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a  b  s  t  r  a  c  t

The  dynamic  interplay  between  muscles  surrounding  the  knee  joint,  the  central  nervous  system  and
external  factors  require  a control  strategy  to generate  and  stabilise  the  preferred  gait  pattern.  The  elec-
tromyographic  (EMG)  signal  is  a common  measure  reflecting  the  neuromuscular  control  strategies  during
dynamic  tasks.  Neuromuscular  control  mechanisms,  found  in processed  EMG  signals,  showed  a  precise
pacing with  a  pacing  rhythm  and  a tight  control  of  muscle  activity  in  running  and  maximally  contracted
muscles.  The  purpose  of  this  study  was  to  provide  an  insight  how  muscles  get activated  during  walk-
ing. The  EMG  power,  extracted  by  the  wavelet  transform  (92–395  Hz),  over  a  time  period  encompassing
250  ms  before  and  250  ms  after  heel  strike  was analysed.  The  study  showed  that  the wavelet-based
analysis  of  EMG  signals  was  sufficiently  sensitive  to  detect  a  synchronisation  of  the activation  of  thigh
muscles  while  walking.  The  results  within  each  single  subject  and  within  the group  consisting  of  10
healthy  females  showed  that,  although  there  was  a  lot of jitter  in  the  locations  of  the  intensity  peaks,  the
muscle  activation  is controlled,  on  average,  by a neuromuscular  activity  paced  at  about  40  ms,  however
with  variable  amplitudes.  Albeit  the  jitter  of  the  signal,  the  results  resolved  the  temporal  dependency
of  intensity  peaks  within  muscles  surrounding  the  knee  and  provided  an  insight  into  neural  control  of
locomotion.  The  methodology  to assess  the stabilising  muscle  activation  pattern  may  provide  a way  to
discriminate  subjects  with  normal  gait  pattern  form  those  with  a deteriorated  neuromuscular  control
strategy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The knee is a complex joint with many muscles which have
to be controlled by the neuromuscular control mechanism. The
dynamic interplay between these muscles, the central nervous
system (CNS), and external factors do require a control strategy to
generate and stabilise the preferred gait pattern. Many studies have
shown that small changes in external factors, for instance different
shoes, do not change the preferred movement (Nigg, 2001). How-
ever, to stabilise a preferred movement the neuromuscular control
system must be very flexible. The stabilising neuromuscular

Abbreviations: BF, biceps femoris; EMG, electromyography; CNS, central nervous
system; HAM, hamstring muscle group; QF, quadriceps femoris; RF, rectus femoris;
ST, semitendinosus; VL, vastus lateralis; VM,  vastus medialis.
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control strategy applied while walking can be observed by mon-
itoring the muscle activity using electromyography (EMG) as an
indicator.

The EMG  signal is a common measure reflecting the neuromus-
cular control strategies during dynamic tasks (DeMont and Lephart,
2004; Farina et al., 2004; Guidetti et al., 1996; Rutherford et al.,
2010; Wakeling, 2009; Wong, 2009; Zebis et al., 2008). Neuromus-
cular control mechanisms, found in processed EMG signals, showed
a precise pacing with a pacing rhythm (Stirling et al., 2011; von
Tscharner et al., 2011a, 2011b; Brown, 2000; Brown et al., 1998;
Salenius et al., 1996, 1997; Vallbo and Wessberg, 1993). Works
done in the late 1990s showed that these rhythms are correlated
to the activity of the motor cortex and can therefore be considered
as a result of the activity of the CNS (Brown et al., 1998). How-
ever, the studies revealing the corticomuscular interaction usually
did not explicitly resolve the pacing in the EMG  signal. In maxi-
mally activated muscles (von Tscharner et al., 2011a, 2011b)  and
muscle activities measured while running (Stirling et al., 2011) the
rhythms were explicitly resolved and showed a tight control of
muscle activity. Thus, the presence of rhythmicity within a longer
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lasting muscular event indicates that there is a kind of programmed
function controlled by a neuromuscular activity (Arsenault et al.,
1986).

The musculoskeletal mechanics of gait depends on multi- and
biarticular muscles that are activated in a specific sequence. Espe-
cially at heel strike where the human locomotor system is affected
by irregular impact forces, controlled muscle activation strategies
are essential for counteracting the destabilising forces. A coor-
dinated activity of Mm.  quadriceps femoris (QF) is essential to
maintain dynamic stability of the patellofemoral joint (Mellor and
Hodges, 2005a, 2005b).  Such an active control of the patella by
precise coordination between the Mm.  vastus medialis (VM) and
vastus lateralis (VL) is important the more extended the knee joint
is (Mellor and Hodges, 2006), as occurring at heel strike. Conse-
quently, as the foot touches the ground, the muscles have to be
prepared to absorb the impact shock by a muscle tuning (Nigg
and Wakeling, 2001) to control the stabilisation of the knee joint
dynamically (Mellor and Hodges, 2006). A balanced VM and VL
activity is required to control the translation of the patella to pre-
vent their maltracking (Cowan et al., 2001; Mellor and Hodges,
2005a; Pal et al., 2011). Already a time delay of 5 ms  in the onset
of the VM relative to VL alters the patellofemoral joint mechanism
(Neptune et al., 2000).

Therefore, our hypotheses were: (a) that the EMG  signal com-
bined with the wavelet based analysis of this signal is sufficiently
sensitive to detect a synchronisation of the activation of thigh mus-
cles while walking and (b) that the neuromuscular control uses a
similar timing raster like timing for the synchronisation of muscle
activity during gait. The study was designed to investigate how the
muscles are controlled by the neuromuscular system before and
after heel strike while walking.

The study should provide insight into muscle activation dur-
ing a movement that does not need absolutely tight control. In
decerebrated cats, the gait pattern is still present but not stable
(Grillner and Wallen, 1985; Grillner and Zangger, 1984). We  there-
fore have to consider that human muscles have at least two major
functions, one is to provide the energy to sustain the movement,
and the other is to keep the movement in line by stabilising the
joints. It was previously shown that EMG  intensity pattern can dis-
criminate between healthy subjects and subjects suffering from
osteoarthritis (von Tscharner and Valderrabano, 2010). However,
pattern classification did not reveal explicitly the changes in the
neuromuscular control strategy. Therefore the important next step
is to understand the timing strategy of the neuromuscular control.
A methodology to assess the stabilising muscle activation pat-
tern may  provide a way to discriminate subjects with a normal
gait pattern from those with a deteriorated neuromuscular control
strategy.

2. Materials and methods

2.1. Subjects

Ten healthy female volunteers (age: 48 ± 7 years, body mass:
61.1 ± 4.9 kg, height: 1.64 ± 0.05 m)  with no history of previous
knee or lower extremity surgery, osteoarthritis, neurological, or
musculoskeletal disorders participated in this study. They were
informed of the experimental risks and signed an informed consent
form approved by the local Ethics Committee.

2.2. Experimental design

An instrumented three dimensional gait analysis with syn-
chronous measurement of the lower extremity muscle activity
during normal gait was performed. The lower body kinematics

were recorded at 240 Hz with a six-camera motion capture sys-
tem (Vicon MX13+, Oxford, UK) using the Helen Hayes model
(Kadaba et al., 1990). The subjects walked barefoot at a comfort-
able, self-selected walking speed along a 10 m walkway within
the laboratory. A minimum of 12 valid trials was collected. The
time of heel strike was  determined from the position of the
heel marker. Two steps per trial were extracted. Due to tech-
nical problems, mainly movement artefacts, less than 12 trials
were available from seven subjects. Nine trials, thus 18 steps per
subject, were used for the calculations. In total 180 steps were
analysed.

2.3. Data recording

Surface EMG  was  recorded from the QF and hamstring (HAM)
muscle groups for the right thigh. The muscles of the QF group
were: Mm.  rectus femoris (RF), VM,  and VL, and of the HAM
group: Mm.  semitendinosus (ST) and biceps femoris (BF). Bipo-
lar Ag/AgCl surface electrodes (diameter: 10 mm,  inter-electrode
distance: 22 mm,  Noraxon U.S.A. Inc., Scottsdale, AZ, USA) were
used. After shaving and cleaning the skin with alcohol according to
SENIAM-recommendations (Hermens et al., 2000), three electrode
pairs were placed side by side on each muscle, in the direction of
the muscle fibres, to get additional spatial and temporal informa-
tion. The first electrode pair, referred to as original, was positioned
according to the SENIAM-recommendations whereas the lateral
and medial electrode pairs were laterally displaced by 28 mm  from
the original electrode pair (Fig. 1). The ground electrode was posi-
tioned on the tibial tuberosity. The surface EMG  was collected with
single differential amplifiers (band path of 10–700 Hz, Biovision,
Wehrheim, Germany) at a sampling frequency of 2400 Hz with-
out further processing. Cables and electrodes were kept in place by
elastic net bandage (Elastofix, Type B-25 m stretched, BSN medical
GmbH & Co. KG, Hamburg, Germany) which was pulled over the
thigh.

2.4. Data processing

2.4.1. Wavelet transform
The signal analysis was  performed using a wavelet transform

with 13 non-linearly scaled wavelets characterised by their cen-
tre frequency: 7, 19, 38, 62, 92, 128, 170, 218, 272, 331, 395, 457,
and 542 Hz (von Tscharner, 2000). Centre frequencies lower than
92 Hz were not considered further because time resolution has
to be short enough to detect the rhythm. The theoretical time
resolution of the wavelets defined by von Tscharner (2000) rep-
resents the time difference of two  events that occur at the same
frequency and within the same recording that is required for the
events to be discriminated. For wavelets with centre frequencies
above 92 Hz time resolution is between 25 and 10 ms.  In signals
of mixed frequency and when comparing peaks recorded in dif-
ferent trials time resolution is much shorter and mainly limited
by the sampling frequency. Centre frequencies higher than 395 Hz
were omitted because of high frequency noise. EMG  power at each
time point was  calculated by summing the power extracted by the
wavelets with centre frequencies of 92–395 Hz. The EMG  power
over a time period encompassing 250 ms  before and 250 ms  after
heel strike was  used for the analysis. The average EMG  power of
the triplicate electrodes was called a waveform. Thus, heel strike
was at time 0 within the waveform. Waveforms were normalized
by dividing them by the sum across the waveform. The wave-
forms indicate the fine structure across time of the step-specific
strategy of muscle activation. Each individual waveform repre-
sented the average waveform of all steps for a given subject.
The group waveform was  computed by averaging the individual
waveforms.
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