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Abstract This study investigated the contribution of an-
kle muscle proprioception to the control of dynamic sta-
bility and lower limb kinematics during adaptive loco-
motion, by using mechanical vibration to alter the mus-
cle spindle output of individuals stance limbs. It was
hypothesised that muscle length information from the
ankle of the stance limb provides information describing
location as well as acceleration of the centre of mass
(COM) with respect to the support foot during the swing
phase of locomotion. Our prediction, based on this
hypothesis was that ankle muscle vibration would cause
changes to the position and acceleration of the COM
and/or compensatory postural responses. Vibrators were
attached to both the stance limb ankle plantarflexors (at
the Achilles tendon) and the opposing dorsiflexor muscle
group (over tibialis anterior). Participants were required
to walk along a 9-m travel path and step over any obsta-
cles placed in their way. There were three task condi-
tions: (1) an obstacle (15 cm in height) was positioned at
the midpoint of the walkway prior to the start of the trial,
(2) the same obstacle was triggered to appear unexpect-
edly one step in front of the participant at the walkway
midpoint and (3) the subjects’ walking path remained
clear. The participants' starting position was manipul ated
so that the first step over the obstacle (when present) was
always performed with their right leg. For each obstacle
condition participants experienced the following vibra-
tion conditions: no vibration, vibration of the left leg calf
muscles or vibration of the anterior compartment mus-
cles of the lower left leg. Vibration began one step be-
fore the obstacle at left leg heel contact and continued
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for 1 s. Vibrating the ankle muscles of the stance limb
during the step over an obstacle resulted in significant
changes to COM behaviour [measured as displacement,
acceleration and position with respect to the centre of
pressure (COP)] in both the medial/lateral (M/L) and
anterior/posterior planes. There were also significant
task-specific changes in stepping behaviour associated
with COM control (measured as peak M/L acceleration,
M/L foot displacement and COP position under the
stance foot during the step over the obstacle). The results
provide strong evidence that the primary endings of
ankle muscle spindles play a significant role in the con-
trol of posture and balance during the swing phase of
locomotion by providing information describing the
movement of the body’s COM with respect to the sup-
port foot. Our results also provide supporting evidence
for the proposal that there are context-dependent changes
in muscle spindle sensitivity during human locomotion.

Keywords Proprioception - Centre of mass -
Kinesthesia - Muscle spindle - la afferents

Introduction

The adaptation of basic locomotor patterns in response to
environmental demands is an integral part of human life.
Control of posture and locomotion requires the monitor-
ing and interpretation of visual, vestibular and proprio-
ceptive sensory information by the central nervous
system (CNS). This sensory information allows the CNS
to determine the position and orientation of body seg-
ments with respect to both each other and the external
environment. In adaptive locomotor tasks such as step-
ping over an obstacle, awareness of stance limb position
and body orientation may be obtained, in part, from pro-
prioceptive feedback.

Our present concepts regarding the influence of pro-
prioception on the regulation of locomotor patterns stem
largely from neurophysiological experimentation involv-
ing animals. These studies have provided evidence that



activation of large muscle afferents, arising from muscle
spindles and tendon organs, are capable of shaping the
activation of extensor muscles and the timing of locomo-
tor patterns by signalling loading and extension of the
leg (Conway et al. 1987; Forssberg et a. 1980; Grillner
and Rossignol 1978; Hiebert and Pearson 1999; Hiebert
et al. 1996).

One approach used in the investigation of the role of
proprioception in human posture and movement is the
mechanical vibration of muscles and tendons. Vibration
techniques have provided valuable information concern-
ing the role of proprioception in motor control. For ex-
ample, during voluntary arm movements vibration of the
lengthening antagonist muscle has been shown to signifi-
cantly affect the accuracy of perception of limb position
and movement (Bullen and Brunt 1986; Capaday and
Cooke 1981; Cordo et al. 1995; Inglis et a. 1991). When
applied to standing human subjects, muscle vibration in-
duces different effects, ranging from illusions of self-
motion to actual body tilt, depending on the nature of the
experimental paradigm (Eklund 1972; Ivanenko et al.
2000b; Lackner and Levine 1979; Lekhel et al. 1997,
Roll et al. 1989; Wierzbicka et a. 1998). Two main find-
ings common to these studies are, firstly, that vibration
evokes illusory sensations of movement in the same
direction as the real movement that would normally pro-
duce a stretch of the vibrated muscle and, secondly, that
the evoked kinesthetic illusion can be accompanied by a
reflexive compensatory contraction of the vibrated mus-
cle which can, in itself, result in changes to body posture
and/or movement. It should be stressed, however, that
the effects of vibration are heavily dependent on the
functional role of the muscles at the time they are vibrat-
ed. For example, the effects of vibrating the leg muscles
of standing individuals differ from the effects of vibrat-
ing the same muscles in walking or running individuals
(Capaday and Stein 1986, 1987).

The mgjority of experiments employing muscle vibra-
tion techniques in man have been designed to investigate
the role of proprioception in maintaining static postures
or performing non-weight-bearing tasks: little is known
about the contribution of proprioception to the control of
human locomotion. However, Ivanenko et al. (2000a) re-
cently published an elegant study in which they de-
scribed the effects of vibrating various leg muscles on
human treadmill walking characteristics. They found that
vibrating the thigh muscles altered the walking speed de-
pending on the direction of locomotion. During forward
walking, vibration of the hamstring (HS) muscle resulted
in an increase in the speed of walking. During backward
walking, vibration of HS resulted in a reduction in walk-
ing speed whereas vibration of quadriceps resulted in a
speed increase. These results led the authors to suggest
that the proprioceptive input from thigh muscles may
convey information about the velocity of trunk move-
ment relative to the foot and that the changes in walking
speed are compensatory adjustments in order to restore
dynamic equilibrium following perception of a changein
the position of the body’s centre of mass (COM). There
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is supporting evidence that the reflexes involved in the
stabilisation of human posture are dependent upon the
activity of receptors that indicate deviations of the
body’s COM from a neutral position within the base of
support formed by the feet (see Dietz and Duysens 2000
for review). During locomotion, the COM lies outside of
the base of support for the majority of each step-cycle.
However the fall of the body is carefully controlled to
keep the COM within the projected base of support un-
der the feet (Winter 1991). This control becomes espe-
cialy important during locomotion over uneven ground
when the possibility of trips and fallsis high. It has been
demonstrated that peripheral feedback from leg muscle
spindles contributes to the control of the activity of the
stance limb plantarflexor muscles (Yang et al. 1991)
thought to be responsible for fine-tuning both the anteri-
or-posterior (A/P) and medial-lateral (M/L) acceleration
of the body’s COM during locomotion (Winter 1991).
These findings suggest that the information obtained
from the muscle spindles of the stance limb not only
contributes to the control of lower limb kinematics but
also plays a direct role in posture and balance control
during locomotion.

Surprisingly, Ivanenko et al. ( 2000a) found vibration
of the ankle muscles had little or no effect on the mea-
sured parameters. However, COM position was not mea-
sured and so the effects of vibration on balance control
could only be inferred from observed changes to the
measured postural parameters. Also, only analysis of
body orientation and position in the A/P plane was per-
formed and therefore investigation of the role of ankle
muscles in controlling M/L COM position and accelera-
tion was not possible. Finally, only walking on a tread-
mill or stepping in place was studied, neither of which
accurately represent everyday walking which often re-
quires adaptation to the basic locomotor rhythm to avoid
obstacles in the travel path or reach specific goals. This
is an important difference since it has been demonstrated
that, in cats, la sensitivity and gamma dynamic drive are
low during walking over level ground but can be dramat-
icaly increased during motor tasks which are either dif-
ficult or unfamiliar (Hulliger 1993; Hulliger et al. 1985,
1989; Prochazka et al. 1985). Therefore, the contribu-
tions of human ankle muscle spindle information to the
control of locomotion may well increase when it is nec-
essary to make adjustments to the basic locomotor
rhythm in response to environmental demands especially
if those adjustments must be made on-line in response to
achanging environment.

The purpose of the present study was to investigate
the contribution of proprioceptive information from the
ankle muscles to the control of obstacle avoidance by
perturbing, through vibration, the output of the muscle
spindles of individuals' stance limbs whilst they stepped
over obstacles in their travel path. The study included in-
vestigation of the relative contributions of muscle spin-
dle information when on-line adjustment of the swing
limb trajectory was required to avoid an obstacle that un-
expectedly appeared in the travel path.
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It was hypothesised that muscle length information
from the ankle of the stance limb provides information
describing location as well as acceleration of the COM
with respect to the support foot during the step over an
obstacle. Our prediction, based on this hypothesis was
that altering ankle muscle spindle output using mechani-
cal vibration would cause changes to the position and
acceleration of the COM and/or compensatory postural
responses. We also predicted that any effects of ankle
muscle spindle vibration would vary with the difficulty
of the locomotor task.

Materials and methods

Experimental set-up

The experiments were carried out in a large well-lit room aong a
9-m travel path. Full-body kinematics were measured using the
OPTOTRAK (Northern Digital) system. Twenty-five infra-red
light-emitting diodes (IREDs) were placed bilaterally on the fol-
lowing anatomical landmarks of each participant: calcaneus, great
toe, maleolus, patella, greater trochanter, anterior superior iliac
spine, iliac crest, wrist, lateral epicondyle, acromioclavicular joint,
lower ribs, xyphoid process and the ears. The IREDs were tracked
using three camera arrays at a sampling rate of 60 Hz. Ground-
reaction forces were collected at a sampling rate of 240 Hz, by
an AMTI force platform located at the midpoint of the travel path
directly in front of the obstacle.

Protocol

Participants were required to perform a total of 90 walking trials.
For one-third of trials (30), prior to the start of the walk, an obsta-
cle (15 cm in height) was positioned at the midpoint of the travel
path. For a further one-third of trials, the same obstacle was trig-
gered to appear one step in front of the participant. Prior to the
trigger, the obstacle was hidden in a small one-inch wide slot in
the floor directly in front of the force platform. The participants
starting position was manipulated so that their self-selected gait
would result in the left foot landing on the force platform. The ob-
stacle rose from this start position in the floor at a speed of
30 cm/s, when the heel of the left [imb made contact with the
force platform (Fig. 1). Finally, the remaining 30 control trials did
not require obstacle avoidance, and the subjects’ walking path re-
mained clear. Ten trials were performed for each obstacle condi-
tion under each of the following vibration conditions: no vibra-
tion, vibration of the tibialis anterior muscle of the left leg or
vibration of left leg calf muscles. All trials were randomised.

Vibration parameters

The vibration (amplitude 2 mm) was applied at a frequency of
90 Hz using purpose-built vibrators secured to the left leg using
heavy duty duct tape. Vibration was applied at the following loca-
tions: over the muscle belly of tibialis anterior and over the Achil-
les tendon at the level of the ankle joint. The vibrators were
checked intermittently throughout the experiment to ensure that
their position was unchanged. The onset of vibration was triggered
by the same force platform which triggered the appearance of the
obstacle. Therefore, the vibration began one step before the obsta-
cle and continued for 1 s.

Participants

Five healthy adults, three male and two female, ages 23-28 years,
participated in the study. The experimental protocol was approved
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Fig. 1 Schematic diagram showing the experimental paradigm.
In the triggered obstacle condition an obstacle rose rapidly
(30 cm s) from below floor level to a height of 15 cm when the
subject stepped on a force platform placed towards the midpoint
of the travel path. In the start obstacle condition the obstacle was
visible from the start of the trial and in the no obstacle condition,
the obstacle remained below floor level throughout the trial. Also
shown are the positions at which the mechanical vibrators were
attached to the left stance leg

force platform

by the University of Waterloo Ethics Committee and informed
consent was given by all participants in accordance with the ethi-
cal standards laid down in the 1964 Declaration of Helsinki. Prior
to participation subjects were screened to ensure that they were
sensitive to muscle vibration. This was achieved by having sub-
jects stand with their eyes closed whilst vibration was applied
bilaterally to either tibialis anterior or gastrocnemius muscles at a
frequency of 90 Hz and amplitude of 2 mm. The inclusion criteri-
on was visually observable postural sway in the posterior direction
in response to bilateral calf vibration and anterior sway in re-
sponse to hilateral tibialis anterior vibration. All subjects screened
met thisinclusion criterion on the first attempt.

Data analysis

The following measures were calculated at the point in time when
the toe of the lead limb was directly over the obstacle (see Fig. 1):
absolute COM position using a 14 linked-segment model, trunk
orientation in all planes (pitch, roll and yaw), COM acceleration
(derivatives were calculated using finite difference equations), and
position of the COM with respect to the stance limb centre of
pressure (COP) location (calculated from ground-reaction forces
by the force platform), i.e. A/P COM-CORP, lead limb toe elevation
(vertical distance between the lead limb toe and the ground) and
precision of toe elevation (log of the standard deviation calcul ated
for each subject, obstacle and vibration level). Also peak accelera-
tion of the COM during the swing phase was determined.

In addition the timings of step-cycle phase transitions were de-
termined both from kinematic and force platform data (note that
force plate data was only available for the left leg step prior to the
obstacle). Prior to analysis, the kinematic data was smoothed us-
ing a dual-pass second-order Butterworth filter with a low-pass
cut-off frequency of 6 Hz. Derivatives were calculated using finite
difference equations. The times of heel contact (HC) were deter-
mined using a technique described by Hreljac and Marshall
(2000). HC was defined as a local maximum in heel marker verti-
cal acceleration determined by a zero crossing in the third deriva-
tive (jerk). Toe-off (TO) was identified as alocal minimum in toe
vertical displacement, determined by zero crossings in the vertical
component of toe velocity. Since the zero crossings of the deriva-
tives of the marker positions usually occurred between frames an
agorithm put forth by Hreljac and Marshall (2000) was used to
estimate the actual times of HC and TO.
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Table 1 Mean values of the various postural measures which showed a significant main effect due to obstacle condition. (A/P Anterior-
posterior, M/L medial-lateral, COM centre of mass, COP centre of pressure)

No obstacle Obstacle at start Triggered obstacle
Mean SD n Mean SD n Mean SD n
A/P COM-COP (cm) 2.88 2.33 148 2.00 2.45 148 121 2.24 152
A/P COM displacement (cm) 64.91 8.02 146 66.89 7.11 145 70.63 7.57 149
M/L COM displacement (cm) -0.67 1.97 146 -0.62 172 145 -0.17 2.02 149
Right toe A/P displacement (cm) 114.6 13.3 148 115.4 137 144 119.2 16.0 152
Trunk pitch (°) 6.60 3.72 148 6.97 3.73 148 7.37 4.42 152
Peak M/L COM acceleration (m/s?) 2.69 0.54 147 281 0.48 147 3.06 53 148
force platform Neither A/P COM acceleration measured when the
leading toe was over obstacle nor peak COM accelera-
- - - tion during the swing phase varied significantly with ob-
medial stacle conditions.
61 MIL displacement A/P COM displacement did vary significantly with
X obstacle obstacle conditions [Table 1; P=0.0001, F(2,8)=50.74].
posterior;  anterior | fateral Post hoc analysis reveals that the A/P COM travelled

iz A/P displacement

Fig. 2 Schematic diagram showing an overhead view of the walk-
way and the typical footfall pattern obtained from an obstacle trial.
Filled footprints correspond to the left foot and unfilled footprints
to the right foot. The dotted lines illustrate the method used to cal-
culate right foot anterior-posterior (A/P) and medial-lateral (M/L)
displacement during the obstacle step. Centre of mass (COM) dis-
placement was calculated in a similar way

The accuracy and precision of gait-event detection was evalu-
ated through a comparison of results obtained from kinematic and
force plate data. The true time of HC was defined as the time that
the vertical force from the force platform rose above 10 N. Simi-
larly, the true time of TO was defined as the time that the vertical
force from the force platform fell below 10 N. The results of this
analysis showed that the mean error of HC detection using kine-
matic data was 5.6 ms (SD=1.2 ms, n=10) and the mean error of
TO detection was 10.1 ms (SD=3.2 ms, n=10).

Position of both feet and COM (A/P and M/L) were measured
at TO and subsequent heel contact (HC) of the lead limb swing
phase during the step over obstacle. This permitted calculation of
the changes in M/L and A/P displacement of the feet and the COM
during this step (Fig. 2).

A repeated measures ANOVA was performed on each mea-
sure. Depending on the measure, the number of levels varied; the
levels are described in Results. P<0.05 was considered statistically
significant.

Results
Effects of obstacle
A/P COM

There was a significant main effect [P=0.0001, F(2,8)=
107.33] of obstacle condition on mean A/P COM loca-
tion with respect to COP (Table 1). The COM was sig-
nificantly closer to COP (less anterior) during the trig-
gered obstacle condition than under the no obstacle con-
dition.

significantly further during the course of the step when
an obstacle was present than when no obstacle was pres-
ent and that on average the COM travelled significantly
further forward under the triggered obstacle condition
than under the other conditions.

M/L COM

There was a significant main effect [P<0.05, F(2,8)=4.5]
of obstacle condition on the mean M/L COM displace-
ment (Table 1). Post hoc analysis reveals that the COM
moved significantly less medially during the triggered
obstacle condition than under the other two conditions.

There was aso a significant main effect [P<0.05,
F(2,8)=4.8] of obstacle condition on the pesk M/L COM
acceleration. Table 1 shows the mean peak COM acceler-
ation for each obstacle condition. Post hoc analysis re-
vedls that peak M/L COM acceleration was significantly
greater whilst stepping over obstacles (both start and trig-
gered conditions) than under the no obstacle condition and
that peak acceleration was significantly greater during the
triggered obstacle condition than under the start obstacle
condition. There was no significant effect of obstacle con-
dition on either the mean M/L COM location with respect
to COP or the M/L COM acceleration at the point in time
when the lead limb toe was over the obstacle.

Sepping parameters

There was a significant main effect of obstacle condi-
tion [P<0.05, F(2,8)=6.63] on stride length (Table 1).
Post hoc analysis revealed that the mean stride length
obtained under the triggered obstacle condition was sig-
nificantly longer than under the other two conditions.
Obstacle condition had no significant effect on the
mean toe elevation over the obstacle. However, there
was a significant main effect of obstacle condition on
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the variation in toe elevation. Variability was significant-
ly lower when the obstacle was visible from the start of
the trial compared with the other two conditions (start:
mean=2.4 cm; none: mean=4.0 cm; trigger: mean=
4.5 cm).

Trunk orientation

There was a significant main effect [P<0.01, F(2,8)=
6.85] of obstacle condition on mean trunk pitch when the
lead toe was over the obstacle (Table 1). Post hoc analy-
sis reveaed that the mean trunk pitch angle with respect
to the vertical was significantly greater (i.e. the trunk
was leaning further forward) under the triggered obstacle
condition than under the no obstacle condition. Obstacle
condition had no significant effect on values of trunk
yaw or trunk roll.

Successrates

Of 448 trials total, subjects hit the obstacle only 12 times
to give afailure rate of 2.7%. A hit obstacle was counted
if either the lead or trail [imb made contact with the ob-
stacle at any time. Of the 12 hit trials, 10 occurred during
the triggered obstacle condition. The hit occurrences
were distributed evenly (4 each) between the three vibra-
tion conditions.

Summary

Manipulating obstacle characteristics had the following
significant effects on postural and stepping parameters:
A/P COM location with respect to COP, A/P and M/L
COM displacement, peak M/L COM acceleration, stride
length and trunk pitch.

Effects of vibration
A/P COM

There was a significant main effect [P=0.0116, F(2,8)=
8.19] of vibration on the mean COM location with re-
spect to COP in the A/P plane when the lead limb toe
was over the obstacle (Fig. 3).

Post hoc analysis revealed that vibrating either calf
muscles or anterior compartment muscles resulted in the
COM being significantly closer to the COP than under
the control condition, i.e. COM is less anterior than in
the control condition. There were no significant differ-
ences between mean values obtained under the two vi-
bration conditions.

The mean values of A/P COM acceleration (peak ac-
celeration and acceleration measured when the leading
toe was over the obstacle) did not vary significantly
across vibration conditions.

A/P COM - COP when
toe over obstacle (cm)

calf none anterior

vibration

Fig. 3 Bar heights represent the mean distance in the A/P plane
between COM and centre of pressure (COP) when the toe was
over the obstacle for each vibration condition. Asterisks represent
significant differences at the 5% level. Error bars represent the
standard error of the mean

0.5+

0.4+

0.3+

0.24

0.14

M/L COM acceleration
(mis?)

0.0

anterior

calf none

vibration

Fig. 4 Mean M/L acceleration of the COM when the toe was over
the obstacle for each vibration condition. Note that all values are
positive reflecting the fact that the mean direction of M/L acceler-
ation was lateral at this point in time, i.e. away from the left stance
limb

Vibration had no significant effect on the mean COM
displacement in the A/P plane during the step over the
obstacle.

M/L COM

There was a significant main effect [P<0.05, F(2,8)=4.5]
of vibration on the M/L acceleration of the COM mea-
sured when the toe of the leading foot was directly over
the obstacle (Fig. 4). The M/L COM acceleration in a di-
rection away from the stance foot was significantly
smaller during trials in which the calf muscles were
vibrated than under the other conditions.

There was aso a significant main effect [P<0.005,
F(2,8)=11.9] of vibration on the peak M/L COM acceler-
ation during the swing phase (Fig. 5). The peak M/L
COM acceleration was significantly greater during trials
in which the anterior compartment muscles were vibrat-
ed than during control trials (no vibration).

Muscle vibration aso had a significant effect
[P<0.01, F(2,8)=8.95] on the mean displacement of



Peak M/L COM acceleration
(ms?)

anterior

calf none

vibration

Fig.5 Mean peak lateral acceleration of COM during the step
over the obstacle for each vibration condition

COM in the M/L plane during the step over the obstacle
(Fig. 6). Note that in the no vibration condition, on aver-
age, the net displacement of the COM was towards the
stance foot, i.e. the COM was displaced medially (see
Fig. 2).

Post hoc analysis reveals that the COM moved signif-
icantly less medially during steps in which the anterior
muscles were vibrated than under the steps made under
the other vibration conditions, i.e. vibrating anterior an-
kle muscles resulted in the COM being significantly
more lateral at the end of the swing phase.

There was no significant effect of vibration on the
mean M/L COM location with respect to COP when the
lead limb toe was over the obstacle.

Sepping parameters

Muscle vibration had no significant main effect on the
mean change in either A/P or M/L foot displacement
(stride length and stride width) during the step over the
obstacle. Muscle vibration had no significant main effect
on either the mean toe elevation over the obstacle or the
variability of toe elevation.

Trunk orientation

Muscle vibration had no significant effect on values of
trunk pitch, yaw or roll.

Summary

Vibrating the calf muscles resulted in significantly re-
duced lateral COM acceleration whereas vibrating the
anterior compartment muscles resulted in significantly
increased lateral COM acceleration and significantly in-
creased lateral COM displacement. Vibration of either
muscle group resulted in A/P COM being less anterior
with respect to COP.
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0.004

-0.25

-0.50

-0.754

during step (cm)

M/L COM displacement

-1.00

calf none anterior

vibration

Fig. 6 Mean M/L displacement of the COM during the step over
the obstacle (right toe-off to right heel contact) for each obstacle
condition. Note that all values are negative reflecting the fact that
the average direction of displacement was medial, i.e. towards the
left stance limb

(ms?)

Peak M/L COM acceleration

| |IEL

trigger

| | EA
start
vibration

Fig. 7 Mean peak M/L acceleration of COM during the step over
the obstacle for each vibration and obstacle condition. All values
are positive reflecting accel eration away from the left stance limb

Combined effects of obstacle and vibration

There was a significant interaction effect [P<0.005,
F(4,16)=6.28] between obstacle and vibration conditions
on the peak M/L COM acceleration during the step over
the obstacle (Fig. 7).

Post hoc analysis revealed that in the triggered obsta-
cle condition the peak acceleration was greater during
anterior compartment muscle vibration than under con-
trol conditions (no vibration). Vibration had no signifi-
cant effect on this parameter when there was no obstacle
or when the obstacle was visible from the start of the
walk. Therefore, the effect of muscle vibration on peak
M/L COM acceleration varied with the locomotor task
requirements.

There was also a significant interaction effect
[P<0.01, F(4,16)=4.95] between obstacle and vibration
conditions on the mean M/L foot displacement (change
in M/L foot separation) during the step over the obstacle

(Fig. 8).
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Fig. 8 Mean M/L displacement of the right foot during the step
over the obstacle for each vibration and obstacle condition. Nega-
tive mean values correspond to net medial foot displacement
(towards left stance foot) and positive values to net lateral foot
displacement (away from left limb)
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Fig. 9 Mean location of the COP with respect to (wrt) the stance
foot ankle marker. Positive values correspond to conditions in
which, on average, COP is anterior (further forward) to the ankle
marker and negative values to conditions in which the COP is pos-
terior to the ankle marker

Post hoc analysis revealed that, in the no obstacle
condition, the leading foot landed significantly further
laterally (with respect to its position at the start of swing)
during calf muscle vibration than under the control con-
dition (no vibration).

Finaly, there was a significant interaction effect
[P<0.05, F(4,16)=3.30] between obstacle and vibration
conditions on the mean A/P COP position relative to the
stance foot (ankle marker) when the lead limb toe was
over the obstacle (Fig. 9).

Post hoc analysis revealed that in the triggered obsta-
cle condition the mean A/P distance between COP and
ankle marker was significantly reduced during calf mus-
cle vibration as compared with the control condition (no
vibration). Vibration had no effect on this measure dur-
ing the no obstacle and start obstacle conditions. There-
fore, the effect of muscle vibration on A/P COP position
with respect to the ankle was context-dependent.

Summary

Vibration of anterior compartment muscles resulted in
significantly increased peak latera COM acceleration

and reduced distance between A/P COM and COP only
during the triggered obstacle condition. Vibration of calf
muscles resulted in significantly increased lateral foot
displacement only during the no obstacle condition.

Discussion

Ankle muscle proprioception contributes to control
of adaptive locomotion

This study was designed to investigate the contribution
of ankle muscle proprioception to the control of posture
and balance during adaptive locomotion. It is the first
study to accurately describe the effects of muscle vibra-
tion on behaviour of walking subjects COM. It was
hypothesised that muscle length information from the
ankle of the stance limb provides information describing
location as well as acceleration of the COM with respect
to the support foot during a step over an obstacle. Our
prediction, based on this hypothesis was that altering
ankle muscle spindle output using mechanical vibration
would cause changes to the position and acceleration of
the COM and/or compensatory postural responses. Our
results clearly demonstrate that vibrating the ankle mus-
cles of the stance limb during the step over an obstacle
results in changes to both COM behaviour in the M/L
and A/P planes and stepping behaviour associated with
COM control.

Yang et al. ( 1991) demonstrated that the application
of small rapid stretches to the calf muscles, contributed
30% to 60% of the activation of the soleus muscle during
the early part of the stance phase. Since the majority of
the variance in the EMG response could be accounted
for by a mathematical model based solely on velocity of
the perturbation, the authors suggested that a velocity-
sensitive element contributes substantially to the activa-
tion of the soleus muscle during locomotion. In our ex-
periment vibration of the calf muscles (which has been
shown in cats to alter velocity-sensitive spindle output in
asimilar manner to real stretches; Hiebert et al. 1996) re-
sulted in a smaller difference between stance foot A/P
COM and CORP. It is possible that this resulted directly
from a spinally mediated reflex increase in plantarflexor
activity (due to their perceived stretch) which, in turn,
resulted in the COP being more anterior and therefore
closer to the COM. Indeed our results show that in the
triggered obstacle condition, vibrating the calf muscles
resulted in the COP being more anterior with respect to
the stance foot ankle marker when the lead limb toe was
over the obstacle.

Calf muscle vibration also produced significant
changes in M/L COM behaviour. Calf muscle vibration
resulted in significantly smaller lateral COM accelera-
tion when the leading toe was over the obstacle, i.e. the
acceleration of the COM away from the stance limb was
reduced. It is possible that this resulted from compensa-
tion for an erroneous interpretation by the CNS that the
COM was more lateral than it should be. This conclusion



is supported by the finding that vibration of the calf mus-
clesresulted in participants increasing their step width at
heel contact (in the no obstacle condition). This would
have had the effect of placing the leading foot in a more
lateral position with respect to COM. Since the differ-
ence between COP and COM during swing dictates
COM acceleration in the M/L plane (McKinnon and
Winter 1993; Winter 1995), adopting this strategy would
increase medial COM acceleration during the subsequent
swing phase to compensate for the CNS interpretation
that the COM was more lateral than it ought to be. This
interpretation by the CNS would result from vibration-
induced changes to the output of invertor muscle spin-
dles which would normally only occur in response to
invertor muscles being stretched. Although none of the
posterior compartment muscles act as evertors, foot ever-
sion is the main action of adjacent lateral compartment
muscles (fibularis longus and fibularis brevis). Therefore
it is possible that the lateral compartment muscles are
also affected by vibrating at the Achilles tendon and it is
changes in muscle spindle activity in these muscle
groups that are responsible for the resulting changes in
M/L COM behaviour.

Anterior compartment muscle vibration also had a
significant effect on the position and acceleration of the
COM in the both the A/P and M/L planes. Since the tibi-
alis anterior muscle attaches distally to the medial and
inferior surfaces of the media cuneiform bone and the
base of the first metatarsal it both dorsiflexes and inverts
the foot. Therefore one would expect perceived length-
ening of this muscle due to mechanical vibration to be
interpreted by the CNS as foot plantarflexion and ever-
sion. The correct compensatory response therefore
would be to invert and dorsiflex the foot. Stance limb
foot inversion and dorsiflexion would caused the body
(and therefore the COM) to move to a position more lat-
eral and more anterior (further forward) with respect to
the stance foot. As predicted, anterior muscle vibration
resulted in the COM moving more laterally during the
step over the obstacle, i.e. the body was pushed further
away from the stance limb. Thisis attributable to a great-
er peak COM M/L acceleration in the lateral direction
during the swing phase. Surprisingly, vibration of the an-
terior compartment muscles also resulted in the location
of the A/P COM being less anterior with respect to the
COP of the stance foot. This unexpected result can also
be explained by the putative effects of vibration on later-
al compartment muscles. The lateral compartment mus-
cles have a weak plantarflexor action on the foot in addi-
tion to their main role as evertors whereas the anterior
compartment muscles are primarily dorsiflexors and
weak invertors. Therefore, anterior vibration may well
produce conflicting information from different muscles
describing the orientation of the foot with respect to the
leg. It is possible that when faced with this conflict the
CNS relies on other sensory modalities (such as vision or
vestibular input) to determine an appropriate response.
The fact that there were no significant changes to COP
position with respect to the ankle marker in response to

31

anterior muscle vibration suggests that the changes to
COM position are due to a body postural response rather
than a segmenta reflex resulting in increased plantar-
flexion.

The relationship between COM/COP position
and COM acceleration

Previoudly it has been demonstrated that during normal
straight path walking there is a significant relationship
between COM-COP (COM position with respect to the
COP) and COM acceleration in both the frontal and
sagittal planes (McKinnon and Winter 1993; Winter
1995). The body acts as an inverted pendulum and the
distance of the COM from the base of support determines
the rate at which the body falls under the influence of
gravity (Winter 1995). In the present study we observed
vibration-induced changes to COM-COP that were not
accompanied by corresponding changes to COM acceler-
ation and vice versa. It should be noted, however, that
during walking foot placement is the primary determinant
of COP position. Although COP position within the
stance foot is likely to change in response to contraction
of ankle muscles, the resulting change in COM-COP is
unlikely to be large enough to make a significant change
to COM acceleration. Our results clearly show that there
were significant changes in COM-COP in response to
posterior and anterior ankle muscle vibration and attribut-
able to asignificant posterior shift in COP location due to
ankle plantarflexion. Although this vibration-induced
change in ankle rotation was large enough to cause de-
tectable changes in COP location it was not large enough
to produce significant changes to COM behaviour.

The fact that we did observe vibration-induced
changes in M/L COM acceleration without changes in
COM-COP suggests that stance ankle muscle inver-
sion/eversion does not result in significant changes
to M/L COP location. While the relationship between
COP-COM and COM acceleration is significant during
walking, it is not perfect due to the nature of the body
segment movements. This lack of perfect inverted
pendulum during locomotion may result in observed
changes in COM acceleration but may not be reflected in
the COP-COM measure.

Nature of afferent information

Neurophysiological studies indicate that out of the three
types of proprioceptor found in skeletal muscle (primary
and secondary muscle spindle endings and Golgi tendon
organs) by far the most sensitive to vibration are the pri-
mary endings, the activity of which is mainly related to
velocity of changes in muscle length (Burke et a. 1976;
Goodwin et a. 1972; Roll and Vedel 1982; Roll et al.
1989). Secondary-ending (type Il afferents) and Golgi
tendon organs are generally much less sensitive than pri-
mary endings and respond only to low frequency
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(<60 Hz) and large amplitude vibration (Burke et al.
1976; Roll and Vedel 1982; Roll et al. 1989). Indeed, it
has been demonstrated that vibration of iliopsoas and ex-
tensor digitorum longus muscles of the cat during loco-
motion produced similar effects to those produced by
muscle stretch or by electrical stimulation of the la affer-
ents (Hiebert et al. 1996). However, it should be noted
that during locomotion there are phasic changes in sensi-
tivity of the stretch reflex pathway in the plantarflexor
muscles (Capaday and Stein 1986; Schneider et al.
2000). The amplitude of the H-reflex increases during
the stance phase in a ramp-like fashion in parallel with
soleus EMG and is strongly suppressed or completely in-
hibited during swing. In late stance the amplitude of the
evoked H-reflex is in fact substantially larger than that
evoked using the same stimulus during quiet standing
(Schneider et al. 2000). Our vibration stimuli were ad-
ministered at the onset of the stance phase and lasted for
at least 1 s. Therefore, the muscle spindles were being
stimulated over a time when they were at their most sen-
sitive. Therefore, it is reasonable to conclude that in the
present experiment the main effect of vibration (at a fre-
guency of 90 Hz and amplitude of 2 mm) was to change
the activity of la afferents.

Context-dependent effects of muscle vibration

It is well established that the characteristics of ankle
muscle spinal reflexes are strongly dependent on the mo-
tor task (Capaday and Stein 1986, 1987; Edamura et al.
1991; Llewellyn et al. 1990; Morin et a. 1982). For ex-
ample, at similar levels of EMG activity, the amplitude
of the soleus H-reflex is much greater during standing
than during the early part of the stance phase of walking
(Capaday and Stein 1986; Morin et al. 1982). Also, it has
been clearly demonstrated in cats that la sensitivity and
gamma dynamic drive are low during walking over level
ground but can be dramatically increased during motor
tasks which are either difficult or unfamiliar (Hulliger
1993; Hulliger et al. 1985, 1989; Prochazka et al. 1985).
Therefore, the contributions of ankle muscle spindle in-
formation to the control of locomotion in man may well
increase when it is necessary to make adjustments to the
basic locomotor rhythm in response to environmental de-
mands especialy if those adjustments must be made on-
line in response to a changing environment. One objec-
tive of this study was to determine if the effects of ankle
muscle vibration vary with the difficulty of the locomo-
tor task. Therefore, in addition to trials in which partici-
pants were required to step over an obstacle that that
they could see from the start of the walk, we included
trials in which on-line adjustment of the swing limb tra-
jectory was required to avoid an obstacle that unexpect-
edly appeared in the travel path. We also included con-
trol trials in which no obstacle appeared. We predicted
that any effects of ankle muscle spindle vibration would
be greatest during on-line adjustment of locomotion (in
which the threat to stability is greatest).

We found a significant interaction effect between ob-
stacle and vibration conditions in the peak lateral accel-
eration of the COM during the step over the obstacle.
The only significant vibration effect was during trials in
which the anterior compartment muscles were vibrated
whilst participants stepped over an obstacle that unex-
pectedly appeared one step in advance. Vibration had no
significant effect when there was no obstacle or when
the obstacle was visible from the start of the walk. We
found another interaction effect between obstacle and
vibration conditions in the mean location of the COP
with respect to the stance foot ankle marker. Again,
vibration of the anterior compartment muscles did have
an effect, but only during the triggered obstacle condi-
tion. Although, it is hard to explain the functional signif-
icance of the finding that only vibration of anterior com-
partment muscles had an effect on these measures in the
triggered obstacle condition, one possibility is that re-
ducing lateral and anterior COM acceleration (as would
be predicted by calf muscle vibration) would compro-
mise the successful completion of the adaptive step.
Therefore, these responses may be selectively gated out
by the CNS when the perceived threat of instability is
greatest.

Because of our experimental design, during both the
triggered and no obstacle conditions the participants
were unaware of whether they would be faced with an
obstacle until the last possible moment (onset of the
stance phase of the support foot). However, the subjects
knew the exact location of the hidden obstacle and how
high it would be were it to appear (same height as in
start condition). The subjects could theoretically make
the same stepping movement at the obstacle irrespective
of the obstacle condition and successfully complete the
task. The fact that there was no significant difference in
the mean toe elevation between obstacle conditions sup-
ports this theory. However, there were significant effects
of obstacle condition on posture (mean A/P COM loca-
tion with respect to COP, mean change in both A/P and
M/L COM location, mean stride length and mean trunk
pitch) which clearly demonstrates that participants were
making on-line postural adjustments in response to ob-
stacle appearance.

These results lend strong support to the notion that
the contributions of ankle muscle spindle information to
the control of locomotion increase when it is necessary
to make adjustments to the basic locomotor rhythm in re-
sponse to environmental demands, i.e. there is context-
dependent variability in the role of human ankle muscle
spindles.

Surprisingly, there was also a significant interaction
effect between obstacle and vibration conditions in the
change in step width during the swing phase of the ob-
stacle step, i.e. change in the M/L displacement of the
right foot between TO and subsequent heel contact.
Post hoc analysis revealed that the only significant vi-
bration effect was in the no obstacle condition whereby
calf muscle vibration resulted in a significantly greater
mean step width than the control condition (no vibra-



tion). This selective effect could have resulted from the
sensitivity of ankle muscle spindles during the no obsta-
cle condition being greater than during the two obstacle
conditions. However, it is not clear why this would
occur. It is, therefore, hard to explain the observed sig-
nificant effect in the no obstacle condition in terms of in-
creased difficulty. Nevertheless, the finding that there
were significant effects of vibration on stepping behav-
iour in one obstacle condition but not in others lends
further support to the notion that there are significant
context-dependent differences in the effects of vibration
on the stepping parameters of locomotion.

The way forward

Although our methodology did not allow determination
of which muscles were being activated in response to
vibration we can state confidently that vibration of the
ankle muscles evokes significant changes in both COM
location and acceleration and stepping behaviour impli-
cated in its control. The non-reciprocal effect of vibra-
tion in the A/P plane on COM and stepping behaviour
may be a result of non-postural responses to muscle
vibration, such as changes to ankle joint muscle stiffness.
Nevertheless, the fact that there is reciprocal direction-
specific effect of vibration in the M/L plane (posterior
muscle vibration reduces lateral COM acceleration
whereas anterior muscle vibration increases peak latera
COM acceleration) lends strong support to the notion
that information obtained from the proprioceptors of the
stance limb plays a direct role in posture and balance
control during locomotion. In order to fully understand
the complex effects of ankle muscle vibration on adap-
tive locomotion as observed in the present study, thereis
a clear need for further studies including determining
through electromyography the specific muscles that are
activated by muscle vibration.

Conclusions

The results of our experiment provide strong evidence
that the primary endings of ankle muscle spindles play a
significant role in the control of posture and balance dur-
ing the swing phase of locomotion by providing informa-
tion describing the movement of the body’s COM with
respect to the support foot. Our results also provide sup-
porting evidence for the proposal that there are task-
dependent changes in muscle spindle sensitivity during
human locomotion.
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