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The aim of the study was to determine the directionality of the coupling of mechanical vibrations across
the biceps brachii muscle at different frequencies of interest during voluntary contraction. The vibrations
that are naturally generated by skeletal muscles were recorded by a two-dimensional array of skin
mounted accelerometers over the biceps brachii muscle (surface mechanomyogram, S-MMG) during vol-
untary isometric contractions in ten healthy young men. As a measure of the similarity of vibration
between a given pair of accelerometers, the spatial coherence of S-MMG at low (f < 25 Hz) and high
(f > 25 Hz) frequency bands were investigated to determine if the coupling of the natural mechanical
vibrations were due to the different physiological muscle activity at low and high frequencies. In both
frequency bands, spatial coherence values for sensor pairs aligned longitudinally along the proximal to
distal ends of the biceps were significantly higher compared with those for the sensor pairs oriented per-
pendicular to the muscle fibers. This difference was more evident at the higher frequency band. The find-
ings indicated that coherent mechanical oscillations mainly propagated along the longitudinal direction
of the biceps brachii muscle fibers at high frequencies (f > 25 Hz).

Published by Elsevier Ltd.
1. Introduction

Continuous surface mechanical oscillations are naturally gener-
ated by skeletal muscle during voluntary contraction. These natu-
ral muscle vibrations result from the dimensional changes in
muscle fibers and muscle-tendon geometry (Beck et al., 2005; Oriz-
io, 1993). Independent of the type of sensors used, recordings of
muscle mechanical oscillations with these sensors are called sur-
face mechanomyograms (S-MMGs) (Orizio, 1993).

The physiological origin and time-frequency characteristics of
S-MMGs depend on muscle structure, mechanical state, and the
electromechanical coupling efficiency in muscles (Barry and Cole,
1990; Oster and Jaffe, 1980; Shinohara and Søgaard, 2006). S-
MMGs have typically been used to monitor the mechanical activity
of a contracting muscle. In contrast, S-MMGs have rarely been used
to estimate the mechanical properties (e.g. viscoelasticity) of skel-
etal muscles (Cole and Barry, 1994). Indeed, since the S-MMGs cor-
respond physically to propagating vibrations along the muscle,
Sabra and his colleagues Sabra et al. (2007) and Sabra and Archer
(2009) have been exploring the use of S-MMGs as a potential tool
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for non-invasive examination of muscle viscoelastic properties,
such as muscle stiffness.

Despite the large body of literature on S-MMGs, the spatial vari-
ations of S-MMGs over a muscle remain unclear, specifically the
frequency dependency of the spatial variation of S-MMGs. Most
studies have used only a single sensor, and the influence of the sen-
sor location over the muscle of interest was investigated only re-
cently from various perspectives (Ouamer et al., 1999; Cescon
et al., 2004, 2007, 2008; Madeleine et al., 2006, 2007; Farina
et al., 2008). In particular, studies using a two dimensional array
of accelerometers have shown that the S-MMGs’ amplitude and
frequency content is strongly influenced by the sensor location
over the studied muscles (Sabra and Archer, 2009; Madeleine
et al., 2007; Farina et al., 2008; Cescon et al., 2008). In these stud-
ies, the S-MMG analysis was predominantly on low-frequency con-
tent (i.e., mainly f < 25 Hz) that appeared to be mostly influenced
by global synchronized activity of muscle fibers due to tremor
activity or electrical stimulation. In preliminary studies using a sin-
gle subject, high-frequency S-MMGs (i.e., filtered > 25 Hz) of the
biceps brachii and vastus lateralis muscles mainly propagated lon-
gitudinally along the muscle fiber orientation during sustained vol-
untary contractions (Sabra et al., 2007; Sabra and Archer, 2009).
Indeed these high-frequency S-MMGs were likely generated by
asynchronous muscle fiber activity for these superficial muscles
and were likely not significantly influenced by synchronized tre-
ural mechanical oscillations in the biceps brachii muscle during voluntary
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mor activity that occurs at lower frequencies. No studies are found
in the existing literature that systematically investigated direction-
ality of the coupling of the measured S-MMG between low and
high frequency bands.

For a given pair of vibration sensors (here skin-mounted accel-
erometers), the spatial coherence of the S-MMGs is a measure of
the similarity of the S-MMGs measured at those two sensors
(Gardner, 1992). For instance, the spatial coherence of mechanical
vibrations increases when these vibrations propagate along a more
homogeneous (or uniform) medium such that the relative phase of
the propagating vibration signals remains relatively undisturbed.
The main aim of this study was to systematically determine the
directionality in different frequency bands of the spatial coherence
of the S-MMGs from the biceps brachii muscle during submaximal
isometric voluntary contractions using a two-dimensional array of
skin-mounted accelerometers (see Fig. 1). Preliminary studies that
investigated the directionality of natural muscle vibrations in one
subject did not study the influence of the selected frequency band
of the S-MMG (Sabra et al., 2007; Sabra and Archer, 2009). The spa-
tial variation of S-MMG coherence across all sensor pairs at low
(f < 25 Hz) and high (f > 25 Hz) frequency bands can then be used
to infer how the S-MMG coherence varies with directionality
(i.e., longitudinal vs. transverse) and sensor separation distance
for various contraction levels.

In this work, the longitudinal direction corresponds to the main
orientation of the biceps brachii muscle’s fibers and is expected

to be more homogeneous than the transverse directions (Fung,
1988). The high frequency mechanical oscillations (f > 25 Hz) are
less influenced by synchronous tremor-like activity (Orizio,
2005). Therefore, the high frequency oscillations are more likely
to propagate coherently along the muscle fiber orientation (i.e.,
longitudinal direction) similarly to elastic guided waves propagat-
ing along cable (or fiber) bundles (Romano et al., 2005). Conse-
quently, it was hypothesized that the spatial coherence of high
frequency S-MMG (f > 25 Hz) is overall higher in longitudinal
directionality (i.e., along the muscle axis) than in transverse direc-
tionality (i.e., across muscle fibers).
2. Methods

2.1. Subjects

Ten healthy and right-handed men (age: 29 ± 5 years, height:
175 ± 9 cm, body mass: 71 ± 8 kg), with no overt sign of neuromus-
cular diseases, volunteered to participate in the present study and
signed an informed consent form. This study was conducted
according to the protocol approved by the Institutional Review
Board of the Georgia Institute of Technology. For each subject,
Fig. 1. (a) Experimental set-up for isometric elbow flexion tests, (b) top view of one
subject’s right arm with the 15 skin-mounted accelerometers, (c) schematic of the
15 accelerometers locations.
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the thickness of the skin and fat layer overlaying the belly of the
biceps brachii muscle was measured to be 2.7 ± 0.8 mm from con-
ventional ultrasound B-mode images (GE LOGIQ P5, GE Healthcare,
Waukesha, WI).

2.2. Experimental setup

Fifteen miniature single-axis accelerometers (A352C65, mass =
2 g, base diameter = 9.5 mm, measurement range = ±491 m/s2 pk
(50 g pk), sensitivity = 100 mV/g; PCB Piezotronics, Depew, NY)
with thin flexible cables to reduce drag (<1 mm diameter) were
used to record S-MMG over the biceps muscle (Fig. 1). The acceler-
ometers were skin-mounted over the biceps brachii using double-
sided medical tape to provide good contact while minimizing
mounting artifacts and allowing the muscle to move freely without
additional pressure interference. Previous studies have demon-
strated that a mass up to 30 g on the skin does not significantly af-
fect the S-MMGs’ physical characteristics in large skeletal muscles
(Cescon et al., 2002; Watakabe et al., 2003).

The accelerometers were arranged on a 3 � 5 grid (Fig. 1(b,c)).
The biceps brachii length was determined based on anatomical
landmarks for each subject as extending from the origin of the ten-
don of insertion (distally) to the coracoid process of the scapula
(proximally) Graaff (2002). The sensor grid axis and thus imaging
plane was approximately aligned with the longitudinal axis of
the biceps brachii. This longitudinal axis corresponds to the muscle
fiber orientation since the biceps muscle has a simple fusiform
architecture (Pappas et al., 2002). The transverse sensor spacing
along the medial-lateral direction (Dx) was set to 2 cm. This dis-
tance was the smallest achievable separation distance given the
sensor diameter of �9.5 mm. The longitudinal spacing distance
along the proximal-distal direction between adjacent accelerome-
ters (Dy) was determined as 8% of the estimated length of the bi-
ceps brachii long head muscle (26 cm < Lm < 34 cm), following a
previous approach (Sabra and Archer, 2009; Pappas et al., 2002).
In this study, Dy varied from 2.1 cm to 2.7 cm among subjects to
ensure that the accelerometers were placed in anatomically com-
parable positions for each subject. Consequently for all subjects,
the 3 � 5 sensor grid covered the region between 18% and 50% of
Lm, where the coordinate origin was set at the distal end (0% of
Lm) (Pappas et al., 2002).

2.3. Experimental protocol

For each subject, the S-MMGs were recorded during 10 s long
voluntary isometric contractions with elbow flexors. A dynamom-
eter (HUMAC, CSMi Medical Solutions, Stoughton, MA) was used as
a platform for muscle contraction. Each subject was situated laying
on his back with the right arm attached to the dynamometer at the
wrist (Fig. 1(a)). The elbow was flexed at 90 degrees, and the wrist
was oriented in the neutral position. The right upper arm was
placed horizontally with its posterior part not touching the bed
surface. A supporting stand for sensor cables was used to minimize
motion/deformation artifacts during contractions. The rotation
axis of the elbow joint was visually aligned with the rotation axis
of the dynamometer. The force output of the biceps was recorded
independently by a force transducer attached to the horizontal
bar connected to the subject’s wrist by a velcro strap. The cables
of the five accelerometers located on each of the three longitudinal
grid lines (e.g., lateral grid line sensors 1–5, see Fig. 1(c)) were
firmly attached with an equal cable length to one of three plywood
boards. The boards extended from a sturdy vertical platform that
was separated and insulated from the potential vibrations gener-
ated by the dynamometer bench. The three plywood boards were
stacked vertically to prevent the wires from contacting with each
other (see Fig. 1(a)). Each stack board was extended horizontally
ural mechanical oscillations in the biceps brachii muscle during voluntary
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so that the cables from adjacent longitudinal sensor lines did not
touch. A preliminary study, using the magnitude squared coher-
ence technique described in 2.5, found no significant vibration cou-
pling (i.e., crosstalk) between a reference accelerometer attached
to the plywood board and the skin-mounted accelerometers on
the biceps brachii muscle of the tested subject.

The maximal voluntary contraction (MVC) force for each subject
was determined based on the maximum force output measured
over 3 maximal voluntary contractions. Thereafter, subjects per-
formed sub-maximal isometric contractions, in which they were
asked to produce and maintain 20%, 40%, and 60% of MVC force
for 10 s while facing a video monitor displaying force output as vi-
sual feedback. Subjects were encouraged to rest and relax for 3 min
between each contraction in order to minimize artifacts due to
muscular fatigue. A total of three trials were performed, where
one trial consisted of a randomized order of contraction levels
(20%, 40% and 60%).

2.4. Data preprocessing

All 15 channels for the recording of S-MMGs were time syn-
chronized with a sampling frequency of 1 kHz (Compact DAQ sys-
tem, National Instrument�, Austin, TX) and were amplified with a
gain of 200. Data were filtered in the frequency band (f1 = 5 Hz and
f2 = 250 Hz), using a second order Butterworth bandpass filter. The
lower frequency bound f1 was selected in order to remove the low-
est frequency oscillations in order to reduce the eventual bias
resulting from motion artifacts (e.g., due to large movements of
the whole limb) (Brown et al., 1982; Goldenberg et al., 1991).
The upper frequency bound f2 was set to 250 Hz, the frequency
at which no significant S-MMG signal was recorded above the
noise floor (e.g., see Fig. 2(a)). The mean power frequency (fMP) of
the recorded signal was defined as:

fMP ¼
R f2

f1
fGllðf ÞR f2

f1
Gllðf Þ

ð1Þ

where Gll(f) is the power spectrum of the signal l(t) (Kwatny et al.,
1970).

The Signal-to-Noise Ratio (SNR) was defined as the ratio of the
power of the S-MMG recorded during submaximal contractions to
the power of the S-MMG measured at the baseline (0% MVC). For
each S-MMG, the power was computed in the same frequency
band [f1 = 5 Hz - f2 = 250 Hz]. The values for the 15 accelerometers
and 3 trials were averaged and realized as one value for each sub-
ject. The mean (and SD) were then found across the ten subjects
giving n = 10 (subjects) for the SNR and fMP and were displayed
respectively on Fig. 2(b) and Fig. 2(c).

2.5. Definition of the spatial coherence for S-MMG

The spatial coherence of two S-MMGs was determined by using
two different methods. This section will briefly characterize these
two methods. First, the similarity in the frequency domain be-
tween two S-MMGs l(t) and m(t) at different locations along the
longitudinal axis of the muscle was estimated from the magnitude
square of their coherence function Clm(f), defined as

jClmðf Þj2 ¼
jGlmðf Þj2

Gllðf ÞGmmðf Þ
ð2Þ

where f is the frequency of interest, Gll(f) (resp. Gmm(f)) is the power
spectrum of the signal l(t) (resp. m(t)), and Glm(f) is the cross power
spectrum of those two signals (Challis and Kitney, 1991). The mag-
nitude squared coherence between S-MMG signals l(t) and m(t) was
estimated using the ‘‘mscohere’’ MATLAB� function (The signal pro-
Please cite this article in press as: Archer AA et al. Propagation direction of nat
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cessing toolbox, 2007), and resulted in a value between 0 and 1,
with 1 meaning perfectly similar signals.

For each test, the first and last 0.25 s were disregarded from the
signal for quality control, due to potential fluctuations of the pro-
duced torque level at the beginning and the end of each recording.
Hence the total signal duration used to calculate the coherence (2)
between pairs of S-MMG signals was 9.5 s . The power spectrum
and cross-spectrum of the S-MMG were estimated by segmenting
the S-MMG time series in overlapping windows (N = 1100 points
long with 50% overlap) and the number of samples for the fast Fou-
rier transform operation was selected as 256 and was done in a
1100 points window. The confidence level cl of the coherence func-
tion is given by

cl ¼ 1� ðaÞ
1

L�1 ð3Þ

where L is the number of windowed segments in the time domain of
the signals. L is calculated by the effective signal duration multi-
plied by the sampling frequency of the recording (Fe = 1kHz) divided
by the window length (N = 1100 points) (Halliday et al., 1995). With
a = 0.05, (3) defines the degree of confidence as 95%.

L ¼ ðTÞðFeÞ
N

¼ ð9:5sÞð1kHzÞ
1100

¼ 8:6364 ð4Þ

Using (3) the confidence level was set to cl � 0.32 in this study,
based on the selected parameters. Magnitude squared coherence
values above this value of 0.32 can be determined to have signifi-
cant coherence between the two signals. The frequency f̂ , beyond
which the spatial coherence value drops below the significant level
of 0.32 is described hereafter as the cut-off frequency.

Finally, at each contraction level (%MVC) the frequency-aver-
aged coherence jClm(fc)j2 for varying center frequency fc was de-
fined as:

jClmðfcÞj2 ’
Z fcþDf

fc�Df
jClmðf Þj2 df ð5Þ

where Df = 2 Hz. This frequency averaging over a 4 Hz frequency
band yielded a more stable estimate of the magnitude square coher-
ence values in the vicinity of the selected center frequency fc.

Another method to calculate the similarity between two nar-
rowband S-MMG signals l(t) and m(t) recorded at different loca-
tions uses the time-domain cross-correlation function Rlm(s)
defined as

RlmðsÞ ¼
R T=2
�T=2 lðtÞmðt þ sÞdtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR T=2

�T=2 l2ðtÞdt
R T=2
�T=2 m2ðtÞdt

q ð6Þ

In this study, the S-MMGs l(t) and m(t) were filtered with a second
order Butterworth filter with a frequency band of fc ± D f with
Df = 2 Hz. The magnitude of the time-domain cross-correlation
function was normalized between +1 and 0, where +1 indicates a
perfect similarity between the two signals. Hence a measure of
the spatial coherence of the narrowband S-MMGs l(t) and m(t)
was also obtained from the peak values Xlm(fc) of the time-domain
cross-correlation function (CCF):

XlmðfcÞ ¼ jmaxðRlmðsÞÞj2 ð7Þ

It can be shown that the two metrics, Xlm(fc) and jClm(fc)j2 become
approximately equal as the selected frequency band 2Dfreduces
to zero (Gardner, 1992).

2.6. Statistical analysis

Statistical analysis was performed on signal to noise ratio, mean
power frequency fMP (1), S-MMG coherence jClm(fc)j 2 (5), and S-
MMG peak CCF Xlm(fc) (7). All of the data for each subject, for this
ural mechanical oscillations in the biceps brachii muscle during voluntary
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analysis, were averaged across the 3 trials. A one way analysis of
variance (ANOVA) with repeated measure was used to test the
main effect of contraction intensity on signal to noise ratio. An AN-
OVA with repeated measures was also used to test the main effect
of contraction intensity on fMP that was averaged across sensors at
each contraction intensity. To determine the effect of frequency on
coherence, the magnitude squared coherence value at 10 Hz inter-
vals was averaged across sensor pairs, and contraction intensity
was used in each sensor orientation. The main effect of frequency
on coherence was tested with a one-way ANOVA with repeated
measures for frequency. To test the main effect of sensor distance,
contraction intensity, and sensor orientation direction on spatial
coherence, the average spatial coherence centered at fMP with
4 Hz bin was calculated. To test the effect of sensor distance, a
one-way ANOVA with repeated measures for sensor distance was
performed on spatial coherence values averaged across contraction
intensity in each sensor orientation direction. Since the main effect
of sensor distance was found in the longitudinal direction (as pre-
sented below), the data above 2Dy were removed in further statis-
tical analyses to match data between sensor orientation directions.
The effect of contraction intensity and sensor orientation direction
was tested with a two-way ANOVA with repeated measures. An a
level of 0.05 (where (1 � a) is the degree of confidence (Walpole
et al., 2007)) was used for all statistical comparisons, and P < 0.05
and P < 0.01 are noted where appropriate (where the P value is a
measure of the relative frequency or likelihood of occurrence of
an event (Porkess, 1991)). In the figures, the error bars represent
one standard deviation.
(c)

Fig. 2. (a) Example of S-MMG power spectrum for a subject measured on the
central sensor (#8) for varying contraction level, (b) signal to noise ratio across all
recorded signals as a function of contraction level across subjects, (c) mean power
frequency (fMP) of S-MMG as a function of contraction level averaged across
subjects.
3. Results

3.1. Spatial coherence of S-MMGs

3.1.1. Signal-to-noise ratio and power spectrum density
An example of the power spectrum variations across frequency

for increasing contraction level in one subject is shown in Fig. 2(a).
In grouped data, the recorded S-MMG had a high signal to noise ra-
tio that increased with contraction level (P < 0.01) (Fig. 2(b)). fMP

also increased with contraction level (P < 0.01) (Fig. 2(c)).

3.1.2. Examples for S-MMG coherence
The influence of contraction level, sensor separation distance,

and sensor pair orientation (i.e., longitudinal vs. transverse) on S-
MMG coherence (2) are illustrated in Fig. 3. Fig. 3(a) shows an
example at 40% MVC that, for sensor pairs oriented along the lon-
gitudinal direction, the S-MMG coherence decreased for both
increasing frequencies and increasing sensor separation distance.
In contrast, the S-MMG coherence of sensor pairs oriented along
the transverse direction was low across frequencies at 40% MVC
(Fig. 3(b)). Similar results were observed for all other contraction
levels. Fig. 3(c) and Fig. 3(d) illustrate the effect of contraction level
on S-MMG coherence between two sensor pairs aligned either
along the longitudinal or transverse direction but having a similar
separation distance. The cut-off frequency f̂ for the threshold of
significant coherence appeared to increase with contraction level
in the longitudinal direction (Fig. 3(c)) but not in the transverse
direction (Fig. 3(d)). When statistically analyzed across all sensor
pairs in the longitudinal direction, the average cut-off frequency
f̂ increased (P < 0.01) as contraction level increased. The cut-off fre-
quencies were 40.43 ± 3.72 Hz, 54.86 ± 8.39 Hz and 64.87 ±
7.72 Hz, at 20% MVC, 40% MVC, and 60% MVC, respectively.

3.1.3. Effects of MMG frequency on S-MMG coherence
When using all the coherence data and considering only the

main effect of frequency in each sensor pair orientation, the S-
Please cite this article in press as: Archer AA et al. Propagation direction of nat
contraction. J Electromyogr Kinesiol (2011), doi:10.1016/j.jelekin.2011.09.011
MMG coherence decreased with increasing frequency in both lon-
gitudinal (P < 0.01) (Fig. 4(a)) and transverse (P < 0.05) (Fig. 4(b))
directions. The cut-off frequency was higher (P < 0.01) for longitu-
dinal sensor pairs (62.38 ± 4.54 Hz) than for transverse sensor pairs
(31.70 ± 3.88 Hz).

3.1.4. Variation of S-MMG coherence and S-MMG peak cross
correlation function (CCF) values

The S-MMG coherence (5) (Figs. 5(a,b)) and the S-MMG peak
CCF (7) (Figs. 5(c,d)) between all sensor pairs at two frequency
bands (1

3 fMP and fMP) are displayed in a checkerboard matrix repre-
sentation in Fig. 5. The color bar in Fig. 5 denotes the level of spatial
coherence, while the position of each individual box denotes which
pair of sensors is under consideration (i.e., the extreme bottom
ural mechanical oscillations in the biceps brachii muscle during voluntary
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(c)

(d)

Fig. 3. The magnitude squared S-MMG coherence jClm(f)j2 averaged across subjects
at the same contraction level (40 % MVC) for various separation distances between
pairs of accelerometers located on (a) the central longitudinal sensor line and (b)
the central transverse sensor line (see Fig. 1(c)). The magnitude squared S-MMG
coherence jClm(f)j2 at a fixed sensor separation distance r between a pair of
accelerometers located on (c) the center longitudinal sensor line (sensor pair 7 and
9, r = 2Dy = 4.92 ± 0.19 cm) and (d) the center transverse sensor line (sensor pair 3
and 13, r = 2Dx = 4 cm) at each contraction level.

(a)

(b)

Fig. 4. The magnitude squared coherence averaged for sensor pairs oriented along
(a) vertical grid lines (i.e., longitudinal direction) and (b) horizontal grid lines (i.e.,
transverse direction). The data were averaged across trials, contraction levels, and
subjects.
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right box gives the spatial coherence between sensors 1 and 15).
On average, 1

3 fMP and fMP were 11.11 ± 0.58 Hz and 33.33 ±
1.79 Hz, respectively (based on Fig. 2(c)).

These two center frequencies were used to investigate the dif-
ference in spatial coherence values due to the different physiolog-
ical muscle activity at low (f < 25 Hz) and high (f > 25 Hz)
frequencies Brown et al., 1982; Goldenberg et al., 1991; Orizio,
1993. For the frequency band centered on fMP, significant spatial
coherence values were obtained mainly between the set of five
sensors located on the same vertical grid line (either medial, cen-
tral or lateral, Fig. 1(c)) as evidenced by the 5 � 5 block diagonal
pattern (delimited by black dashed lines) of this checkerboard ma-
trix. For the frequency band centered at 1

3 fMP, higher spatial coher-
ence values were obtained also in the off diagonal 5 � 5 block (e.g.,
between sensors 6–10 and sensors 1–5, denoting the transverse
direction). Because of the similarities between the values obtained
using the two selected metrics, namely the S-MMG coherence (5)
and the S-MMG peak CCF (7) (Figs. 5(a) and (5(c)), only the coher-
ence values are reported hereafter.

3.1.5. Effects of sensor distance on S-MMG coherence
The S-MMG coherence decreased with increasing distance

(P < 0.01) along the longitudinal direction for both frequency bands
(Fig. 6(a)). When collapsed across sensor separation distances
along the longitudinal direction, the S-MMG coherence centered
at 1

3 fMP were higher (P < 0.01) compared with the one at fMP. The
pair-wise difference was significant (P < 0.01) at all sensor separa-
tion distances greater than Dy. In the transverse direction, the S-
MMG coherence at 1

3 fMP were higher (P < 0.05) than the one cen-
tered at fMP at D x = 2 cm (Fig. 6(b)).
ural mechanical oscillations in the biceps brachii muscle during voluntary
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(a)

(b)

(c)

(d)

Fig. 5. Magnitude squared coherence values jClm(fc)j2 (5) between all sensor pairs
centered at (a) fMP and (b) 1

3 fMP. Normalized cross correlation peak values Xlm(fc) (7)
between all sensor pairs centered at (c) fMP and (d) 1

3 fMP. Data were averaged across
trials, contraction levels, and subjects.

(a)

(b)

Fig. 6. Spatial coherence for 2 frequency bands in the (a) longitudinal and (b)
transverse directions as a function of sensor distance. The spatial coherence values
in a 4 Hz frequency band centered at fMP and at 1

3 fMP were averaged for all
longitudinal sensor pairs spaced apart by Dy to 4Dy (2.1 cm 6 Dy 6 2.7 cm) and all
transverse sensor pairs spaced apart by Dx to 2Dx (Dx = 2.0 cm) across trials,
contraction levels, and subjects. The sensor separation distance was averaged across
sensors with a common separation distance along the (a) longitudinal and (b)
transverse directions.

6 A.A. Archer et al. / Journal of Electromyography and Kinesiology xxx (2011) xxx–xxx
3.1.6. Effects of contraction level on S-MMG coherence
In the longitudinal direction, the S-MMG coherence increased as

contraction level increased (P < 0.01) only for fc = fMP (Fig. 7(a)).
There was no effect of contraction level in the transverse direction
Please cite this article in press as: Archer AA et al. Propagation direction of nat
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(Fig. 7(b)). Fig. 7 shows the main effect of contraction level on S-
MMG coherence for longitudinal (Fig. 7(a)) and transverse
(Fig. 7(b)) sensor orientation direction.
3.1.7. Effects of direction on S-MMG coherence and S-MMG peak CCF
values

When focusing on the main effect of sensor pair orientation,
the S-MMG coherence was greater in the longitudinal direction
than in the transverse direction (P < 0.01) (Fig. 8(a)). Using the
mathematically similar metric of the normalized cross correlation
peak (7), the results were the same (Fig. 8(b)). The values were
significantly greater (P < 0.01) in the frequency band centered at
1
3 fMP compared with the frequency band centered at fMP for both
metrics used.
4. Discussion

The initial analysis of the S-MMG data collected for this study
confirmed that both the S-MMG mean power frequency (fMP) and
S-MMG signal’s intensity increased with the contraction level of
the biceps (see Fig. 2), in agreement with previous studies (Orizio,
1993; Orizio, 2005; Jaskolska et al., 2007). The main finding of this
study is that the spatial coherence values of high frequency (i.e.,
close to the mean power frequency fMP) S-MMG propagating be-
tween sensor pairs aligned along the biceps main axis (i.e., the lon-
gitudinal direction) was significantly higher than the spatial
ural mechanical oscillations in the biceps brachii muscle during voluntary
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(a)

(b)

Fig. 7. The S-MMG coherence values jClm(fc)j2 for 2 frequency bands in the (a)
longitudinal and (b) transverse directions as a function of contraction level. Data in
4 Hz frequency band atfMP or at 1

3 fMP were averaged for all comparable sensor
separation distances of Dy to 2Dy and Dx to 2Dx along the (a) longitudinal direction
or (b) transverse direction across trials and subjects at each contraction level.
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Fig. 8. Collapsed spatial coherence values across sensor separation distances and
contraction levels in 2 frequency bands in each sensor pair orientation. (a) The
magnitude square coherence jClm(fc)j2 (5) and (b) the maximum normalized ross
correlations Xlm(fc) (7) are shown. The data were averaged for the 4 Hz frequency
bands centered at 1

3 fMP and fMP.
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coherence values for sensor pairs oriented perpendicular to the
muscle fibers (i.e., along the transverse direction). between the
proximal and distal ends of the biceps (i.e., the longitudinal direc-
tion) In addition, the spatial coherence values at the lower fre-
quency (1

3 fMP) are on average higher than the values at the higher
(fMP) frequency. These main findings supported our hypotheses.

In the current study, three additional findings were obtained.
First, the cut-off frequency of the S-MMG spatial coherence (i.e.,
the frequency beyond which the spatial coherence values dropped
below the confidence level) significantly increased with contrac-
tion level, when considering longitudinal sensor pairs but not
transverse sensor pairs. Second, the spatial coherence values of
S-MMGs along the longitudinal direction decreased with increas-
ing frequency and increasing sensor separation distance for both
studied frequencies (fMP and 1

3 fMP). Finally, the spatial coherence
values between longitudinal sensor pairs increased with contrac-
tion level, but only for the frequency band centered at fMP.

These findings can be related to the physiological origin of S-
MMG. The local activation of the muscle fibers typically dominates
the S-MMG generation mechanism in the higher frequency band
(i.e., f > 25 Hz) (Orizio, 1993). Furthermore, the fast twitch fibers
are more superficially located than slow twitch fibers in the biceps
brachii muscle (Clamann, 1970). Hence, in the biceps brachii, the
high frequency content of S-MMG, measured with skin-mounted
sensors at the biceps brachii surface, is highly influenced by the
physical characteristics and orientation of fast twitch fibers, espe-
cially at high contraction level (Orizio, 2005). The main finding of
the current study demonstrated high coherence values of high fre-
quencies S-MMG recorded along the biceps longitudinal axis.
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These high coherence values indicate that a significant fraction of
the muscles natural vibrations was recorded on all the selected
longitudinal sensors locations. This finding is consistent with a pre-
vious preliminary study using the propagation velocity of coherent
S-MMG along the biceps axis to infer muscle stiffness (Sabra and
Archer, 2009). This likely results from the fusiform architectural
organization of the biceps brachii muscle fibers (Winter, 1990):
the longitudinal direction corresponds to the main orientation of
the biceps brachii muscle’s fibers and is thus likely more homoge-
neous than the transverse directions, thus favoring the propagation
of natural muscle vibrations (Fung, 1988). Based on the first addi-
tional finding, it appears that the increase in discharge rate (asso-
ciated with the increase in contraction level), is only paralleled by
an increase in spatial coherence values of longitudinal sensor pairs
and not transverse sensor pairs. Consequently, measurements of
the spatial coherence of high-frequency S-MMG (i.e., f > 25 Hz),
which are mainly generated by the a-synchronized muscle fiber
activity, are likely to reflect the physiological architecture of the
tested skeletal muscle. On the other hand, the spatial coherence
values for low-frequency S-MMG (f < 25 Hz) appear to be signifi-
cant along both the transverse and longitudinal directions. This
likely occurs because low-frequency S-MMG are mainly produced
by the synchronized activity of muscle fibers as a result of muscle
tremor activity (Brown et al., 1982; Goldenberg et al., 1991) or
movements of the whole limb due to motion artifacts, especially
at higher contraction level. This may explain why an earlier study
on S-MMGs for isometric contractions of the biceps brachii focus-
ing on more energetic lower frequency S-MMG components (i.e.,
f < 25 Hz), concluded the S-MMGs propagate transversely, related
ural mechanical oscillations in the biceps brachii muscle during voluntary
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to a bending transverse modal resonances of the whole biceps
(Ouamer et al., 1999).

Finally, the second and third additional findings may result
from the influence of the muscle’s mechanical properties and acti-
vation level on the propagation of the mechanical vibrations along
the muscle. Two main factors are likely to influence the spatial
coherence values of S-MMGs for this study. First, mechanical vibra-
tions (e.g., as measured by S-MMGs) become rapidly attenuated
when propagating in viscoelastic materials with high damping fac-
tors or viscosity (such as skeletal muscles) (Fung, 1988; Gennisson
et al., 2010). Additionally, the influence of viscous effects on the
propagation of mechanical vibrations increases with higher fre-
quency and longer propagation distances. Thus, the propagation
distance of such mechanical vibrations is limited by the viscous
attenuation and decreases as the frequency content of the vibra-
tion increases. Consequently, the viscous attenuation of the muscle
likely limits the sensor separation distance over which mechanical
vibrations can propagate coherently between the skin-mounted
accelerometers (as observed from the second additional finding),
especially as S-MMG frequency increases. Hence, at the lower fre-
quency band, the spatial coherence vs. distance, even in the trans-
verse direction, shows a significant difference between the two
sensor separation distances (Dx, 2Dx and Dy, 2Dy). Second, a more
homogeneous (or spatially uniform) propagation medium favors
the undisturbed propagation of mechanical vibrations: spatial het-
erogeneities in mechanical properties destroy the relative phase
relationships, and thus the resulting spatial coherence level, of
propagating vibrations between spatially separated sensors (Gard-
ner, 1992). For instance, the longitudinal direction is more
mechanically homogeneous than the transverse directions (Fung,
1988). Additionally, the muscle’s stiffness increases as the contrac-
tion level increases (Fung, 1988; Gennisson et al., 2010) thus
increasing in turn the mechanical coupling (and homogeneity) be-
tween longitudinal sensor pairs. Consequently, the latter two ef-
fects likely cause the apparent increase in the spatial coherence
values between longitudinal sensor pairs for the tested contraction
levels: High frequency S-MMGs (f > 25 Hz), which are less influ-
enced by synchronous muscle activity (muscle tremor or whole
limb motion), likely propagates more coherently along the muscle
fiber orientation (i.e., longitudinal direction) in a guided fashion as
the biceps stiffens.

Overall the results of this study confirm that the multichannel
skin-mounted sensor arrays measure spatial variations and cou-
pling directionality of mechanical vibrations (as measured by S-
MMG) over a contracting muscle in agreement with previous re-
lated studies (Sabra and Archer, 2009; Cescon et al., 2007; Made-
leine et al., 2007; Farina et al., 2008; Cescon et al., 2008).
However, the physical characteristics of these natural vibrations
have very rarely been related to the actual mechanical properties
of muscle soft tissues (Cole and Barry, 1994; Cescon et al., 2008).
In particular, further studies on the spatial coherence of S-MMGs
across various skeletal muscles could lead to objective techniques
to measure the mechanical properties of skeletal muscles, such as
muscle stiffness (Sabra et al., 2007; Sabra and Archer, 2009). To this
end, the influence of muscular fatigue occurring during voluntary
contractions on the spatial coherence of S-MMG requires further
quantification. This study investigates the possibility of using S-
MMG to determine mechanical properties of skeletal muscle, in
addition to this, joint measurement of S-MMG and EMG can be
investigated to determine electromechanical coupling as well as
determining the localization of the source of mechanical vibra-
tions. The spatial coherence of S-MMGs in humans with movement
disorders (e.g., spasticity due to spinal cord injury or stroke) would
be an important field of study for the quantification of muscle stiff-
ness. Additionally, localization of the strength of coherence in S-
MMGs between sensor pairs may provide further insights into
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the potential mechanical compartmentalization that may be due
to either localized mechanical properties or localized muscle activ-
ity (Segal, 1992) and possible dependency/independency between
adjacent muscles or partitions (English et al., 1993; Shinohara,
2009; Shinohara et al., 2009).
5. Conclusions

The spatial coherence values of S-MMG at fMP were significantly
higher for longitudinal sensor pairs aligned along the biceps axis
compared with transverse sensor pairs oriented across the biceps
axis. This finding indicated that the mechanical coupling of coher-
ent S-MMG appears to be highly directional along the longitudinal
axis of the fusiform biceps muscle in higher frequency bands
(f > 25 Hz), which suggests that there are propagating natural
vibrations along the biceps longitudinal direction.
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