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Abstract— Nowadays, the technologies for detecting, 

processing and interpreting bioelectrical signals have improved 

tremendously. In particular, surface electromyography (sEMG) 

has gained momentum in a wide range of applications in various 

fields. However, sEMG sensing has several shortcomings, the 

most important being: measurements are heavily sensible to 

individual differences, sensors are difficult to position and very 

expensive. In this paper, the authors will present an innovative 

muscle contraction sensing device (MC sensor), aiming to 

replace sEMG sensing in the field of muscle movement analysis. 

Compared with sEMG, this sensor is easier to position, setup 

and use, less dependent from individual differences, and less 

expensive. Preliminary experiments, described in this paper, 

confirm that MC sensing is suitable for muscle contraction 

analysis, and compare the results of sEMG and MC sensor for 

the measurement of forearm muscle contraction. 

 

I. INTRODUCTION 

In the last two decades, the technologies for detecting, 
processing and interpreting bioelectrical signals have 
dramatically improved. In particular surface 
electromyography (sEMG), a technique for evaluating and 
recording the electrical activity produced by skeletal muscles, 
has been more and more employed in a variety of fields, for 
many different applications. For example, in 

Neurophysiological and medical research, sEMG, coupled 
with Inertial Measurement Unit (IMU), has been used to 
objectively analyze and quantify the movement differences 
between novice and experts doctors, in tasks like laparoscopic 
surgery, as a method for objective skill evaluation [1] [2] [3]. 
In the sport and physiotherapy fields, sEMG is used to 
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monitor the effectiveness of strength or endurance training or 
sport injury rehabilitation [4] [5]. sEMG is even used in 
Ergonomics to analyze posture and help in the design of 
workplaces and in the early detection of posture disorder 
development [6] [7]. The physiological analysis of movement 
via sEMG has been extended also to the animal world, even to 
the insects [8] [9]. Hence, sEMG has become a proven 
measurement technique in a large variety of fields and 
applications. 

The authors themselves also relied on sEMG sensing to 
analyze human motion in various different applications. 
However, the sEMG sensing technique presents several 
shortcomings. First of all, sEMG sensors must be fixed in 
position with tight bands or seals to avoid any undesired 
shifting of the skin-electrode point of contact. The subject 
movement causes the skin-electrode interface to change, 
leading to variation in the electrodes contact resistance and in 
the polarization potential. This problem leads to a substantial 
increase of the time for sEMG sensor positioning and setup. In 
addition, even if the sEMG is tightly fixed, the measured value 
differs significantly depending on the effective position of the 
sensor. Furthermore, in order to obtain reliable measurements 
and reduce inter-subject individual differences in values, 
subjects should be shaved in all the sensing area. Moreover, 
sEMG sensor measurement can be affected by temperature 
and humidity, and by muscles condition. At last, commercially 
available sEMG systems are expensive. 

The authors decided then to implement an innovative 
sensing technique able to overcome all the mentioned 
problems. In this paper a new muscle contraction sensor is 
presented, named Mechanical Contraction (MC) sensor, to 
substitute sEMG sensors. Compared to sEMG sensors, the 
MC sensor is easier to setup, more reliable and cheaper than 
commercial sEMG sensors. To verify these claims, the 
authors developed a MC sensing system for the forearm, and 
run experiments to compare the performances of both sEMG 
and MC forearm muscle contraction measurement techniques.  

The structure of this paper is as follows: Section II, 
Materials and methods, is divided in two subsections. In the 
first subsection, the authors will describe in detail the sensor 
basic principle and hardware implementation; in the second, 
the protocol used for the evaluation experiments. Section III, 
Results and Discussion, will present and discuss the results 
obtained in the experiments. The last section, conclusions, 
will recapitulate the major lines of the paper and will present 
ideas for future applications of the newly developed sensing 
technique.  
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II. MATERIALS AND METHODS 

A. Sensor Principle 

In general, we can extract three different types of data 
during muscle movement. The first type is the muscle surface 
electric potential change, another one is the muscle surface 
curvature change, and the last type is the muscle contraction 
change. The first type of data is measured with sEMG, the 
second type is not reliable because it is heavily affected by 
individual differences. Therefore, we focused on measuring 
the muscle contraction change. In Fig.1, the sensing principle 
of the new muscle contraction sensor is shown. 

In Fig.1, four different elastic moduli are can be seen. Kband, 
Kspring, Kstick, are respectively the elastic modulus of the sensor 
band, spring, and stick, whilst Kmuscle is the elastic modulus of 
the muscle. 

 

Figure 1.  Measurement principle 

In particular, Kmuscle changes depending on the muscle 
state. Therefore, we can distinguish another two elastic 
moduli:  Krelax and Kcontraction, respectively the elastic module 
of the muscle relaxation state and the muscle contraction state. 

As the band and the sensor stick are made of solid material, 
we can consider Kband and Kstick much bigger than the other 
elastic moduli. If we choose then a spring with a Kspring 
between Krelax and Kcontraction, we can observe two different 
Situations: 

 muscle in relaxation state: the spring stiffness is higher than 
the muscle stiffness, the spring is naturally extended 

 muscle in contraction state: the spring stiffness is lower 
than the muscle stiffness, the spring is naturally compressed  

      Hence, muscle contraction and relaxation cause Kmuscle to 
change from Krelax to Kcontraction, resulting in a linear 

deformation of the spring, Δd. Measuring Δd we can infer 

the muscle stiffness ΔKmuscle and estimate the muscle 

contraction.  

The relationship between the elastic moduli is defined in (1): 

Kband, Kstick >> Kcontraction > Kspring > Krelax (1) 

B. Sensor Hardware 

To verify the validity of this sensing technique, the authors 
designed and implemented an MC sensor band for forearm 
muscle contraction measurement. A sensor row unit is shown 
in Fig.2. One sensor row is composed of four springs, to 
obtain more precise information on the muscles movement, 

fixed to a Printed Circuit Board (PCB). The space between the 
springs is 15mm; the height of one element is 10mm in full 
extension.  

To measure the spring deformation, a photo reflector 
(SG105) is set in the center of each sensor element, on the 
PCB.  

Several springs with different stiffness constants have been 
then compared to determine the most suitable Kspring; and a 
peak performance has been achieved with a stiffness constant 
of K=2.0[N/mm]. 

The MC sensor has been designed to simultaneously 
measure the contraction of all the muscles of the forearm. 
Given the standard perimeter of a human's forearm, eight rows 
and 32 springs have been implemented. The distance between 
two rows is 30mm and the height of the MC sensor row is 
210mm. The sensors transmit data to a central board via CAN 
bus, and the central board transmits the grouped data via 
Bluetooth to a remote PC for data storage and analysis. The 
full sensor band is shown in Fig.3. 

 

Figure 2.  One row of the new muscle contraction sensor 

 

 

Figure 3.  Overview of the new muscle contraction sensor 
 

C. Protocol 

The sensor performance evaluation experiment was 
carried out with eight subjects, male, right handed. Each 
subject performed the below described experiments three 
times. All the experiments have been video recorded.  

The right to privacy of the subjects has been fully 
respected. In accordance with the ethical standard defined by 
the committee of Waseda University and with the ethical 
standards laid down in the 1964 Declaration of Helsinki and 
its later amendments, the subjects have been extensively 
informed about their rights and asked to sign a written form 
for the consent to the experiment.  
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D. Experiment I: Correlation between muscle stiffness and 

muscle contraction 

As mentioned above, measuring the linear deformation 

Δd of the spring during muscle contraction the muscle 

stiffness ΔKmuscle can be inferred, and from it the muscle 

contraction can be estimated. However, in order to do so, the 
correlation between muscle stiffness and muscle contraction 
must be clearly identified. Discover the numerical correlation 
between muscle stiffness and contraction was the aim of this 
first experiment. 

In this experiment, control data from a dynamometer and a 
muscle durometer (NEUTONE TDM-N1/NA1) are recorded. 

Subjects held the dynamometer in the right hand. To 
validate the correlation between muscle hardness and muscle 
contraction, the subject's arm must be fixed in position and the 
joints must maintain fixed angles. At first, the subject was 
asked to contract the forearm at the maximum of their 
capability, and using the dynamometer, their maximum 
developed force was recorded. Then, the subject was asked to 
contract the forearm at 10% of their previously recorded 
maximum force, while the current muscles hardness is 
measured with a muscle durometer. Eventually, the subject 
was asked to contract the forearm at from zero to the 
maximum force by steps of 10% of their previously recorded 
maximum force, and data from both the dynamometer and the 
muscle durometer were recorded. The measurement unit of 
the muscle durometer is Tone. 

E. Experiment II:  Performance between sEMG and the new 

muscle contraction sensor 

In this experiment, control data from the dynamometer and 
WB-EMG are recorded [10]. Comparing the performances 
between MC and sEMG sensor was the aim of this second 
experiment. 

In Fig.4, the schematic diagram of forearm muscles is 
shown. The muscle from which the level of muscle contraction 
is computed is colored in red. The muscle responsible for the 
hand movement is colored in yellow. The muscles from which 
the muscle force is computed are colored in blue [11]. In this 
experiment, the focus was on the Flexor Carpi Radialis 
(L-FCR).  

The subject was asked to grip the dynamometer using 
100% of their strength, for three consecutive times. Then the 
subject was allowed to rest for 5 minutes to recover from 
muscle fatigue. After that, the subject was asked to grip the 
dynamometer 3 times using 75% strength, 50% strength and 

25% strength. 

Comparing the performances of sEMG and MC sensor is 
difficult because the ranges of data values of the measured 
parameters are significantly different. Therefore, both data 
from sEMG and MC sensors have been normalized before the 
comparison, according to this simple transformation: 

))((
1

)(
2 mmm kLkS 


  (2) 

where  

)(
1

1

kL
N

m

N

k

m 



 

(3) 





N

k

mmm kL
N 1

2
))((

1


 

(4) 

And where )(kLm  is the sample. N is the total number of 

subjects. 

III. RESULTS AND DISCUSSION 

Results of Experiment I are shown in Fig.5.  

In Fig.5, the correlation function between muscle hardness 
and muscle activation of eight subjects are shown. The 
function is linear, as expected, so we can safely estimate the 
muscle activation by measuring the muscle hardness. 

In Table I, the computed correlation coefficients of all the 
eight subjects are shown. Based on the results on these eight 
subjects, the average correlation coefficient between muscle 
hardness and muscle contraction is 0.983.  

 
Figure 5.  Correlation of forearm muscle contraction and hardness 

TABLE I.     CORRELATION COEFFICIENT OF THE MUSCLE HARDNESS AND 

MUSCLE CONTRACTION 

Subject 01 02 03 04 

R 0.973 0.989 0.986 0.985 

Subject 05 06 07 08 

R 0.975 0.993 0.994 0.983 

 

Results of Experiment II are shown in Fig.6 and Fig.7. 

In Fig. 6, the performance of both the sEMG and the MC 
sensor when the muscle is exerting 100% of its strength are 
shown. The performances of the two different sensing systems 
appear very similar, as expected. 

 

Figure 4.  Schematic diagram of the forearm muscle 
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In Fig.7, the performance of both the sEMG and the MC 
sensor when the muscle is contracted at 75%, 50%, and 25% 
of the maximum individual strength is shown. Again, even if 
on MC sensor signal a delay can be observed, because the 
myoelectricity signal is faster than the muscle activity, overall 
performances are very similar. We computed the correlation 
coefficient of two lines is 0.894. 

 

Figure 6.  Performance of sEMG and new muscle contraction sensor 

(100% strength) 

 

Figure 7.  Performance of sEMG and new muscle contraction sensor 

(75%, 50% and 25% maximum strength) 

These results demonstrate that MC based sensing systems 

can be used for muscles state analysis and muscle contraction 

measurement, and can replace the much more expensive 

sEMG based sensing systems. In Table II, the comparison of 

usability between MC sensor and sEMG is shown. 

TABLE II.     COMPARISON OF  USABILITY BETWEEN MC SENSOR AND SEMG 

 sEMG MC sensor 

Preparation time[s] 360 48 

Time to wear[s] 63 14 

Total cost [$] 20,000 1,600 

IV. CONCLUSION 

In this paper, the authors developed a new muscle 

contraction sensor to replace the sEMG in muscles movement 

analysis and muscle contraction measurement. Compared to 

the sEMG, the new sensor is easier to set up, easier to wear 

and cheaper. In addition, the authors run experiment to 

confirm that the new sensor can be used for its designed 

application, and compared the performances of the new sensor 

and the sEMG. 

Future works in the field will develop in two different 

directions. One is that use the MC sensor to do the specific 

experiments to compare the performance between the MC 

sensor and sEMG. The other is that improve the sensor so that 

not only judge the muscles state but also compute the state of 

the muscles. 
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