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ABSTRACT 

Based on the analysis of existing designs of bionic prostheses, the conclusion was made about the advisability of piezoelectric sensor use 

for record of muscle activity signals. The design of a muscular activity analyzer is developed and described, the sensors of which are 

represented by the matrix of the piezoelectric elements that registers the mechanical activity of the individual forearm muscles 

responsible for the manipulation of fingers. The registration research was performed by a developed analyzer of muscular activity of 

manipulations both for individual fingers of an arm hand and by a hand as a whole. 
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1. INTRODUCTION 

 Bionic prostheses equipped with mechanical drives are the 

most effective devices for the rehabilitation of people with 

amputated limbs. Scientists around the world are engaged in the 

development and the creation of bionic prostheses, in particular, 

the English company SLRStepper (Bebionic prosthesis), the 

German company OttoBock (Michelangelo prosthesis), the 

Scottish company TouchBionics (i-Limb prosthesis), etc. There 

are a number of Russian developments in bionic prostheses that 

are not yet been introduced into batch production. The need in 

bionic prostheses is very high among invalids, but such prostheses 

are not yet used widely. The most serious problem during the 

creation of bionic prostheses of the upper limbs is not the 

mechanics of their fingers or a hand, but the record of the 

laboratory conditions of indications about a user's intent to make a 

right gesture. The task of the signal record transmitted by a 

nervous system to the muscles is extremely difficult. The most 

effective from the point of view of informativeness is the use of 

invasive electrodes that take readings directly from nerve endings. 

However, the use of such sensors requires an extremely 

complicated surgical intervention. At the same time, the risk of 

rejection and other complications is very high. 

 The management by the majority of existing bionic 

prostheses is based on the use of electromyographic (EMG) 

sensors that record the changes in human skin electrical potential 

[1-7]. Its simplest implementation - the trigger one - is used in 

mechanical prostheses, controlling a hand squeezing or relaxation 

(if there is muscle activity then the movement is activated). The 

prosthesis control is reduced to the supply of two signals only, for 

example, in order to unclench a fist, you need to strain the outer 

side of a forearm, and in order to squeeze, on the contrary, to 

strain the inner side of a forearm. By combining these signals, 

various actions can be programmed. The surface electrodes in use 

measure the volumetric activity of large muscles, which makes it 

impossible to judge the activity of individual muscle fibers 

responsible, for example, for the movement of hand fingers. Also, 

trigger systems use smartphones or other devices that switch the 

grasp modes, like the existing prostheses. Therefore, it is 

problematic to carry out, for example, the manipulation of an 

artificial limb by individual fingers using these sensors. Also, such 

a control system can lead to false positives, so it is difficult and 

inconvenient to use such prostheses. 

 Basically, the developers of bionic prostheses use pre-made 

electromyographic amplifiers and, having received the signal, treat 

it primitively (one way or another, everything amounts to a 

"trigger" system). In some cases, cluster analysis is used, but this 

approach causes difficulties in practical application due to the 

variability of muscle activity over time.  

 There is another approach to solve the problem of 

management - a more detailed treatment of EMG signal from 

residual stump muscles and the allocation of specific motion 

patterns to reproduce them subsequently on a prosthesis using 

machine learning. For example, in [8,9], the design of a control 

system for a bionic prosthesis is considered, in particular, the task 

of individual movements of fingers recognition and identification 

by an electromyogram. In work [10] the issues of bioinformational 

system development are considered on the basis of 

electromyography data. A multi-level signal processing structure 

is proposed here that reflects the information on the movement of 

a wrist joint and provides the definition of motion type using a 

classifier based on fuzzy logic. In works [11-14] they performed 

the overview of modern approaches to the creation of bio-

controlled prostheses, the classification of bio-controlled 

prostheses by the control system was presented, and also the 

mechanism of motion recognition based on the "man-prosthesis" 

interface was considered. 

 However, the authors of these papers emphasize the 

complexity of EMG signal use, which is associated with the 

following circumstances: a small amplitude of signals, the 
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presence of interference with a significant amplitude in the 

"informative range" of frequencies; a complex spectral 

composition of a signal that varies in time. EMG signals also 

depend on the internal structure of the subjects, including 

individual skin characteristics, blood flow velocity, skin 

temperature changes, skin tissue structure and other factors. 

Therefore, it becomes necessary to use the signals of a different 

nature or a combination thereof to increase the informativeness of 

hand bionic prosthesis problem control. 

 

2. EXPERIMENTAL SECTION 

 During the model of a bionic prosthesis design, its digital 

3D model was developed. The main elements of the layout were 

made using 3D printing method on the Picaso Designer PRO 250 

printer from environmentally friendly PLA plastic. In order to 

process muscular activity signals, Arduino Nano hardware 

platform and the software for the Arduino IDE computer were 

used [15,16], and a manufactured bracelet with a set of 

piezoelectric sensors was used as a muscle activity analyzer. The 

design of the muscle activity analyzer was developed on the basis 

of the well-known basic principles of human anatomy and 

biomechanics. During the research, digital signal processing 

methods were also used, in particular, the method of averaging 

using a cyclic buffer and a moving average. 

 

3. RESULTS SECTION 

 The authors of the article offered to use the information 

about the residual stump muscle mechanical contractions to 

control the bionic prosthesis of a hand. In order to determine the 

mechanical deformations of muscles arising as the result of their 

contraction, it is proposed to use piezoelectric sensors, which are 

the registers of very weak mechanical deformations. Using them, 

it is possible to single out the movements of individual muscles 

responsible for the movement of hand fingers, thereby ensuring 

the control of each finger of an artificial limb separately. 

Piezoelectric sensors have a unique ability to perceive the 

minimum mechanical strain (up to several nanometers), 

transforming them into the currents of considerable magnitude 

[17, 18]. 

 The proposed analyzer of muscular activity is based on the 

use as the sensors of data registration on the activity of matrix 

muscles, consisting of many piezoceramic elements [19]. 

 Structurally, the device consists of two separate modules: 

the module 1 to record and process a signal (muscle activity 

analyzer) and the actuator control module 2 (the main controller) 

(Figure 1). 

 
Fig. 1. Structural diagram of the analyzer of muscle activity. 

 The basis of the control system by muscle activity analyzer 

module (module 1) is a LPC2368FBD microcontroller with the 

advanced architecture of ARM version S or the equivalent. Its task 

is to register and to process the information from sensors, to 

exchange data with the main controller module via a wireless 

receiver and a transmitter. 

 The basis of the main controller module control system 

(module 2) is the Atmega 32 microcontroller or a similar one. Its 

task includes a set of basic and auxiliary functions: the 

implementation of control of operating modes of servo drives, the 

exchange of data with a personal computer via a Bluetooth 

module, the exchange of information with the module of muscular 

activity analyzer through a wireless receiver and a transmitter, and 

the display of information on OLED display about the main 

parameters of the system. 

 The sensor array is mounted on a stump in the receiving 

sleeve of a prosthesis. After the sleeve fixing to a patient's stump, 

the recorded signal (the strain that occurs after mechanical 

deformation of the piezoceramic plate) with the contraction of the 

corresponding muscles goes to the ADC of the microcontroller 

LPC2368FBD, processed and transmitted to the second Atmega 

32 microcontroller by the means of RF transmitter that drives the 

corresponding (for each individual finger) servo drives. 

 In order to debug the work of muscular activity analyzers, a 

debug dummy model of the hand prosthesis was designed [20], 

presented in Figure 2. The anatomical features and limb 

dimensions were taken into account during a dummy model 

debugging. Each finger of the prosthesis 1 consists of three 

separate segments. MG90S 2 servo drives (one for each finger) 

and a nylon string that serves as a link for the servo drive pulley 3 

- finger (cable system) are used to move fingers. The drives are 

controlled by a PWM signal. The turning of the servo pulley by 

180 degrees winds the string, which leads to a full bending of the 

prosthesis finger. The prosthetic control system has a feedback. 

The load on each finger is determined by the current consumption 

of its servo drive. The finger 4 has the ability to move in two 

planes, imitating a correct anatomical structure of a hand and 

ensuring the capture of objects of various shapes. 

 
Fig. 2. The layout of the bionic prosthesis of a hand. 
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This movement is carried out using a miniature electric motor 

12GADC 5, by its brief switching on placing a thumb in a set 

(lateral) or reduced (opposite to the index and middle finger) 

position. The hardware is implemented in the form of two 

interconnected modules: a prosthetic module and a feedback 

module with a control function. The power is provided by Li-on 

battery, the charge level of which is reflected on the OLED 

display 6. The operating mode of the servo drives depends on the 

operation of the muscular activity analyzer. A feedback, which 

allows a patient to feel the gripping of objects with a prosthesis, is 

accomplished by the current measurement on the servo drives with 

the transmission of a vibration signal to a stump, the power of 

which is proportional to the motor current. 

 The developed and the manufactured analyzer of muscular 

activity in the form of a bracelet with a set of piezo elements is 

shown in Figure 3. To control the movement of prosthesis fingers, 

the bracelet is equipped with 4 sensors: 1 - index finger, 2 - 

middle, 3 - ring finger and little finger, 4 - thumb. Each 

piezoelectric element is located in the zones of characteristic 

mechanical activity that results from the flexion-extension of the 

corresponding hand fingers. The bracelet is mounted on a hand 

surface; the sensors are in a tight contact with skin. The signal is 

registered in real time and displayed as a graph on a computer by 

the serial connection of the Arduino IDE software. 

 For low-pass filtering, during signal processing, they used 

the averaging method with a circular buffer when each new 

metering with the current index is stored in the data array. When 

the last cell is filled, the index value is reset and new 

measurements will be recorded instead of the old ones. For high-

frequency filtering, they used the saving of a moving average for 

several measurements. Figure 4 shows the graphs of the signals 

from four piezoceramic elements processed by the above-

mentioned methods during the performance of the motor actions: 

flexion 1, holding of the position 2 and hand extension 3 (index 

finger - red, medium - orange, thumb - green). 

 
Fig. 3. Bracelet analyzer muscle activity with a set of piezoelectric 

elements. 

 
Fig. 4. Graphics of processed signals with 4 x sensors when bending and 

unbending the hand.  

 

 The graphs of signals from four piezo elements processed 

and obtained by the manipulation with individual fingers are 

shown in Figure 5. (index - green, medium - blue, ring and pinky - 

orange, thumb - red).   

 
Fig 5 - Graphs of processed signals from 4 sensors when manipulating 

individual fingers.  

 

 In order to increase the efficiency of muscular activity 

signal processing from an analyzer, artificial neural networks can 

be used in the future [8, 21, 22, 23, 24].  

 

4. CONCLUSIONS 

 The experimental study signals from the piezoelectric 

elements of the proposed muscle activity analyzer confirmed the 

possibility of these sensors use to control the manipulation of 

individual fingers of a bionic prosthetic hand. They can be used in 

the cases when the use of EMG sensors does not provide positive 

results due to a weak signal or significant interferences. The 

proposed analyzer of muscle activity will allow a patient to 

implement control of each finger of an artificial limb individually 

(depending on the degree of amputation and physiological 

characteristics of a patient) without resorting to surgery. The 

combination of control signals from EMG sensors and 

piezoelectric sensors seems to be very promising. 

 The obtained result will be used to create a prototype of a 

bionic hand prosthesis. 
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