
System Identification of Mechanomyograms Detected with an
Acceleration Sensor and a Laser Displacement Meter

Takanori Uchiyama and Keita Shinohara

Abstract—The purpose of this study is to investigate the
transfer functions of mechanomyograms (MMGs) detected with
an acceleration sensor and a laser displacement meter. The
MMGs evoked by electrical stimulation to the peroneal nerve
were recorded on the skin of the tibial anterior muscle.
The displacement MMG (DMMG) and the acceleration MMG
(AMMG) systems were identified using a singular value decom-
position method. The appropriate order of the AMMG system
was six and that of the DMMG system was four. The undamped
natural frequencies of the systems were compared to resonance
frequencies of human soft tissue. Some of the undamped natural
frequencies estimated from the AMMG systems agreed with
the resonance frequencies in the literature but others were
lower than the resonance frequencies. The undamped natural
frequencies estimated from the DMMG systems were lower than
the resonance frequencies.

I. INTRODUCTION

A mechanomyogram (MMG) provides unique informa-
tion about muscle contraction. For example, an integrated
MMG increases and then decreases as the contraction level
increases [1]. This property reflects the recruitment of motor
units and the fusion of the contractile force of the motor
units. If the transfer function of the MMG system were
identified, the coefficients of the transfer function could
provide another important property, the visco-elasticity of
the muscle.
The MMG has been measured with various transducers

such as an acceleration sensor [2], [3], piezoelectric crystal
contact sensor [4], [5], condenser microphone [6], [7], and
laser displacement meter [8], [9], each of which detects
different quantities. The condenser microphone and laser
displacement meter detect the displacement of the skin,
while the acceleration sensor detects the acceleration of the
skin. We suppose that this difference affects the identified
transfer function. In this study, we applied the singular
value decomposition method to the MMGs detected with an
acceleration sensor (AMMG) and a laser displacement meter
(DMMG) in order to identify the MMG systems.

II. METHODS

A. Measurement of MMGs

MMGs of the tibial anterior muscle were evoked by
stimulating the common peroneal nerve electrically and were
measured with an acceleration sensor and a laser displace-
ment meter (Fig. 1). Six healthy male subjects aged 22
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Fig. 1. Schematic illustration of the experimental setup

to 25 participated in the experiment. All subjects provided
informed consent. Each subject sat on a chair, and his
foot, ankle, knee, and thigh were fixed on the experimental
equipment. The common peroneal nerve was stimulated with
31 mono-polar-rectangle pulses 500 μs in width and inter-
pulse intervals of 0.6 s. The strength of the stimulation was
adjusted in order to obtain 100, 75, 50, 25, and 10% of
the peak-to-peak values at a supramaximal stimulus. First, a
DMMG was measured with a laser displacement meter (LK-
G80, Keyence, Osaka, Japan). The measurement point, L/3,
from the caput fibulae was adjusted in order to observe the
maximum amplitude of the DMMG where L is the distance
between the caput fibulae and the lateral malleolus. The
sensitivity of the laser displacement meter was 0.5 V/mm.
The DMMG was sampled at 2000 Hz and stored on a
personal computer.
Next, an AMMG was measured with an acceleration

sensor (MP110-10-110, Medisens, Sayama, Saitama, Japan).
The acceleration sensor was attached on the measurement
point of the skin with adhesive tape. The acceleration was
amplified (1 V/G) and filtered (1–250 Hz), and the AMMG
was sampled at 2000 Hz and stored on a personal computer.

B. System Identification

Twenty-six evoked MMGs, from the sixth to thirty-first,
were synchronously averaged. The lag time from the elec-
trical stimulation to the onset of the MMG was determined
when the amplitude was three times greater than the standard
deviation of the background. The MMGs excluding the
lag time were used for system identification. The DMMG
was decimated because of its low frequency range, and its
sampling rate was 200 Hz. There were 1200 samples for the
AMMG, and 120 samples for the DMMG.
The singular value decomposition method was applied to

identify the system, the input of which is an ideal impulse
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and the output of which is the DMMG or AMMG. The
system is described as a state equation,

{
x(k + 1) = Ax(k) + Bu(k)

y(k) = Cx(k) + Du(k), (1)

where u(k) is an input, y(k) is an output, and x(k) and
x(k +1) are state variables. The transfer function G(z) was
calculated as

G(z) = CT (zI − A)−1B + D. (2)

The performance of the identified system was evaluated by
the fitness P ,

P = 100 ×
⎧⎨
⎩1 −

√√√√∑N
k=1(ŷ(k) − y(k))2∑N

k=1(y(k) − ȳ)2

⎫⎬
⎭ , (3)

where y(k) is the observed MMG, ŷ(k) is the estimated
MMG, and ȳ is the average of the observed MMG. The
model order was determined by P and the gain characteris-
tics of the transfer function at the main frequency band of
the MMG.

C. Undamped Natural Frequency

The transfer function was factorized to the products of the
first- and the second-order models depending on the poles of
the transfer function. The discrete second-order models were
converted to the continued one using the zero-order hold. The
continued second-order model was compared to the standard
form of the second-order model,

ωn

s2 + 2ζωns + ω2
n

, (4)

where ωn is the undamped natural frequency and ζ is the
damping ratio. The undamped natural frequency was cal-
culated and compared to the resonance frequency of human
soft tissue according to the literature, although the undamped
natural frequency is not strictly identical to the resonance
frequency and the undamped natural frequency is slightly
higher than the resonance frequency.

III. RESULTS AND DISCUSSION

A. AMMG

Fig. 2 shows typical examples of the AMMG (Subject
A). The model order was six. The left panel, a, shows the
observed and estimated AMMGs at a contraction level of
10%. The red and blue lines denote the observed and esti-
mated AMMGs, respectively. The peak amplitude and time
were well estimated by the singular value decomposition
method, while the second negative and the fifth positive
peaks of the estimated AMMG were smaller than those of
the observed AMMG. The right panel, b, shows the observed
and estimated AMMGs at a contraction level of 100%. The
AMMG was also well estimated. The fitness was larger than
that at a contraction level of 10%.
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Fig. 2. Typical examples of the AMMG (Subject A, sixth-order model).
(a) contraction level 10%, (b) contraction level 100%
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Fig. 3. Typical examples of the DMMG (Subject A, fourth-order model).
(a) contraction level 10%, (b) contraction level 100%

B. DMMG

Fig. 3 shows typical examples of DMMGs (Subject A,
fourth-order model). The left panel, a, shows the observed
and estimated DMMGs at a contraction level of 10%. The red
and blue lines denote the observed and estimated DMMGs,
respectively. A single broad peak was observed while five or
more peaks were observed in the AMMG. The DMMG was
well estimated and the fitness was 89.6%, which is higher
than that of the AMMG at the same contraction level. The
right panel, b, shows the MMGs at a contraction level of
100%. The MMGs were also well estimated.

C. Undamped Natural Frequency

The AMMG and DMMG were well estimated with the
sixth- and forth-order models, respectively. Therefore, the
AMMG was factorized to three second-order models, and the
DMMG was factorized to two second-order models. Table I
shows the undamped natural frequencies calculated from the
AMMG at various contraction levels. The frequencies were
arranged in descending order.
The highest frequencies, f1, increased as the contraction

level increased. The values were within the range of the reso-
nance frequencies estimated from the mechanical impedance
of human soft tissue [10]. Some of the middle frequencies,
f2, were within the range of the resonance frequencies,
but others were lower than the resonance frequencies. The
frequencies did not show as clear a tendency as that shown by
the increase of the contraction level. The lowest frequencies,
f3, were lower than the resonance frequencies.
Table II shows the undamped natural frequencies calcu-

lated from the DMMG at various contraction levels. The
frequencies were also arranged in descending order. Both
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TABLE I

UNDAMPED NATURAL FREQUENCY ESTIMATED FROM AMMG (HZ)

(%) f1 f2 f3

10 40.7 ± 0.3 28.5 ± 0.4 0.1 ± 0.0
25 43.6 ± 1.8 31.2 ± 1.2 5.0 ± 0.2
50 43.4 ± 0.5 16.9 ± 0.8 0.4 ± 0.0
75 53.4 ± 3.1 13.3 ± 14.5 0.7 ± 0.0
100 60.8 ± 4.2 40.6 ± 4.9 3.8 ± 2.8

TABLE II

UNDAMPED NATURAL FREQUENCY ESTIMATED FROM DMMG (HZ)

(%) f1 f2

10 4.7 ± 1.0 2.4 ± 0.4
25 5.1 ± 0.4 2.7 ± 0.4
50 5.3 ± 0.4 3.1 ± 0.1
75 5.7 ± 0.1 2.8 ± 0.0
100 5.7 ± 0.1 2.8 ± 0.0

of the undamped natural frequencies, f1 and f2, were lower
than the resonance frequencies and were close to the lowest
frequencies, f3, of the AMMG.
We suppose that the differences in the model order and

the undamped natural frequency are caused by the dif-
ferences in the quantities detected with the transducers.
The acceleration sensor detects an acceleration, which is
the second differential of the displacement. The second
differential operator in Laplace transforms is s2; therefore,
compared to that of the displacement, the gain characteristics
of the acceleration are enhanced where the enhancement is
proportional to the square of the frequency. Compared with
the laser displacement meter, the acceleration sensor is more
sensitive to the high-frequency component, which facilitates
the identification of the high undamped natural frequency
component of the AMMG system.

D. Model Order

Fig. 4 shows the fitness and gain characteristics of various
order models of the AMMG. The top left panel, a, shows the
relationship when the contraction level was 10%. The fitness
was almost constant at the order of six to nine. The top right
panel, b, shows the gain characteristics of the various order
models. The green line denotes the gain characteristics of
the sixth-order model. The characteristics were close to the
gain characteristics of the eighth-order model denoted by the
black line. The bottom left panel, c, shows the relationship at
the contraction level of 100%. The fitness was also constant
at the order of six to nine. The bottom right panel, d, shows
the gain characteristics. The characteristics of the sixth-order
model, denoted by the green line, coincided with those of the
eighth-order model, denoted by the black line. If the models
provided the same performance, the low-order model would
be suitable to describe the system. As a result, we chose the
sixth-order model for the AMMG.
Fig. 5 shows the fitness and the gain characteristics of the

DMMG. The top panels, a and b, show the fitness and the
gain of various order models at the contraction level of 10%.
The fitness was almost constant at the fourth- or higher-order
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Fig. 4. Fitness and gain characteristics of various order models of the
AMMG (Subject A). (a) fitness of the model at a contraction level of 10%,
(b) gain characteristics of the model at a contraction level of 10%, (c) fitness
of the model at a contraction level of 100%, (d) gain characteristics of the
model at a contraction level of 100%

models. The gain characteristics of the fourth-order model
denoted by the blue line agreed with those of the sixth-order
model denoted by the green line at 10 Hz or less, which is
the dominant frequency of the DMMG. The bottom panels, c
and d, show the gain characteristics at the contraction level of
100%. The fitness was also constant at the fourth- or higher-
order models, and the gain characteristics of the fourth-order
model agreed with those of the sixth-order model. Therefore,
we chose the fourth-order model for the DMMG.
The undamped natural frequencies of the DMMG were

close to each other. The fitness of the second-order model of
the DMMG, while high (80% or more), was slightly lower
than that of the fourth-order model. Moreover, the sixth-
order model of the AMMG provided one low undamped
natural frequency close to those of the DMMG. Although
further study is necessary, the second-order model might be
appropriate for the DMMG.
The order of the DMMG system was lower than that of

the AMMG system. The undamped natural frequency of the
DMMG system was lower than the resonance frequency of
human soft tissue, which implies that the DMMG provides
only macroscopic lateral expansion of the muscle while
the AMMG provides inner microscopic vibration at a high
frequency superimposed on the macroscopic expansion.

IV. CONCLUSIONS

The system of MMGs detected with an acceleration sensor
and a laser displacement meter was identified using a singular
value decomposition method. The appropriate orders of the
AMMG and the DMMG were six and four, respectively.
The undamped natural frequencies of the AMMG were
close to the resonance frequencies reported in the literature,
while those of the DMMG were lower than the resonance
frequencies.

7133



2 3 4 5 6 7 8 9 10
70

75

80

85

90

95

100

Order

Fi
tn

es
s 

(%
)

10%

2 3 4 5 6 7 8 9 10
70

75

80

85

90

95

100

Order

Fi
tn

es
s 

(%
)

100%

4
2

6
8

G
ai

n 
(d

B)

10%

10
0

10
1

10
2

Frequency (Hz)

50
40
30
20
10
0
10
20

G
ai

n 
(d

B)

100%

10
0

10
1

10
2

Frequency (Hz)

30
20
10
0
10
20
30
40

a b

c d

Fig. 5. Fitness and gain characteristics of various order models of the
DMMG (Subject A). (a) fitness of the model at a contraction level of 10%,
(b) gain characteristics of the model at a contraction level of 10%, (c) fitness
of the model at a contraction level of 100%, (d) gain characteristics of the
model at a contraction level of 100%
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