;), external 

disturbances to stance (Nashner, 1976; Fitzpatrick et a l,  1992; Hlavacka et a l ,  1995) 

steady-state gait (Alexander & Goldspink, 1977, Cavagna et a l,  1976) and gait 

initiation (Brenière et a l,  1987; Jian et a l,  1993). Some authors see the body as 

consisting of a series of inverted pendula stacked one on another and in particular see 

the trunk moving at the hips as a second major pendulum system {e.g. W inter et a l .
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1993). However here ‘the inverted pendulum model of body motion’ is meant in the 

more restricted sense outlined above.

It is self-evident that the human body above the ankles is not held totally rigid under 

any normal circumstances. Rather the assumption is that inter-segmental movements 

are relatively small and therefore relatively insignificant. However, this may not 

always follow. A relatively massive upper-body segment moving with small angular 

displacement but high angular acceleration could have a profound influence on the 

overall body motion and balance. Under these circumstances the body could not 

reasonably be said to be behaving as an inverted pendulum even though, from casual 

inspection, it may appear to be moving in this manner.

Evaluating the inverted pendulum model ^

A number of studies which have measured thejmotion of the standing body have 

found there to bejmovement at the hips comparable to, or greater than, that at the 

ankles (Thomas & Witney, 1959; Roberts & Stenhouse, 1976; Day et a l ,  1993). Kuo 

& Zajac (1993) have shown that a given horizontal acceleration of the CoM is 

achieved with less muscle activation when brought about with a hip rather than ankle 

movement. Although, applying in reverse the argument in preceding paragraph, these 

findings do not of themselves invalidate the inverted pendulum model, it is surprising 

that they seem to have concerned so little those who use it.

Direct attempts to evaluate the model seem to be scarce. One group (Winter et al., 

1993; MacKinnon & Winter, 1993) has used an approach based on a ‘whole-body 

model’ (in which the motion and inertial properties of all major body segments is 

analysed - see chapter 2). Unfortunately it is very difficult to determine from the 

authors’ published accounts the exact details of their method. Essentially, a 

comparison is made between the behaviour of a number of body segments before and 

after being mathematically grouped together as a single rigid unit. The extent to 

which these behaviours correspond is seen as indicating the extent to which the 

segments are behaving as a single unit in the task being studied. It seems likely that 

this estimate takes into account the dynamic consequences of interactions between 

the segments as discussed above. The two studies cited analyse control of balance
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during steady-state gait. Direct evaluation of the inverted pendulum model is only 

presented for motion in the frontal plane where it appears to be broadly validated 

with only small departures from its predictions occurring at certain parts of the gait 

cycle. It was this finding that suggested the use of a single segment model in the 

study presented in chapter 3.

A possible alternative to the complexity of ‘whole-body models’ is the use o f ground 

reaction data. It has been appreciated for some time that, for an inverted pendulum  (at 

a given position and velocity), there exists a fixed relationship between the torque 

exerted by the ground reaction forces and the acceleration of the CoM (Gurfinkel, 

1973). Since both of these parameters can be measured using a force-platform, it 

should in theory be possible to test the extent to which a (any) body on the platform 

is moving as an inverted pendulum. Certain other data such as the position o f the 

pivot point and the position and velocity of the body’s CoM are required, but the 

latter may also be obtained from ground reaction data (chapter 2). Very recently 

Karls son & Lanshammer (1997) have used this type of approach to look at body 

motion during quiet stance. They have also attempted to evaluate the approach itself 

by asking subjects to try to move rigidly from the ankles and then at the hips. 

Interestingly they find that subjects move (in the sagittal plane) considerably more 

like an inverted pendulum when consciously attempting to do so than during normal 

quiet stance.

This chapter describes a ground reaction-based approach to evaluating the inverted 

pendulum model of human body motion using a different methodology to that o f 

Karlsson & Lanshammer. The approach is applied to the data from the previous 

chapter in an attempt to validate the model in stepping.

Methods

Figure 5.1 A depicts a single segment inverted pendulum pivoted at a fixed point P 

onto a base of negligible height. The system is in equilibrium if  it exerts a clockwise 

torque on the pendulum arm equal to the anticlockwise torque due to gravity {mgd\). 

If this clockwise torque is increased or decreased the pendulum arm acquires an
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Figure 5.1
A. Single segment inverted pendulum pivoted at fixed point P onto a base of 

lyU  t  negligbte height. Line of action of resultant of ground reaction intersects base at a
distance ûf, + 4  from P (vertical component,/z, shown)
B. As A but base no longer of negligible height. Horizontal component of 
resultant of ground reaction (f^) shown.
C. Legs and pelvis form 3-link chain in the frontal plane (solid lines). Assuming 
stance width such that ankles are approximately as far apart from one another as 
are hips, motion of CoM due to changes in angles of joints is identical to that 
produced by single supporting strut (broken lines) pivoted midway between other 
two. However 3-link chain does not produce rotation of the body-mass about the 
CoM.
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angular acceleration. So long as the pendulum’s base does not start to move, the 

torque exerted on the base by the ground reaction forces (for example about P) is 

always equal to that exerted on the pendulum arm. It is therefore possible to calculate 

this torque if the magnitude and line of action of the resultant ground reaction force is 

known. Since the base is of negligible height only the vertical component of this 

force,/z, need be considered for the moment. If, in addition, the moment o f inertia 

about P (7p) and position of the CoM of the pendulum are known it is possible also to 

calculate the angular acceleration of the arm, 0 .

where Ip is the pendulum ’s moment of inertia about the pivot P.

For small 0, 0 and 0, ~ mg (the pendulum 's weight) and the horizontal acceleration
~ - 0 r .  Thus

a ^ ^ ^ d , _ = k . d ^   (2)

where k is a constant.

Thus, in any given vertical plane, the horizontal acceleration of the pendulum ’s CoM 

is approximately proportional to the horizontal distance between the CoM  and CoP in 

this plane {di). If human subjects preparing and executing a step moved as a single 

rigid segment pivoted at the ground then this relationship would also hold for them. 

(In practice this simple relationship is often used as a sort of ‘ready reckoner’ in 

interpreting whole-body motion data - see discussion). Since estimates of the position 

o f the CoP and CoM are available, it is possible to calculate what the horizontal 

acceleration of subjects’ CoM would be if they were moving in this way. Comparison 

of this predicted acceleration with the actual acceleration of the CoM then provides 

an estimate of the extent to which a subject is moving as an inverted pendulum.
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In practice, because the magnitude of the error the above simplifying assumptions 

would produce in this particular example is not known, a more complete analysis of 

the inverted pendulum is used (Figure 5.IB), Analogously to (1),

m g rs in e -  / / s i n 8 -  fXPc„p~ Pcom)+ A 4

The distance is now expressed as rsinG since, as discussed below, the exact 

position of the pivot point is not known in practice. The distance d2 is now expressed 

as the position of the CoP minus that of the CoM. The height of the base is now taken 

into account and therefore a term for the contribution of the horizontal component of 

the ground reaction (f )̂ to the torque about P appears. The full expression for the 

horizontal component of CoM acceleration (a%) is

f l^ = -0 rc o s 0 +  è^rsin0  .......................................  (4)

The first term is the linear acceleration due to the angular acceleration, where 0 is no 

longer assumed to be negligibly small. The second term describes the linear 

acceleration of the CoM due to its rotating about a fixed point with angular velocity 

0. 0 is given by

0 - v . s i n O - V ,C O S0

where v% and Vz are respectively the x and z components of CoM linear velocity. 

Then, from (3), (4) and (5) we arrive at the complete expression for

[ r s i n Q { m g - f j - P ^ ^ , ) + f ^ d , ]  ( - v / i n 0 - v ,c o s e ) % i n e
<3 =  -   ----------------------------------------------------------------------A C O S 0 +     :..............    (6 )

Ip
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Application o f the analysis to the data from  chapter 4

Equation (6) can be applied to experimental data to derive a predicted horizontal 

acceleration of subjects’ CoM based on the assumption that they move solely as a 

single segment pivoted at the ground. This is done here using the data from the study 

in the previous chapter. Both saggital and frontal planes are analysed in order to be 

able to compare one with another. The components of the ground reaction force, mg 

and the position of the CoP are obtained directly from the force platform. The 

position and velocity of the CoM is calculated by integration of the force records, as 

described in chapter 2. The physical properties r and /  are obtained from 

measurements of the subjects and from anthropometric data (chapter 2). The distance 

d3 is estimated as being the height from the floor of the subject’s lateral malleolus. In 

the sagittal plane, 0 is estimated from the positions of the lateral malleoli and the 

CoM. In the frontal plane it is estimated from the initial and subsequent positions of 

the CoM, i.e. the pivot point is assumed to be in the mid-line (see next paragraph).

Special considerations in the frontal plane when standing on both legs 

The analysis so far could apply equally to saggital plane motion and to frontal 

plane motion when the body is supported by only one leg {i.e. single support phase 

of a step). However when the body is supported by both legs the mechanics in the 

frontal plane are a little more complex, with the legs and pelvis forming a 3-link 

‘closed kinematic chain’ (figure 5.1C) (Rozendal, 1986; Day e ta l ,  1993). If  the 

ankle joints are assumed to be approximately under the hips, the CoM moves in a 

curved path of radius r  as a result of rotation of the ankles and hips. This is 

identical to the path it would have described were the system a simple inverted 

pendulum with pivot P midway between the feet (dashed lines). It follows that, if 

all o f the mass is at the CoM (a point mass), all of the analysis so far would apply 

equally to this system. However, with a distributed mass, the simple inverted 

pendulum and 3-link chain differ in that the former produces rotation of the mass 

about the CoM whereas the latter does not (figure 5.1C - see discussion).
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Results and discussion

Accelerations of subjects’ CoM predicted from equation(6) were calculated 

individually for all trials. In addition, each of the terms of equation (6) were 

calculated separately. These records were then normalised in time over the period 

from lateral force onset to heel-strike (1®‘ to 4̂ *’ vertical line, figure 4.1), and then 

averaged. The results are shown in figure 5.2. The thickened black traces show the 

overall prediction, and the others (see key on figure) show the contributions to this of 

the various terms of equation (6). The last 2 terms in the equation, those due to 0 , are 

grouped together. It is immediately clear that the fX^coP ~ ^com) term dominates.

This demonstrates that, in the case of these stepping data, the simplification 

represented by equation (2) is meaningful and indeed a helpful way of thinking about 

the situation.

Figure 5.3 shows the actual and predicted accelerations subject by subject. The 

colour coding is as in the previous chapter. In both the AP and ML directions the 

predicted traces follow a similar pattern to the actual, both within and between 

subjects. For example, in both actual and predicted accelerations, 1) fast (green) 

traces are generally of greater magnitude than normal and slow, and 2) this difference 

is much more marked in subject 4 than 1. The averages across all subjects are shown 

in figure 5.4A, with predicted and actual accelerations superimposed. This shows that 

predicted accelerations are always less than actual, although to differing extents over 

the different phases of the step and more so in the saggital than in the frontal plane.
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Figure 5.2
Accelerations of subjects' CoM as predicted by an inverted 
pendulum model. Traces are normalised in time from ML force 
onset to heel-strike and then averaged by speed condition over all 
subjects. Thickened black trace shows overall predicted 
acceleration, other traces show components of prediction (terms in 
equation 6) - see key.
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Figure 5.3
Actual and predicted accelerations of the CoM normalised in time from 
ML force onset to heel-strike, and averaged by subject and condition. Key: 
red-slow, blue-normal, green-fast. Note that left- and right-foot steps are 
averaged separately giving 2 traces per speed condition (colour).
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AP M L

A

B

-3.5

Figure 5,4
A. Actual (bold lines) and predicted CoM accelerations (as in 
figure 5.3) averaged over all subjects and over stepping foot.
B. Actual divided by predicted CoM acceleration. If the body 
behaves entirely as an inverted pendulum, this quantity will be a 
constant. Inset shows example of complete trace (AP, slow 
steps) resulting from equation 8 to illustrate how traces in main 
figure have been simplified (see text). As previously, all traces 
are normalised in time between toe-off and heel-strike.
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Error correction

The difference between the actual and predicted accelerations appears in general to 

be larger the larger the amplitude of the actual acceleration (figure 5.4A). One 

contribution to this effect will be error in the estimate o f the subjects’ inertial 

properties, which may well be considerable (see chapters 2 & 3). The situation can be 

represented as follows. From equation (2),

= ( /:,   (7)

where ka is the actual inertial term  and he an error inertial term.

Assuming for a moment that subjects do move entirely as an inverted pendulum, their 

actual CoM acceleration will be given by equation (2), and a constant containing the 

error term he can be obtained by dividing the actual by the predicted acceleration 

(dividing equation (2) by (7))

error = ----------   = — ——  = constant .............................................. (8)
(K+K)^2 k + k

Figure 5.4B shows the result of dividing the actual by the predicted accelerations. It 

is apparent that in practice there is some difficulty with this because as the predicted 

accelerations approach zero, the result of dividing by them approaches infinity. The 

traces have therefore been edited as described in the figure legend and illustrated in 

the inset.
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Looking at the AP traces first, it is immediately apparent that they do not describe a 

quantity that is constant with time. This suggests that in this plane the body is not 

behaving as an inverted pendulum. The actual acceleration of the CoM could be 

described by modifying equation (2)

+  (9)

where a,s is the acceleration of the CoM due to inter-segmental effects (rotating one 

segment on another), a quantity that varies with time.

Thus the error plotted in figure 5.4B is now given by

error ~  (10)
K+ K

This is only an approximation since as segments rotate on one another so the inertial 

quantities ka and kg will change. However these changes are assumed to be slight.

The M L traces contrast to the AP in that, either side of the interruption due to the 

predicted accelerations approaching zero, they remain much closer to a constant 

value (illustrated by the horizontal black lines). These two periods correspond to 

before and after toe-off (toe-off shown approximately by the vertical broken line). 

The traces suggest that the value of the constant is greater during the swing than 

during the preparatory phase and also that during the swing phase there is more 

contribution of inter-segmental effects in the slow (red) trials than in the normal or 

fast. The first o f these observations could be due to the fact that the body is in a 

different configuration in the two phases and therefore the inertial parameters would 

be expected to be different.

It is acknowledged immediately that the present analysis is ‘exploratory’ in 

character and that only rather tentative conclusions can be drawn at this stage. It is 

hoped that a more accurate determination of subjects’ inertial parameters will in 

the future render the technique more powerful. Nevertheless a number of
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interesting observations are already possible. Figure 5.3 shows that in stepping at a 

range of speeds the inverted pendulum model explains much of the variation in 

body motion, both between and within subjects. However, when an attempt is 

made to quantify the performance of the model (figure 5.4), it appears to describe 

frontal plane motion better than sagittal. It has also been interesting to note that the 

much simplified model represented in equation (2), in which the acceleration of the 

CoM is proportional simply to the horizontal distance between the CoM and CoP, 

is, with these data at least, a very good approximation to the full model.

One possible advantage of holding the body so that it moves in the frontal plane as a 

single unit is that it simplifies the control of the motion because it reduces the 

number o f degrees of freedom (Bernstein, 1967). Another possible advantage is that, 

because the body as a single unit pivoting at the ankles has a large moment of inertia, 

it accelerates relatively slowly under the influence of gravity. Thus the rate of the 

sideways fall of the body which occurs during the single support phase o f a step will 

be kept to a minimum. This will in turn keep to a minimum the required preparatory 

acceleration of the CoM towards the support side. Thus during steady-state gait the 

side to side (and therefore up and down) movement of the CoM will be minimised, 

which will tend to make the gait more energetically efficient. Vertical displacement 

o f the CoM will also be minimised by the ‘single unit’ strategy purely because of the 

geometry. Figure 5.5 shows how a given horizontal displacement of the CoM is 

associated with a smaller vertical displacement when a structure moves as one rather 

than as two units. This will always tend to be the case, especially when the angles are 

small, because the mass will effectively be moving about an arc of greater radius 

when the structure moves as one unit. This is particularly of interest where, as in the 

study presented in the next chapter, subjects are seen to change from a single to a 

multi-segment strategy. Although, as a result of dynamic considerations, an 

advantage in terms of horizontal acceleration of the CoM is gained, at the same time 

the height of the CoM is reduced corresponding to a reduction in gravitational 

potential energy.
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Horizontal excursion 
of the CoM .

Starting position 
of CoM

Vertical excursion of the CoM 
for single-segment model

Vertical excursion of the CoM 
for 2-segment model

Figure 5.5
Diagram showing the same horizontal excursion of the CoM of a 
body produced by moving as a single segment (blue) and as two 
segments (grey). Each of the two segments are assumed to have 
the same mass. Each segment’s mass is represented by a rectangle 
with its CoM at the centre. Thus the overall CoM of the two 
segments is midway along the line joining the individual 
segments’ CoMs (broken red line for the two-segment model). 
The diagram shows that for a given horizontal excursion of the 
CoM, moving as two segments produces a greater vertical 
excursion.
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6. Responses to unpredictable changes in the target of visually- 

guided steps

Abstract

Previous work in this thesis has emphasised the pre-planned and ballistic nature of 

the control o f a step. This study is an attempt to evaluate to what extent subjects are 

able to modify frontal-plane swing limb and whole-body motion during a step, and 

how these two modifications are coordinated. Subjects stepped in various directions 

onto illuminated target rectangles on the ground. In a first (control) block the targets 

remained motionless, but in a second (experimental) block they sometimes and 

unpredictably moved medio-laterally during the step. Subjects’ movements were 

measured using a non-contact motion analysis system (Selspot II). In addition ground 

reaction forces were used as before to calculate the motion of the CoM.

In the control block a clear relationship was found between the position o f the foot 

and the position/velocity of the body-mass at the end of the step. W hen in the 

experimental block the target {i.e. direction of a step) was changed, subjects appeared 

to attempt to protect this relationship by changing the trajectory not only o f the 

stepping foot but also of the rest of the body. This suggests that this relationship, 

which may facilitate catching the falling body and also bringing it to a position and 

velocity appropriate for the next step, is of some importance.

The swing limb and whole-body responses did not appear simultaneously. The first 

response was seen at short latency (160ms) in the swing limb, and initially caused the 

rest o f the body to move in the opposite direction to the target. The whole-body 

response in the direction of the target only became effective some 100ms later and 

was associated with rapid rotation of the trunk relative to the support limb, a strategy 

seen in the sagittal plane only when balance is threatened. In addition, the correction 

produced to CoM position and velocity at the end o f the step was more complete in 

lateral than in medial jum p trials. These results suggest that the motion o f the body- 

mass may not normally be subject to appreciable mid-step corrections. On the other 

hand, the short latency of the response in the swing limb suggests the presence of an
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‘on-going’ control of its motion which, routinely, might allow its trajectory to be 

adjusted during the step according to the way in which the fall o f the body-mass is 

developing.

Introduction

Data from chapter 3 (figures 3.4 & 3.6) suggest that the body-mass ends the step at 

different positions and velocities for steps in different directions. M odelling work 

described in that chapter suggested that the body falls more or less freely during the 

step and therefore that these different heel-strike positions and velocities are obtained 

by altering the CoM position and velocity at toe-off. It was pointed out in chapter 4 

that in order to judge the toe-off CoM position and velocity required for a given step, 

the step duration as well as direction (or target) needed to have been specified in 

advance. Some evidence was presented to show that this was the case and that step 

duration was taken into account in setting the initial (toe-off) conditions o f the CoM. 

Thus a picture of a step as an essentially pre-planned movement has emerged. 

However there is evidence to suggest that this may not be the whole picture and that 

afference arising from the movement might at least some of the time be used to ‘fine 

tune’ the movement as it evolves.

‘Swing ’ limb is misnomer

The term ‘swing’ limb suggests some sort of ballistic control of the stepping lim b’s 

motion and such a notion can be traced at least as far back as the W eber brothers, 

who, in the early part of last century stated that “..during gait the swinging leg can 

move like a pendulum, pulled by its own weight, without the involvement of 

muscles.” (Weber & Weber, 1836, cited in Maquet, 1992). However, even by the 

very beginning of this century, Fischer (1904), using an advanced biomechanical 

analysis, had shown the W eber brothers’ assertion not to be true. More recently. 

Grieve & Gear (1966) calculated for a number of subjects the predicted durations of 

swing of the whole leg about the hip assuming it to move passively as a com pound 

pendulum. They found that these durations were generally over twice the length of 

the experimentally observed swing times and concluded that “It seems probable that 

the time of swing has little to do with the passive properties of the leg as it would 

behave if  released from rest.” Mochon and McMahon (1980) attempted a more
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sophisticated analysis based on a ballistic model which included the movement of the 

rest o f the body and which therefore took into account the effect on the com pound 

pendulum of accelerating its upper pivot point. Although they found that their model 

could account for some previous experimental findings, a number of discrepancies 

remained, and the model was curiously ‘volatile’, presumably because it lacked any 

elastic or viscous resistance about its joints.

EM G studies typically show slight to moderate, generally phasic, activity in a number 

o f relevant muscle groups (iliopsoas, tensor fasciae latae, hamstrings and gluteii) 

during swing (Battye & Joseph, 1966; Basmajian & Greenlaw, 1968), but as always 

with EM G data it is difficult to assess the mechanical consequences of this activity 

(Elftmann, 1966). Interestingly Basmajian & DeLuca (1985) see the phasic and rather 

variable EMG records which occur during a step as evidence of an “ ..ongoing 

adaptive control..” of swing limb motion. Finally, Borghese et al. (1996) suggest that 

the manner in which the angles of the joints of the leg co-vary during walking at a 

range of speeds indicates that the motion is under neural rather than passive 

biomechanical control. It is however not at all clear how they arrive at this 

conclusion. On balance then it would seem that ‘swing lim b’ may be something o f a 

misnomer and that active muscular contraction ‘drives’ the motion of the stepping 

limb in human gait.

Swing limb may sometimes be subject to visual guidance 

In reaching with the arm for a visual target an initial throw of the limb in 

approximately the right direction is generally thought to be followed by visually- 

guided corrections which help direct the hand accurately to the target (Jeannerod, 

1988; Day, 1994). This requires that subjects fixate the target throughout the 

movement. It appears that steps, which can be seen as reaches of the lower limb 

(Georgopoulos & Grillner, 1989: see discussion) are not normally guided in this way. 

Patla et a l  (1996) found that even when subjects walked amongst and over a series of 

obstacles they needed to ‘sample’ the visual environment only intermittently. Similar 

findings have been reported previously {e.g. Assaiante et a l,  1989). This is perhaps 

consistent with the usual concept of stepping of as an automatic rather than goal- 

directed activity. This concept is supported by the existence of central pattern
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generators within the spinal cord which can produce well coordinated stepping 

movements without either afferent input from the periphery or descending input from 

SLiprapsinal structures (Brown, 1911 ; Grillner & Wallen, 1985). There remains doubt 

as to whether a similar spinal organisation of stepping movements is present in 

humans because, unlike in quadrupeds, transection of the cord leads to a permanent 

loss of locomotor movements (Kuhn, 1950). However, as Forssberg (1985) has 

pointed out, this does not necessarily rule out the existence of spinal pattern 

generators, but may merely indicate that in humans they are to some measure 

dependent for their operation on supraspinal influences. Such a position is supported 

by the observations that automatic stepping movements can be observed in human 

new-borns (McGraw, 1940) and in adults following brain death (Hanna & Frank, 

1995), and that stepping movements can be elicited in paraplegic patients (Dek% et 

wA, 1994).

However, when the task becomes one in which accuracy of foot placement is the first 

priority, the situation appears to change markedly and steps do appear to become 

visually guided. Hollands et al. (1995) measured subjects’ eye movements as they 

walked using a prescribed series of foot positions (stepping stones) and found that in 

general subjects fixated the next target foot position from before the foot had been 

lifted to some 50ms after it had made contact. It is difficult to think of any reason for 

doing this other than to guide the limb visually, as in reaching with the arm. The fact 

that the limb seems to be driven actively during the swing phase (see above) also 

suggests from the motor side of things that such guidance should be possible. 

Interestingly, cats too show an apparent switch in strategy between walking normally 

over an even terrain and walking in which exact placement of the limbs is essential.

In the former case the motor cortex is not appreciably involved whereas in the latter 

corticospinal neurones discharge phasically with the limb movements (Armstrong, 

1988; Drew, 1988).

This study directly investigates visual guidance of the lower limb during a step. To 

the author’s knowledge this is the first attempt to do this.

82



Chapter 6

Responses in the swing limb and to body trajectory resulting from the perturbation o f  

a step

A number of studies have looked at the response to perturbations of a step during 

steady-state walking (usually on a treadmill). One approach has been to change 

transiently the speed of the treadmill at various phases of the step cycle, acceleration 

tending to increase and deceleration to decrease the forwards velocity of the body.

The primary finding is of fast (approximately 70ms latency) bilateral responses in the 

anterior and posterior crural muscles (Dett2?4r a i,  1984; Gollhofer et a i ,  1986) 

which lead both to a repositioning of the swing limb and compensation for body 

displacement (Berger et al., 1984). Nashner & Forssberg (1986) have shown 

functional adjustments to swing limb trajectory in response to self-generated 

perturbations to body motion.

Another approach has been to impede briefly the forward motion of the swing leg.

The effect of this depends on the phase of the step cycle in which it occurs. Impeding 

the motion at the start of swing leads to weak responses in the stance leg posterior 

crura Is whereas the same perturbation applied towards the end of swing leads to a 

much stronger response in the stance leg together with strong extension in the swing 

leg (Dietz et a l ,  1986). Eng et a l,  (1994) also investigated the response to 

perturbation of swing limb motion but used actual obstacles placed in walking 

subjects’ path. They too found that the response depended on the phase of the step 

cycle in which the perturbation (here in effeet a trip) occurred. A trip in early swing 

resulted in the swing foot being raised up, both by its own flexion and also by 

increased extension in the stance limb. This latter aspect of the response also had the 

effect of raising the body mass which the authors suggest enables the subject to delay 

heel strike therefore providing more time to extend the swing limb “ ...in  preparation 

for the landing”. Conversely, a trip in late swing resulted in strong extension of the 

swing limb and a shortening of the step. The authors suggest that flexion of the swing 

limb at this stage would be dangerous since the body mass has passed forward of the 

stance foot. Grabiner et a l  (1993) similarly induced stumbles in freely walking 

subjects and found that the response included increased forward flexion of the trunk. 

This would likely have produced shear forces at the ground which would have helped
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arrest the forwards motion of the body, the so-called ‘hip strategy’ (Horak & 

Nashner, 1986).

These results show that perturbation of either swing limb or whole-body motion 

produces responses directed at changing the motion of both. This is consistent with 

the idea that during a step the body is dependent for its stability on the swing limb 

returning to the ground at a particular time and place. However, the analyses are 

without exception restricted to the sagittal plane. Also, it isn’t clear to what extent 

these results might illustrate the way in which swing limb and body motion is 

normally adjusted and coordinated. Given the of the nature of the interventions, they 

may instead reveal the operation of a separate emergency mechanism.

This study

This study is an attempt to evaluate to what extent subjects are able to modify 

frontal-plane swing limb and whole-body motion during a step. It investigates how 

these two motions are modified with respect to one another, and the consequences of 

this for foot and body position/velocity at the end of the step. Rather than perturbing 

the motion, the approach used is to change the intended target foot placement. 

Subjects were asked to step onto illuminated target rectangles on the ground which 

sometimes (and unpredictably) moved after the step had begun.

Methods

Seven normal subjects (3 female and 4 male) with ages ranging from 24 to 45 

(mean=30.7) years gave their informed consent to participate in this study, which was 

approved by the local ethics committee. The experimental setup and procedure was 

similar to that described previously but with a number of important differences. Only 

these are described fully here. In this study the step required (which foot and which 

direction) was indicated by the illumination of target rectangles on the force platform 

surface onto which subjects stepped. The targets, which were 14cm wide and 29cm 

long, were arranged in a row in front of the subject overlapping one another such that 

the M L distance from one to the next was approximately 7cm (figure 6.1 A).

84



Chapter 6
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Right foot 
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Left foot 
targets
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Figure 6.1
A. View from above of experimental setup. Subjects stood on a force-platform 
and stepped onto illuminated rectangular targets on the platform surface. For 
each foot there were 3 overlapping targets, centre (red), lateral (blue) and medial 
(green). Note that these colour codes are used throughout this study to 
distinguish the different stepping conditions, but that the actual targets all glowed 
with the same colour (yellow) light. Also note that (with respect to the coordinate 
system) the subject is facing in the opposite direction to that in the previous 
studies.

B. View of the subject from the front. Four infra-red emitting diodes were 
attached to the right and left feet (1 & 2), a belt around the waist (3) and to the 
top of the torso (4). The angle of the upper body with respect to the stance leg (^) 
was calculated from the positions of the LEDs as shown. The example shown is 
for a step with the left foot (stance foot is right foot). Note that +ve 0 is anti
clockwise and that the initial angle (as shown) is taken to be zero.
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There were 3 targets for each foot, the centre one being approximately directly in 

front of its foot, and the other two being lateral and medial to this respectively.

Subjects stood with their preferred stance width at a distance from the targets that 

enabled them to step onto them comfortably. Each trial began with an audible cue 

and illumination of one of the targets. Subjects were instructed to step onto the target 

with the relevant foot and then to bring the other foot alongside the first so that each 

trial ended (as it started) in normal quiet stance. No further instruction was given 

about the positioning of the trailing foot and subjects were free to place it (medio- 

laterally) where they liked.

Ground reaction data were collected and analysed as described previously to provide 

records of CoM motion. In addition, a Selspot system was used to follow the motion 

of 4 infra-red emitting LEDs attached to the top of each of the subjects’ feet, to a belt 

worn around the waist, and to the front of the chest just below the jugular notch of 

the manubrium sterni (figure 6. IB). These provided records of the path described by 

each foot and also some information about the motion of the trunk. The latter was 

used to calculate the angle of the trunk relative to the stance limb in the frontal plane 

(figure 6. IB). In practice only changes in the value of this angle are considered and 

so the starting (quiet stance) value shown in the figure can be taken to be zero.

Positive change in angle is anticlockwise (looking at the subject from the front). This 

means that for example a bending of the trunk which takes the shoulders away from 

the swing side would be detected as an increase in 0 in left foot steps, but as a 

decrease in right foot steps.

Each subject performed two blocks of trials taking a total of 84 steps. In the first 

(control) block one of the 6 targets illuminated at the start of the trial and remained 

on throughout. In the second (experimental) block one of the centre targets (right or 

left foot) illuminated initially. However, in 50% of trials, 50ms after toe-off, the 

centre target was extinguished and either the medial or lateral illuminated, giving the 

impression of a single target moving medially or laterally by approximately 7cm.
1 a t .Whether the target would jump, and if so in which direction, was pseudo-randomised

so that subjects could not predict what would happen. Subjects were instructed to 

attempt to follow this movement and in all trials to try to place the foot on the target.
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Results

Motion and end-point accuracy o f the feet

Figure 6.2A shows perspective drawings of the paths described by the right foot in all 

right-foot steps taken by one representative subject (HN). The upper diagram shows 

the control block and the lower the experimental. Also shown are the average final 

positions of the foot for each of the conditions (coloured footprints). The colour- 

coding is as in figure 6.1 A. The drawings give a rough impression of the way in 

which the initial stepping foot moved in 3 dimensions. The paths described by the 

foot in moving to the different targets can be seen to diverge from one another early 

in the movement in the control block and late in the experimental. Also, the average 

final positions are slightly more spread medio-laterally in the control than in the 

experimental block.

The left panel in figure 6.2B shows, for the same trials as depicted above, the ML 

position of the right foot plotted against time. The traces are aligned to toe-off 

(vertical line). The difference between the two blocks in the patterns of divergence of 

the paths to the 3 targets can also be seen here.

The right panel in figure 6.2B shows the average final positions of the LEDs on the 

initial stepping foot {i.e. the one that was directed at a target) across all subjects and 

trials. Left foot trials were found not to be significantly different to right (F( 1,6)= 1.8, 

p=0.23; ANOVA with repeated measures) and data were therefore pooled after 

reflecting the left-foot trials about the mid-line. Thus the bar chart in fact shows ML 

displacement (either left or right) from the mid-line. The black horizontal broken line 

shows the displacement from the mid-line of the middle of the centre targets (14cm). 

In steps to these targets in the control block, the foot LED ended on average about 

0.5cm medial to this (red horizontal line).
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Figure 6.2
A. Perspective drawings of paths traced by one subject’s right foot. Colour coding is 
as for the targets in figure 6.1 A^Paths to the various targets can be seen to diverge 
early in the movement in the control block but late in the experimental block. The 
footprints show initial and average final positions of the right foot for each condition. 
Since only one LED was attached to each foot, no information about changes in the 
foot's orientation was available and therefore the feet have simply been assumed to 
end the trial in the same orientation as they started it.

B. Left panel. Medio-lateral position of the right foot against time during the same 
trials as depicted above in A. Traces are aligned to toe-off. Right panel. Medio-lateral 
displacement from the mid-line of the stepping foot LEDs for all subjects and all 
trials (mean + SEM). Left foot trials have been reflected about the mid-line before 
inclusion in the average. Broken horizontal black line shows position of centre target 
mid-line. Other lines show positions of target mid-lines corrected to final LED 
position in centre target control block trials (see text).
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This may have been due to the placement of the LEDs which it was noted during the 

experiment tended unavoidably to be slightly medial to the mid-line of the foot. It 

was also noted that in these control trials subjects appeared to be placing their foot 

approximately in the middle of the centre target rectangle. In view of these factors, 

the LED displacement in control trials to the centre target (red line) has been taken to 

represent the centre target position, and the blue and green horizontal lines indicate 

the mid-lines of the lateral and medial targets corrected accordingly. In the control 

block, foot placement onto the medial and lateral targets appears fairly accurate, if 

anything tending to be slightly less eccentric than the targets. However, observation 

o f subjects revealed that this was not such that the feet actually crossed the target 

boundaries. Overall, the experimental block results were not significantly different 

(main effect of block, F(l,6)=0.15, p=0.72). However, the foot displacements in steps 

to the medial and lateral targets appear slightly less eccentric (still) than those in the 

control block, and this difference was reflected in a significant block by target 

interaction (F(l.l,6 .6)=14.3 , p=0.007 - Huynh-Feldt correction). Thus in the 

experimental block it appears that, when the target jumped, subjects were able to 

adjust the stepping foot trajectory appropriately, but not quite sufficiently to enable 

them to place the stepping foot as eccentrically as in the control block.

Motion o f the CoM

Figure 6.3 shows plan views of the paths described by the CoM and CoP with respect 

to the initial position of the feet. The traces are averages of the same right-foot trials 

as shown in figure 6.2. As shown previously (chapter 3) initially the CoM moves 

towards the support (left) side but does not pass directly over the support foot, 

rendering the body mechanically unstable during the single support phase of the step. 

As with the foot trajectories, the paths described by the CoM can be seen to diverge 

from very early in the movement in the control block but much later in the 

experimental. Also, the final positions attained by the CoM appear more spread 

medio-laterally in the control than in the experimental block.
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Control
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► Y

X

Experimental

Figure 6.3
Plan view of the paths described by the CoM (solid lines) and 
CoP (broken lines) shown together with the initial position of the 
feet. Traces are averages of the same right foot steps as depicted 
in figure 6.2. As with foot trajectories, paths described by the 
CoM diverge early in their course in the control block but later 
in the experimental. Final positions of the CoM are more spread 
medio-laterally in control than in experimental block. Colour 
coding is as previously

-  Iftlu-t
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Figure 6.4 focuses on the M L component of the CoM motion and on the single 

support period of the (initial) step. In the centre portion of the figure are traces 

showing CoM position and velocity normalised in time between toe-off and heel- 

strike and then averaged by condition across all subjects and trials. Right foot trials 

(labelled ‘r ’) are displaced and have velocity towards the left side at toe-off, while 

left foot trials (labelled ‘1’) have displacement and velocity towards the right. A very 

high degree of symmetry about the mid-line is apparent in these traces which is 

consistent with the repeated finding of no significant difference between right and 

left foot steps (after reflecting the left about the mid-line) in all measurements made.

The bar charts in figure 6.4 show group means (+/- SEM) of CoM position and 

velocity at toe-off (top of figure) and heel-strike (bottom of figure) pooled across 

stepping foot (left foot trials having been reflected). The CoM position and velocity 

at toe-off can be seen in the control block to vary markedly with target (position: 

F(2,12)=25.9, p<0.001; velocity: F(1.6,9.5)=66.0, p<0.001). This variation is in 

accordance with that found in the previous study, displacement and velocity towards 

the support side being less the more laterally directed the step. In contrast, the CoM 

position and velocity at toe-off in the experimental block appear much less variable 

across target. This is as expected since at toe off the subject did not know if and in 

what direction the target might jump. However, while there is no significant 

difference between the CoM positions at toe-off in this block (F(2,12)=4.6, p=0.33), 

the variation in the velocities with target achieves a significance level of p=0.002 

(F(1.6,9.8)=13.4). It can only be assumed that this is a chance finding since neither 

the subject nor the experimenter had any knowledge of or means of predicting the 

experimental condition selected by the pseudo-randomiser. In any event, the variation 

is clearly much less marked than in the control block, and also does not appear to be 

predictive of the forthcoming target motion. For example, the velocity is less rather 

than more (as in the control block) when moving to a more medial target.

The CoM position and velocity at heel-strike are shown at the bottom of the figure. 

These can be seen to vary with target in both the control (F(1.8,l 1.0)=149, p<0.001; 

F(1.8,10.8)=204, p<0.001) and experimental (F(1.3,7.7)=33.3, p<0.001;

F( 1.9,11.3)= 144, p<0.001) blocks. However, the manner in which they vary with
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Figure 6.4
Medio-lateral CoM position and velocity between toe-off and heel- 
strike. Traces (centre portion of figure) show CoM position/velocity 
normalised in time between toe-off and heel-strike and then averaged 
by condition across all subjects. Right foot trials (labelled ‘r ’) are 
displaced and have velocity towards the left foot at toe-off, & vice 
versa for left foot trials (T’). The bar charts show group means (+/- 
SEM) of position/velocity at toe-off (top of figure) and heel-strike 
(bottom of figure) pooled across stepping foot (left foot trials having 
first been inverted about mid-line).
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target is different in the two blocks, very noticeably in the position (block x target 

interaction F(1.6,9.8)=75.9, p<0.001), and comparatively moderately in the velocity 

(F(2,12)=9.34, p=0.004). In the control block, the medial and lateral target values can 

be seen to differ from the centre target value by approximately equal amounts. This is 

not the case in the experimental block where the differences are less marked in 

medial than in lateral target steps (position: t(26)=6.23, p<0.001; velocity: 

t(26)=5.46, p<0.001: t-tests comparing difference between lateral and centre with 

difference between medial and centre targets). In particular the CoM heel-strike 

position in medial and centre target steps is almost identical.

Overall, these complex results are perhaps most easily interpreted from the traces in 

the central portion of figure 6.4. From these it appears that in the experimental block, 

whilst the CoM position and motion at toe-off is similar in steps to all 3 targets, by 

heel-strike it varies with target in a manner similar to that in the control block. 

However this is more the case for lateral than for medial jum p trials.

Details o f medio-lateral body motion in the experimental block 

Figure 6.5 is a plot with time of some details of the ML motion of the body in the 

experimental block. All subjects behaved in essentially the same manner and 

therefore, for the sake of brevity, only averages across subjects are shown. The traces 

are aligned to and start at the target jum p (50ms after toe-off). The top group of traces 

shows the CoM acceleration, the next 3 show the velocity of the LEDs at the various 

levels of the body, and the bottom group shows the angular velocity (in the frontal 

plane) of the trunk relative to the support leg (see figure 6.1). CoM acceleration 

rather than velocity is shown here because the velocity changes o f the whole body- 

mass are rather gradual at this time-scale, making it difficult to see the temporal 

features.

At a latency of about 160 to 170ms after target jum p (first vertical broken line in each 

column of traces) the CoM acceleration traces diverge, lateral target jum ps (blue) 

leading to an increase in acceleration towards the swing side compared to controls, 

and medial jum ps leading to a decrease.
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right foot steps left foot steps

CoM
acceleration

0.1m s'
Foot light 
velocity

Waist light 
velocity

Upper trunk 
velocity

0.1ms

0 1ms

0.2 rad s '
Trunk angular 

velocity

200ms

Figure 6.5
Details of medio-lateral body motion in the experimental block. Traces are 
averages across all subjects aligned to and starting at the target jum p (50ms 
after toe-off). Top group of traces shows CoM acceleration, next 3 show 
velocities of LEDs at various levels of the body, and bottom group shows 
angular velocity of the trunk in the frontal plane. First vertical dotted line in 
each column of traces shows approximate time of initial response to target 
jump. Second vertical line shows approximate time of second phase of the 
response. Heel strike occurs some 100 - 150ms after this. As in previous 
figure, movement to the right is denoted by upward deflection of the traces, 
movement to the left by downward.
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These accelerations underlie the corrections to CoM motion seen in the previous 

figure (heel-strike occurs very roughly 200 to 250ms after this 170ms event). At 

approximately the same latency, the LED velocity traces also diverge. The swing foot 

acceleration (compared to controls) is in the same direction as that of the CoM  {e.g. 

positive slope on the velocity trace for lateral target jum ps in right foot trials). The 

trunk however appears to accelerate (compared to controls) in the opposite direction. 

About 100ms later (270ms after target jump: second vertical broken line) the 

accelerations of the foot and waist LEDs reverse direction. The bottom group of 

traces shows that at approximately this latency the trunk also begins to rotate in the 

frontal plane (right foot lateral jum p trials begin earlier - see discussion).

These LED-derived data provide some explanation of the changes in CoM  motion (as 

calculated from the ground reaction). They give some idea of which parts o f the body 

are contributing and in what way. Of particular interest is the fact that the initial 

(160ms) increase in CoM acceleration appears to be directly due only to the motion 

o f the swing leg since the trunk is accelerating in the other direction (compared to 

controls) during this period. For example, in response to a lateral target jum p during a 

right foot step, the torso, which in control trials is steadily accelerating towards the 

right at this stage, initially shows a reversal (waist) or reduction (upper trunk) of this 

acceleration. Thus compared to control trials it shows a leftwards acceleration. 

Presumably then the increase in CoM acceleration at this latency is moderated by this 

motion of the trunk, which may be a reaction to the acceleration of the swing limb 

(see discussion).

As already noted, the change in angle of the trunk is in general relatively moderate 

until about 270ms after the target jump. At this point the upper body begins to rotate 

much more quickly taking the shoulders down towards the swing side when the target 

jum ps medially and up away from it when the target jum ps laterally.
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Discussion

Previous work in this thesis has emphasised the pre-planned and ballistic nature of 

the control of a step. In this scheme the body mass is brought at the end o f a step to a 

particular place at a particular time and having a particular velocity simply by setting 

the appropriate initial conditions. While this considerable feat may be well within the 

capabilities of the (healthy) CNS, especially in a movement as practised as stepping, 

there is presumably some limit to the accuracy with which the body can be controlled 

in this manner. Furthermore there is evidence that afference arising from the 

movement can influence the progress of the step. This study set out to look at the 

extent to which subjects can change the motions of their body-mass and swing limb 

mid-step, and at how these changes might be coordinated with one another. It was 

hoped that this might provide some insight into possible mechanisms of ‘fine tuning’ 

of body and swing limb motion.

Control block

This block repeats part of the study presented in chapter 3 but with a number of 

significant differences. Firstly, here subjects actually stepped onto visual targets on 

the ground, whereas there, LEDs placed in front provided only a rough indication of 

the step direction required. The use here of these ‘explicit’ targets enabled the step to 

be defined much more precisely, allowing the relationship between heel-strike foot 

position and body position/velocity to be more accurately determined. Secondly, here 

3 rather than 2 step directions were investigated including one in which the subject’s 

stepping foot had to move medially from its starting position. Finally, the differences 

in step direction were considerably smaller, the targets being only 7cm (medio- 

laterally) from one another.

The results both confirm and extend those of chapter 3. As before, displacement and 

velocity o f the CoM towards the support side at toe-off was less the more laterally 

directed the step. This result (figure 6.4) was once again clear, even with the small 

differences in step direction used. At the end of the step the swing foot was placed 

accurately in the target aimed for (figure 6.2). The heel-strike CoM position and 

velocity also varied with target being more lateral and having more laterally-directed 

velocity the more lateral the target. Again the result was clear (p<0.001) in spite o f
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the relatively small differences in the target positions. Thus it appears that subjects 

move such that at heel-strike 1) foot position and 2) body position and velocity vary 

together (in the same direction), and this is consistent with the idea that the stepping 

foot as it returns to the ground catches the fall of the body. As noted in chapter 3, 

Townsend (1985) has suggested that the motion of the body during the next step 

might be controlled by the (ML) placement of the foot at the end of the present one. 

This might be a further reason for the observed relationship between foot and body 

position/velocity at heel-strike.

Experimental block - response o f the swing limb

W hen a target changed position during the step, a correction to the trajectory of the 

foot appeared some 160 - 170ms later. This is rather less than the 250ms or so 

generally thought to be required to react even to a simple {i.e. not choice) visual 

stimulus (Jeannerod, 1988). However, very fast responses to movement of a visual 

target for which subjects are reaching with the arm have previously been reported 

(Pelisson et a l,  1986; Prablanc & Martin, 1992; Day & Lyon, 1994). These are 

thought to reveal the presence of a mechanism which when reaching for a stationary 

target serves to correct inaccuracies in the movement (Goodale et a l,  1986), and 

there is evidence that visually-based corrections to the arm trajectory do occur (Day, 

1994). It is possible that a similar mechanism is responsible for the fast responses in 

the lower limb reported here. Although the response is not quite as fast as that seen in 

the arm (for example. Day & Lyon report 130ms), an extra 10ms could be allowed 

for increased conduction time to the leg muscles and it is possible that the greater 

inertia o f the leg delays slightly the appearance of a measurable response. Thus it is 

possible that in visually guided steps, as in visually guided arm reaches, a fast error 

correcting mechanism operates which helps direct the limb accurately to its target. 

This is in accordance with the suggestion of Georgopoulos & Grillner (1989) that 

reaching with the arm evolved from “ ..the neural systems responsible for the active 

and precise positioning of the limb during locomotion.” . Furthermore, there is 

evidence that in some circumstances humans do use vision to guide or correct 

stepping movements in this way. When foot placement is a priority, as when 

negotiating a series of stepping stones, subjects are found to fixate the next target 

foot position throughout the stepping movement (Hollands et a l,  1995).
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Whole-body response to the target jump

The LEDs attached to the waist and top of the chest give some indication of the 

motion of the trunk and pelvis. Figure 6.5 shows that trunk motion deviates from 

controls at about the same latency as the swing foot, but whereas the swing foot 

moves in the same direction as the target, the trunk moves (compared to controls) in 

the opposite direction. Given its direction, it seems unlikely that this trunk motion 

could be an intentional aspect of the response but rather that the rest o f the body is 

moving in reaction to the swing limb. Acceleration of the swing limb will give rise to 

a reaction force on the rest of the body. If the body is not subject to any other forces 

this would accelerate it in the opposite direction to the swing limb such that the CoM 

would not move. In fact the CoM does move (top group of traces, figure 6.5). This 

indicates that the body is subject to other forces, components of which are in the 

direction of the target movement.

The question is whether these other forces are at least partly active in origin and 

constitute a response at this early latency aimed either I) at accelerating the body as a 

whole in the direction of the target movement, or 2) stabilising the support limb, 

pelvis and back to provide a firm structure against which the swing limb could be 

moved. In other words, is there any sort of purposeful and coordinated ‘whole-body’ 

response at this latency? The alternative is that these forces might simply result from 

the support lim b’s contact with the ground via the visco-elastic properties of the 

muscles and ligaments which cross the intervening joints. Although these properties 

of the muscles will likely be modified by some level of background activity and local 

stretch reflexes (Matthews, 1981), and also possibly by stretch responses arising in 

other muscles (Marsden et a l,  1981), there is in this scheme no voluntary response at 

this early latency.

At first sight this latter explanation may seem unlikely. The neuromuscular system is 

generally thought of as functioning in a more integrated manner which takes into 

account the many aspects of any given task. In particular, voluntary movements are 

known to be accompanied or preceded by activity in muscles other than the prime 

movers which may serve to stabilise the posture, reduce the disturbance to
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equilibrium  or contribute directly to the movement (Bouisset & Zattara, 1987;

Crenna et al., 1987; Lee et a l,  1990; Massion, 1991 for review). More specifically, 

Hirschfeld & Forssberg (1991) found during treadmill walking that when, in response 

to an auditory cue, subjects perturbed their own balance by pulling on a handle, 

functional responses in leg muscles 1) preceded those in arm muscles and 2) varied 

(functionally) according to the phase of the step cycle in which they occurred. 

However, more detailed mechanical modelling has questioned the reasoning in first 

two o f these studies (Ramos & Stark, 1990), and Nouillot et a l  (1992) found no 

evidence o f anticipatory postural adjustments during a lower limb movement in 

which the support conditions did not change. Moreover, the present case is maybe 

somewhat different in that the limb movement involved is reactive rather than self 

paced and, as outlined above, may also be a specific type of fast reaction peculiar to 

and organised solely for correcting limb trajectory during a reach.

Confirmation or otherwise of this interesting possibility must await further 

investigation. However, it remains the case here that if there is a purposeful ‘whole- 

body’ response at this early latency, it is apparently insufficient to prevent the pelvis 

and trunk accelerating in the opposite direction to the target. Thus perhaps the 

simplest interpretation is that subjects initial response is directed at the swing limb.

Some 100ms later, the response to the target movement appears to enter a second 

phase. At about this time, the swing limb and lower trunk accelerations reverse. 

Again, the same problem of interpretation arises, it not being easy to determine to 

what extent one event might simply be a mechanical reaction to another. However, 

looking across both phases of the response, it does seem to be clear that the overall 

pattern of CoM acceleration cannot simply be due to the acceleration of the swing 

limb and associated mechanical reactive phenomena. This may be illustrated as 

follows. The acceleration of the swing foot in the second phase of one response is 

similar to that during the initial phase of the response to a target jum p in the opposite 

direction. For example, in the case of the right foot, during the second phase o f the 

response to a lateral target jum p, the swing foot attains a leftwards acceleration 

comparable to that in the initial phase of the response to a medial target jum p. If 

therefore the CoM acceleration were simply due to the acceleration of the swing limb

99



Chapter 6

(and associated reactive phenomena), it should be similar in both of these cases. In 

fact it is very different. In the initial phase of the response to a medial target jum p it 

is less than that in control trials, whereas in the second phase of the response to a 

lateral target jum p it is greater. Thus the results suggest, that in this second phase at 

least, subjects are attempting to accelerate their body (other than the swing limb) in 

the direction of target movement.

In summary, from the foregoing discussion two distinct possibilities emerge:

1) that in response to a target jum p subjects attempt from the outset to accelerate 

both the swing limb and the rest of the body in the direction of the target 

movement but that initially the motion of the swing limb predominates

2) that subjects initially attempt to accelerate only the swing limb in the direction 

of the target movement and then some 100ms later begin to accelerate the rest 

of the body in the same direction

It is hoped that further experiments in which the final positions of the foot and body 

are manipulated independently will help resolve this issue. W hat appears clear at this 

stage is that subjects intend and are able to produce a purposeful whole-body 

correction.

Changes in angle o f the torso

The LEDs attached to the trunk also allowed the rotation of the trunk in the frontal 

plane to be estimated. Considerable angular acceleration of the trunk with respect to 

the support leg and pelvis was observed in target jum p compared to non-target jum p 

trials (figure 6.5). The shoulders were accelerated down and towards the swing limb 

side when the target jum ped medially and up away from it when the target jum ped 

laterally. These motions would be expected to produce shear forces at the support 

surface which would accelerate the CoM medially and laterally respectively, in much 

the same way as the sagittal plane ‘hip strategy’ (Horak & Nashner, 1986) helps 

accelerate the CoM forwards and backwards. In general they occurred at the latency 

of the second phase of the response (second vertical line), which, as discussed above, 

is the time at which the functional response of the body as a whole first appears. The 

only exception to this is in right foot lateral target jum p trials in which there was an 

earlier component in the opposite direction. This would seem to be due to the large
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medial acceleration of the waist light in these trials during the first phase of the 

response which, as discussed above, would appear to be an unintentional aspect of 

the response.

It is suggested that these inter-segmental angular accelerations are used to help adjust 

the CoM trajectory in response to target movement. They indicate a marked departure 

from the single segment behaviour of the body (in the frontal plane) discussed in the 

previous chapter and also apparent here in the comparatively flat traces for non-target 

jum p trials. A multi-segment strategy is presumably used here because it is difficult 

to influence the motion of the falling body simply by using the ankle invertors and 

evertors.

Effectiveness o f the responses to target movement

The swing limb response described above was effective in enabling subjects to 

follow the target movement and place their foot only slightly less eccentrically than 

when moving to the lateral and medial targets in the control block (figure 6.2). This 

response seemed to be equally effective in lateral and medial target jumps.

The effectiveness of the response viewed at the level of the whole-body can be seen 

in the heel-strike position and velocity of the CoM (figure 6.4). In general the pattern 

in the experimental block is similar to that in the control block but, in contrast to the 

foot positions, here there is a marked difference between the two directions of 

response. Both velocity and position of the CoM can be seen to be more similar to 

their control block values in lateral than in medial target trials. In particular, CoM 

position in trials in which the target jum ped medially is almost exactly the same as in 

centre target trials. Furthermore, the fact that in these trials the swing limb ended the 

step on the medial target, suggests that other parts of the body must actually have 

been more lateral at the end of the step than they were in centre target trials.
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Summary and conclusions

The results show that, when the target or direction of a step did not change, subjects 

established a relationship between the target and the position and velocity of the 

body-mass at the end of the step. This may allow the fall o f the body during the step 

to be caught most easily or securely, and also help bring the body to the position and 

velocity required at the beginning of the next step.

W hen the target or direction of a step was changed ‘m id-flight’, subjects appeared to 

attempt to protect this relationship by changing the trajectory of the body during the 

step. However, the first effective response to a target movement appeared at short 

latency (160ms) in the swing limb, and initially caused the rest of the body to move 

in the opposite direction to the target. The whole-body response became effective 

only some 100ms later. Furthermore, foot position at the end of the step was equally 

well corrected for both directions of target jum p whereas body position/velocity was 

better corrected in lateral than in medial jum p trials. This suggests that accuracy of 

foot placement is allowed to take precedence such that the relationship between foot 

and body position/velocity at heel-strike is compromised to some extent.

While subjects clearly are able to produce changes to the motion of the body-mass, 

they appear to have some difficulty in reducing the rate of the fall away from the 

support side (medial jum p trials). Furthermore, changes in body-mass motion are 

associated with considerable rotation of the upper body on the support limb, a 

strategy seen in the sagittal plane only when balance is threatened. These results 

support the suggestion made in chapter 3 that (ML) body motion may be difficult to 

influence once the step is under way because the body is unstable and falling. On the 

other hand, the response in the swing limb appears to indicate that a fast and effective 

error correcting mechanism is in place. Results of perturbation studies (see 

introduction) suggest that this may be accessible to proprioceptive as well as visual 

input, and therefore could routinely be used to adjust swing limb motion according to 

how the fall o f the body-mass is developing. Adjusting the swing limb to the rest of 

the body rather than vice-versa would seem to make sense given the large mass and 

instability of the latter during a step.
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7. Summary and Conclusions

All of the work presented here arose out of the initial observation that during a step

subjects’ CoM is not over their base of support. Although this is not a new finding,

its implications particularly for the control of balance and whole-body movement in

the frontal plane are only just beginning to be realised. The notion that stepping

involves the transfer of the ‘body weight’ over to the support limb is still prevalent
O iib t

{e.g. Rogers & Pai, 1990, 1993; 1992; Brenière & Dietrich, 1992; Nutt et a l ,

1993). When standing or sitting we take great care to avoid mechanical instability, a 

battery of reflexes operating to protect balance (Roberts, 1979). When we jump we 

move from one such position of balance to another and are transiently not in contact 

with the support surface at all. Stepping is different again in that we remain in contact 

with the support surface yet voluntarily relinquish our balance which allows us to fall 

into a new support configuration. Just the faet that we willingly give up the balance 

that normally we so closely guard is striking. For example it must presumably 

involve the ‘switching o ff  of at least some of the reflexes of balance. It must also 

require a certain degree of confidence that we will be able to regain our balance at the 

end of the step. It seemed likely that some of the problems with gait experienced by 

elderly and neurologically impaired subjects are related to these issues and, with this 

in mind, this initial series of studies on the balance control during stepping of normal 

healthy adults was conducted.

The picture which has emerged is that of the body falling sideways during a step 

more or less freely, but held in one piece such that it moves essentially as a single 

unit pivoted at the ankles. This fall is caught by the stepping foot as it comes back 

down to the ground at the end of the step. The position and motion of the body-mass 

at this time are found to be related to exactly where the stepping foot is being placed, 

presumably in order that the fall is caught securely and also that the body-mass will 

be displaced and moving appropriately for the next step (during gait). Over a range of 

movement speeds the duration of the single support phase is found to be a fixed 

fraction of the overall movement time. This suggests that this duration is determined 

in advance. Because of this and because the body is falling freely, the position and 

motion of the body-mass at heel-strike are determined by the values at toe-off.
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Subjects vary these systematically with step direction and duration, and also take into 

account initial posture. Thus it is suggested that the motion of the body-mass during a 

step is controlled ‘ballistically’. In fact, because the velocity of the body at toe-off is 

particularly influential in determining the subsequent motion, the preparatory body 

movement is actually aptly described as a ‘throw’ of the body-mass towards the 

support side. The use of this strategy requires that the CNS judge in advance the size 

and direction of the initial throw given to the body-mass.

The relationship between foot and body position/motion at the end of the step is 

apparently o f some importance since, if the target foot placement is changed m id

step, subjects alter not only swing limb but also whole-body motion accordingly. The 

response in the swing limb appears at short latency (160ms) and is consistent with the 

view that ordinarily swing limb motion is subject to ‘on-line’ control. This may be 

used to correct swing limb trajectory mid-step in response to how the fall o f the 

body-mass is developing. The whole-body response only becomes effective some 

100ms later. Also, changing whole-body motion mid-step incurs a potentially 

disadvantageous change of strategy (from single- to multi-segment movement), and 

is less effective medially than laterally. These effects are likely due to the instability 

of the body and suggest why ordinarily whole-body motion is apparently controlled 

ballistically.

A number of findings remain to be explained. The most intriguing of these is the 

apparent constant M L velocity of the CoM when stepping forwards at a range of 

speeds (chapter 4). Connected with this is the conclusion that in these steps the M L 

CoM velocity and displacement were not independently controlled. It is also puzzling 

that when responding to a movement of a stepping target (chapter 6) subjects initially 

allowed the response of the swing limb to dominate that of the rest o f the body. It 

would be interesting to know if something similar occurs when reaches with the arm 

are adjusted mid-flight at short latency. Of the findings which do seem explicable in 

the context of taking a single step, it remains now to begin to relate these to the 

control of balance during steady-state gait, both normal and pathological. However it 

may also be the case that they have some direct value in helping us understand
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certain pathological conditions in which subjects seem unable to begin to walk, or 

become ‘frozen’ at some point while walking (Nutt et al., 1993).

Finally, given the emerging complexity and subtlety of the control of balance in 

stepping, one is left bewildered at the apparent ease with which a step is taken. 

Subjectively there is no hint really o f the sort of coordination between body and 

swing limb motion which would seem to have to exist. Except perhaps when walking 

down stairs in the dark and thinking there is one more stair when there isn’t, or 

misjudging the height of a kerb. The sudden jo lt experienced on these oecasions 

perhaps gives some indication of the care with which the CNS normally transports us 

about our everyday lives.
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