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Abstract— The objective of this paper is to consider the use of 
digital accelerometers for Mechanomyographic applications. The 
digital outputs of the accelerometer require the consideration of 
additional interfacing hardware for any commercial data 
acquisition systems being considered. The Arduino open-source 
platform is shown to meet this requirement. This platform also 
provides access to set the data registers on the accelerometer to 
output data at the resolution, speed and format required. Results 
show that digital accelerometers provide an accurate 
representation of the MMG signal. 

The second objective of this work was to extend this digital 
platform to design a wireless MMG sensor. This has been 
completed using open-source components and libraries. The 
wireless sensor can provide an inexpensive accurate 
representation of the MMG response for distances in excess of 30 
meters.    

Keywords — Mechanomyography, MMG, accelerometer, 
digital accelerometer 

I. INTRODUCTION 
echanomyography (MMG) involves recording and 
quantifying the low frequency lateral vibrations of active 

skeletal muscle fibres [1]. MMG is measured at the skin surface 
reflecting the underlying lateral oscillation of the contracting 
muscle.  These oscillations are detectable and in certain cases 
they are audible. The muscle vibrations have been termed 
acoustic myography, phonomyography, vibromyography and 
accelerometry over the years, but delegates at the 1995 CIBA 
Symposium agreed to adopt the term ‘mechanomyography’ [2]. 
  
MMG has been widely investigated, with changes in the 
amplitude and frequency response for contracting muscle 
suggesting that it may reflect the global firing rate of unfused 
motor units (MU’s) [3]. The MMG has also been found to 
reflect the mechanical activity of single motor units, which 
could lead to the identification of fibre composition type and be 
useful in identifying the mechanisms that underlie the process 
of generating force in muscle [4]. Clinically, MMG is currently 
used in anaesthetic monitoring [5], [6] and is being considered 
for prosthetic control [7], [8] however research continues into 
its potential as a non-invasive techniques in assessing muscle 
performance [3]. 

Ouamer et. al. [9] showed that the biceps brachii muscle 
resonates in the transverse direction stating that ‘all points at the 
surface of the muscle located along a direction parallel to the 
longitudinal axis vibrate in phase’. This lateral movement 
occurs in an oscillatory manner, producing sounds with 
frequencies that are equal to the muscles mechanical transverse 
resonant frequency [10]–[12].  
 
 There is no single transducer that can be termed an MMG 
sensor. A variety of detector types have been used including 
microphones, laser displacement sensors and accelerometers. 
The accelerometer was first compared to a piezoelectric contact 
sensor by Watakabe et al. [13] who found that they were both 
adequate devices for measuring an MMG signal, but that that 
the accelerometer had the additional advantage of measuring in 
physical units of acceleration, m/s2.  A further study found a 
condenser microphone advantageous for dynamic muscle 
actions while an accelerometer provides greater bandwidth 
[14]. When comparing an accelerometer with a laser 
displacement sensor, it was demonstrated that the double 
integral of the accelerometer corresponded to that of the laser 
displacement sensor, but it was found that the accelerometer 
should not exceed 5g in weight [15]. 
 
 The accelerometer is one of the cheapest and most robust 
MMG sensors available. Accelerometers are commonly used in 
a variety of applications today, from games consoles to 
smartphones. One of the most popular example in MMG 
literature is the ADXL335 from Analog Devices, Inc., 
(Norwood USA). The sensitivity of the ADXL335 is given as 
typically 330 mV/g, thus providing an output in m/s2 [16]. In 
recent years digital accelerometers have become commercially 
available, the term ‘digital’ referring to the type of output. An 
analogue accelerometer outputs a continuous variable voltage 
proportional to the acceleration whereas its digital equivalent 
outputs a sampled acceleration value through either an I2C or 
SPI (3- or 4- wire) port.  
 
 While there are many MMG publications available where the 
experimental work has been carried out using analogue 
accelerometers, the aim of this paper was to investigate the 
applicability of using a digital accelerometer for measuring the 
MMG response. There is very little reference to digital 
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accelerometers being used as MMG sensors in the literature, 
however there are some articles on the use of wearable bio-
sensors incorporating MEMS accelerometers and microphones.     
  
Digital accelerometers offer similar measurement 
characteristics to their analogue equivalents and the integrated 
circuits (IC’s) normally include on-board analogue to digital 
conversion (ADC). The ICs are programmable, offering users a 
range of measurement and output options. These industry 
standard interfaces and its programmability provide a large 
degree of flexibility and adaptability when adopting digital 
accelerometers. 
  
This paper demonstrates how a digital accelerometer can be 
employed in the capture of a muscles MMG response. In this 
paper both analogue and digital accelerometer types were 
attached alongside each other on the same muscle and the 
resulting responses captured. The results from both systems 
were processed and the suitability of the digital accelerometers 
for MMG measurement was assessed. In addition, MMG 
measurements for dynamic movement or exercise may require 
the use of a wireless platform. The second aim of this study was 
to develop a low cost wireless digital accelerometer based 
MMG sensor and to benchmark it against a wired analogue 
sensor.  
 
 With any physiological measurement the timing information 
and accuracy of the recorded response is important, that is the 
sensor must accurately reflect the amplitude response and its 
frequency characteristics. Therefore the objective of this study 
is to ensure the integrity of the signal being reproduced by the 
digital systems being investigated.  

II. METHODOLOGY 
All measurements were taken from from two healthy 
individuals (mean: age 48 yrs., mass 85 Kg, height 1.7 m) with 
no reported musculoskeletal disorder. 
 
 The MMG response to an electrical stimulation has been 
reported in studies where it is recorded as an high amplitude 
oscillation, followed by a lower resonant frequency response 
[17]–[20]. The first experiment carried out in this study 
compares the MMG response of the traditional analogue 
accelerometer, the ADXL335, to that of its digital equivalent 
the ADXL345, for a 3 Hz electrical stimulus of the biceps 
brachii.  
 
 The electrical stimulation pulse delivered to the muscle was 
200μs in duration (2% accurate) and was delivered at a pre-
programmed rate of 3 Hz (2% accurate). The stimulating 
current was applied at 20 mA and the MMG response was 
recorded. The muscle was stimulated for 4 seconds.  
 
The second experiment compares the MMG response of both 
accelerometers during an isometric contraction of the biceps 
brachii, a study has been widely reported [21]–[25]. After an 
appropriate rest period, 4 minutes, the biceps brachii was 

contracted to 100% maximum voluntary contraction (MVC) by 
bracing the forearm to a stationary object. This method allowed 
for no shortening of the muscle and the contraction was 
maintained for 4 seconds.  
  

A. Equipment 
 The biceps brachii was electrically stimulated using a 
NeuroTracTM Rehab from Verity Medical Ltd. The stimulation 
pulses were applied at 3 Hz with increasing current levels. The 
reusable self-adhesive electrodes which are rectangular and 
measure 50 x 50cm were placed as shown in Fig. 1. 
 
 The analogue accelerometer the ADXL335 (Analog Devices, 
USA, size 18x18mm including mounting board) mounted on a 
breakout board was attached to the muscle using double sided 
tape. The accelerometers was attached to the mid-belly of the 
biceps brachii, where it is reported that the dimensional change 
of the muscle is greatest [26]. The combination of the 
accelerometer and printed circuit board is less than the 
recommended 5g weight, so as not to attenuate the muscle 
vibration [15].   
 
The ADXL335 was connected to an MP150 (Biopac Systems, 
Inc., USA). The accelerometer was sampled at 1 kHz with no 
gain applied to the signal which was recorded in millivolts. The 
frequency range of the MMG signal is acknowledged to be less 
than 100 Hz and a high pass filter set at 5 Hz ensures that the 
response to bulk movement is removed [27]. Hence a bandpass 
filter such as a zero-lag, 4th order Butterworth filter is applied 
[28]. 
 

B. Digital Accelerometer 
The digital accelerometer the ADXL345 is a small, thin, low 
power, 3-axis MEMS accelerometer with high resolution (13-
bit) measurement with a range of up to +/-16 g. It has a digital 
output formatted as 16-bit two’s complement and is accessible 
through either an SPI (3- or 4-wire) or an I2C digital interface 
[29].  

 
Fig. 1 Experimental Setup, position of accelerometer (ADXL335) and 
stimulating electrodes 
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There are many data acquisition systems available on the 
market today that provide platforms for human studies 
including the MP150 from Biopac Systems, Inc. The systems 
design platform, Labview, from National Instruments is also 
popular in the literature. Both National Instruments and BioPac 
now provide additional hardware to connect to I2C devices, 
however in this study it was decided to design and test a much 
lower cost alternative.  
 
The Arduino platform offers an open-source hardware and 
software product which can be programmed to provide an 
interface between the digital accelerometer and a PC, through 
its USB port [30]. The Arduino Uno provides an I2C serial 
connection to read data from the digital accelerometer [30]. The 
microprocessor, an ATmega328P can transmit a serial data 
stream through the USB port to the PC. This serial data can be 
read by an application running in Matlab® (Mathworks, Natick, 
US) or similar.   
  
The literature quotes accelerometer sampling speeds of 1 KHz 
when collecting MMG data. The range of the MMG response is 
between 5 – 100 Hz [31]. Using the standard factory settings 
the sampled data received from the accelerometer using the 
Arduino interface to a PC was found to be around 80 Hz which 
is too slow when sampling this response. There are two serial 
interfaces, the I2C interface between the Arduino and the 
accelerometer and the USB link between Arduino and the PC. 
The default output data rate (ODR) of the accelerometer is 100 
Hz, this can be increased by setting the BW_RATE register 
(address 0x2C) according to the tables (tables 7 and 8) on the 
datasheet [32]. To achieve the desired sampling speed it is 
necessary for the Arduino to continuously write a serial stream 
to its output, which is read directly by a data capture 
application. The data must also be time stamped to allow for 
accurate recreation of the MMG signal. 
 
 The serial data output from the Arduino board is 10 bits which 
provides 1024 bit levels. The system was initially tested with 
an analogue accelerometer, the ADXL335, which typically 
provides 330 mV/g. The zero g bias for the x and y axis is given 
as 1.5 V [16]. The 10-bit output represents 1024 levels between 
0 – 5 V (204.8 levels/volt). To convert the input from the 
accelerometer to represent ‘ , the following equation is 
applied; 
 

      (1) 
 

where, DataIn is the data received, Zerog is the bias voltage 
scaled (1.5 V x 204.8 = 307.2) and the scale is 1 g scaled (330 
mV x 204.8 = 67.58). A test output from the accelerometer 
cycling from +1 g to -1g is shown in Fig. 2(a).  
 
The digital accelerometer the ADXL345 was programmed to 
provide a comparative accelerometer range, setting it to 
measure +/- 4g. This can be achieved by setting the two LSB’s 
of address 0x31 according to table 20 of the datasheet [32]. The 
resolution at this range is 10-bits, 1024 levels. The sensitivity 

Fig. 2 Scaled accelerometer responses (ranging +1g to -1g) from (a) ADXL335 
(b) ADXL345.  
 
at this range is typically 7.8 mg/LSB. The ADXL345 output 
was converted to output in g’s, where the scale is given in the 
datasheet as 128 LSB/g. To scale the output the following 
equation is applied; 

 
    (2) 

 
where, DataIn is the data received,  and the scale is given as 128 
[32]. A comparison of both accelerometers interfaced through 
an Arduino and turned through the range +/- 1g, in the x-axis, 
is shown in Fig. 2. 
 

C. Wireless MMG 
A wireless MMG sensor has been designed and tested and a 
block diagram of it is shown in  
 
Fig. 3. The system is based on the Arduino platform as it 
provides freeware libraries for communication protocols such 
as I2C, SPI and RF24, for use with the nRF24L01+ 2.4GHz 
wireless transceiver. This transceiver, the nRF24L01+, is 
widely available, has a data rate of up to 2 Mb/s and a broadcast 
range of around 30 – 50 meters [33]. 
 
The portable sensor-transmitter unit is powered by a 3.3 V 
regulated source comprised of two CR2016 coin cell batteries. 
The ADXL345 is mounted on a standalone pcb with a short 
light wire connecting it to the transceiver using an I2C interface. 
This allows for flexibility in mounting the transceiver unit on 
the body, without adding to the mass of the sensor. The 
ADXL345 is continuously read by the microprocessor that in 
turn transmits a continuous serial stream via the radio link. The 
receiver board consists of a second nRF24L01+ transceiver that 
handles all the communications protocols, connected to an 
Arduino MEGA ADK. 

 
Fig. 3 Wireless MMG sensor 

a b 
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 This version of the Arduino has 4 serial I/O pins offering the 
option of separately receiving data from all three axes of the 
accelerometer or alternatively, all together in a single data 
stream. The Arduino Mega ADK decodes and outputs the 
accelerometer lateral axis data at a rate of 128 kbps over a serial 
interface through the USB interface to the PC.  

III. RESULTS 
The initial test was conducted to evaluate the accuracy of the 
Arduino / ADXL335 combination in reproducing the MMG 
response provided by the Biopac / ADXL335 combination. 
Both systems simultaneously recorded the acceleration data. 
The resulting output was bandpass filtered at 5 - 100 Hz.  

A. Arduino interface under test 
The initial experiment was used to compare an ADXL335 
connected to MP150 BioPac with a second ADXL335 
interfaced through an Arduino. The responses were 
comparable, with a very slight difference in amplitude in the 
accelerometer interfaced through the Arduino. This is perhaps 
as a result of different sensor mounting locations on the muscle 
which is known to affect the amplitude of the MMG response 
[39],[40].  

B. Digital Accelerometer 
 Satisfied that the Ardino platform was capable of replicating 
the response of the MP150 system, the analogue accelerometer 
was replaced with its digital equivalent, the ADXL345.  

The biceps brachii was stimulated at 3 Hz and simultaneous 
results were obtained from an ADXL335 – MP150 combination 
and an ADXL345 – Arduino combination. The results are 
shown in Fig. 4. Both signals were processed through a 
bandpass filter and converted to measure g’s. Both systems 
yielded similar MMG results. 

The second experiment involved a muscle being isometrically 
contracted to 100% MVC with the same accelerometer 
configurations still attached to the biceps brachii. The signal 
was recorded for 4 seconds and band pass filtered. An extract 
of the response is reproduced in Fig. 5. Again both systems 
provided a very similar MMG response. 

In addition to the amplitude response, the frequency response 
of MMG is also important to researchers. A power spectral 
density (PSD) was performed on both the isometric responses 
and a comparison of the responses is shown Fig. 6. The sensors 
are placed side-by-side on the biceps brachii with the PSD 
showing a strong correlation between the two signals. 
 

C. Wireless platform 
The wireless version, with an ADXL345 accelerometer was 
placed alongside the ADXL335-MP150 combination on the 
biceps brachii, and subjected to the same tests as previously 
described.  
 

Fig. 4 Comparison of the MMG signal from an (a) ADXL335 interfaced 
through an MP150 and (b) ADXL345 interfaced through an Arduino, for a 
3 Hz electrical stimulus of the biceps brachii. 

Initially an electrical stimulus was applied to the muscle at 3 Hz 
and this was followed by an isometric contraction of the muscle 
at 100% MVC. The first test, a 3 Hz electrical stimulation and 
the response from both sensors is shown in Fig. 7(a). There is 
also evidence of a strong correlation, Fig. 7(b). Slight difference 
may be accounted for by acceleroemeter placing on the limb. 

 
Fig. 5 MMG response from an (a) ADXL335 interfaced through an MP150 
(black) and (b) ADXL345 interfaced through an Arduino (red) for an 
isometric contraction of the biceps brachii at 100% MVC 

 
 

Fig. 6 PSD of the MMG response from an (a) ADXL335 interfaced through 
an MP150 (black) and (b) ADXL345 interfaced through an Arduino (red) 
for an isometric contraction of the biceps brachii at 100% MVC 
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Fig. 7 Electrical Stimulus MMG response at 3 Hz (top) Biopac - ADXL335 
combination (red) and the wireless Arduino - ADXL345 combination 
(black) and (bottom) cross-correlation of the two MMG responses 

The MMG from both systems was then used to capture a 
maximum isometric contraction of the biceps brachii. Reported 
results were reproduced by the frequency analysis, Fig. 8, 
peaking around 12 Hz, and with a time-frequency response, 
showing maximum intensity above wavelet 2 (11.31 Hz) [18], 
[31].  

IV. CONCLUSION 
 This paper looked to investigate the suitability of using a digital 
accelerometer to capture the MMG response from a muscle. 
There are some wireless MMG sensors available from vendors, 
that use MEMS microphones [36], and others that aim to use 
body sensors attached to clothing for stroke rehabilitation [37], 
however at this time there are no reports published regarding 
the use of digital accelerometers in MMG applications. The 
Arduino was considered as a low cost interface as it offers an 
open-source platform with all the required libraries. All the tests 
conducted demonstrate that the digital accelerometer and the 
Arduino based interfaces are capable of producing a reliable, 
reproducible MMG response. 
 
The equivalent digital accelerometer, the ADXL345, was 
compared to the analogue version, albeit with a greater range 
(+/- 4g). It is necessary for the digital platforms to timestamp 
the data received so that the recovered response can be 
accurately reproduced. 
 
The MMG response from two experiments, first for an 
electrical stimulus and then for an isometric contraction are 
shown in Fig. 4 and Fig. 5. The frequency response of the MMG 
is also of interest, therefore a PSD was produced for both 
responses with both demonstrating a similar frequency 
response, Fig. 6.  
 
Many of today’s athletes and even ‘fun’ runners are collating 
GPS and biological data such as the heart rate. In cycling 
ergometry the MMG amplitude has also been found to increase 

Fig. 8 Total intensity (top), time-frequency analysis (middle) and FFT 
(bottom) of the MMG response for a maximum isometric contraction of 
biceps brachii captured with wireless digital MMG system 

with increasing power output [37]–[39]. In applications such as 
for   dynamic activities a wireless MMG data capture platform 
may be useful. A low cost wireless MMG sensor was designed 
and both experiments again applied to this platform. The 
resulting response from this wireless system reproduced 
responses closely correlated to those from the analogue wired 
version, Fig. 7 and reproducing an expected frequency 
response, Fig. 8.  

In conclusion, a digital accelerometer is capable of accurately 
measuring the MMG response. The main difference in using a 
digital accelerometer is that unlike its analogue counterpart 
which provides a direct analogue output, it offers both an I2C 
and SPI digital interface. These interfaces are not directly 
available to connect to a PC or a data acquisition system, 
therefore additional hardware is required to sample the digital 
accelerometer and provide an interface. A low cost interface has 
been suggested here based on the Arduino platform. This 
interface has been tested and has yielded MMG responses that 
replicate the analogue system. 
  
 The digital accelerometer platform can be expanded to provide 
for a wireless MMG sensor. This wireless sensor provides a 
range of over 30 m, and it has been demonstrated that is also 
yielded a reliable MMG response. This wireless platform is 
open-source, so provides a flexible and low-cost sensing system 
for MMG in comparison to those available commercially. 
 
 The digital accelerometer has been tested for both an 
electrically stimulated and for an isometric contraction 
response. This study has shown that digital accelerometers offer 
a viable alternative to the analogue versions for MMG 
measurement.  
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