
 

 

Abstract:  In order to improve everyday life 
and, thus, the quality of life, many scientific fields 
have focused on the well-being and health of the 
community. Biofeedback can help increase QoL in 
the areas of health and physical well-being, which 
are two of its main aspects. The aim of this project 
is to develop and implement a wearable sensor 
device that supports real-time biofeedback 
applications in sports and is capable of detecting 
short-term events and high-frequency signals. To 
enable wide accessibility of such devices, the 
following limitations must be considered: small 
size, low weight and low cost. MEMS Sensors and 
microcontroller systems meet these requirements. 
This type of equipment will open up many new 
research opportunities in various sports or 
physical rehabilitation that were previously not 
possible, mainly due to the low sampling rates of 
and affordable equipment. 

 
Index Terms: Quality of life, high-dynamic 

movement, real-time biofeedback, sensor data 
acquisition and streaming, wearable sensor 
device. 

1. INTRODUCTION 

he measurement of progress and success of 
a state is often given by the quality of life of 

its population. Indeed, the QoL appears among 
the factors that influence the gross domestic 
product. It is natural that humanity should strive 
to improve the quality of life; therefore, it is not 
surprising that, in recent years, the quality of life 
has become one of the main research topics in 
many fields of science. The purpose of this 
project is right into this scenario because its 
purpose is to simplify the training of an athlete by 
monitoring his movements and providing a real 
time feedback to improve his performance. 

There are many devices for medical purposes 
or low-frequency activities, but the aim of this 
system is to deal with high-frequency signals and 
short-time events. 
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2. MOTIVATION 

Science, engineering, and cutting-edge 
technologies are being increasingly valued in 
modern sports because they can provide new 
knowledge and tools for achieving a competitive 
advantage. An important area of research is the 
use of real-time biofeedback systems supported 
by various motion tracking systems. Most of 
motions tracking systems are based upon motion 
tracking sensors and sensory systems, such as 
accelerometers, gyroscopes, and various optical 
systems. The importance of this kind of 
improvements is in the fact that these small and 
embedded systems are able to help athletes 
without interfering with their movements.  

In order to achieve these results, the proposed 
system uses low-cost MEMS motion sensors and 
a microcontroller with integrated Wi-Fi 
communication module for the transmission of 
the acquired sensor signals to the remote 
processing device. The operation of 
biomechanical biofeedback systems largely 
depends on the parameters of human motion and 
its analysis algorithms. Biomechanical 
biofeedback is based on sensing body rotation 
angles, posture orientation, body translation, and 
body speed. These parameters are generally 
calculated from raw data that represent 
measured physical quantities. This intervention 
requires specialized equipment to convert 
physiological signals into meaningful visual and 
auditory cues, as well as a trained biofeedback 
practitioner to guide the training. Calibration of 
these devices is also an important step in order 
to obtain meaningful results and easily process 
them to give a feedback. 

The employed processing unit is also 
important; it should have sufficient computational 
power for the chosen analysis algorithms 
because it can affect the total time between the 
acquisition and the feedback release. This is 
generally not critical with terminal biofeedback 
that uses post-processing; it is of the outmost 
importance with concurrent biofeedback that 
requires real-time processing. In this case, all 
computational operations must be completed 
within one sampling period and for this reason it 
is better to choose also an appropriate 
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processing unit. As we already know when 
sampling frequencies are high, the sampling 
periods are short and this requirement can be 
quite restricting. The last but not less important 
requirement for biofeedback systems is the 
dimension of the acquisition system. 

This must be easily integrated into the user's 
clothing or when it is not possible, it must be 
almost comfortable to wear. Today wearables 
come in a great variety, from smart devices, such 
as smartphones or smart watches, to small 
accessories, such as smart eyewear or earbuds. 
Also, in case of small accessories there is a 
mechanism for feedback implemented inside, for 
example the last earbuds in commerce are 
already able to give elementary feedback to the 
user during a sport session. Today, many MEMS 
technologies are becoming dependent on 
nanotechnologies for successful new products. 
For example, the crash airbag accelerometers 
that are assembled using MEMS technology 
have their long-term reliability corrupted due to 
dynamic in-use stiction effects between the proof 
mass and the substrate. Today MEMS are made 
up of components between 1 and 100 
micrometers in size and they usually consist in a 
microprocessor and other components that 
interact with micro sensors. MEMS inertial 
sensors are portable, miniature, lightweight, 
inexpensive, and low power. Because of their 
properties, they are often the first choice for 
integration into wearable devices used in motion 
tracking systems even if the most promising 
application domains concern, advanced 
diagnosis, therapy, and tissue engineering 
strategies (BioMEMS). Our motivation is to 
develop a low-cost system suitable for 
continuous monitoring of sports training or 
medical rehabilitation able to process sensor data 
as fast as possible. 

This paper is structured following the 
guidelines described in Banković et al. and we 
are creating a new idea based on implantation 
and specialization methods from Blagojević et al., 
as we are designing a new idea based on 
specific technology for a specific domain, 
applying commercially available technologies to 
improve existing wearable sensor devices. 

3. PROPOSED SOLUTION 

The news comes from the different signals and 
from the occurrence of them. Most of the already 
done prototypes, such as the ones for the 
biomedical applications, works with low sampling 
frequency and the total amount of data are not 
big as the one that is achievable in a sports or 
rehabilitation monitoring system.  

To improve a movement or correct an improper 
posture in execution, it is necessary to acquire 

the whole quantity of information in the time 
window of the analyzed movement. The more 
complex the movement, the more data we need 
to analyze to get feedback. But this is not the 
only problem; we have already mentioned the 
sampling frequency in the parameters that must 
be chosen according to the application and this is 
still one of the points of greater importance.  

For example, when hitting a ball or when 
skiing, recording the high-frequency vibrations 
due to the impact is necessary. Wireless 
transmission of signals and data is also 
necessary when processing data with powerful 
processors and tools that cannot be implemented 
or performed on a microcontroller-based sensor 
device. Bluetooth technology is not enough for 
purposes like this one even if not all the 
interactions between coaches and athletes need 
to occur in real-time.  

A biofeedback system works in real time if it is 
capable of giving concurrent feedback to a user 
during the execution of a movement. The 
concurrent feedback, which is given in real- time, 
has been found useful for accelerated motor 
learning and this can be useful also in sports 
monitoring in order to enhance athletes’ 
performances.  

The traditional way of instructor-based motor 
learning can be improved by introducing technical 
equipment that is capable of measuring, 
calculating and presenting the properties of the 
performed action. The main reason for using 
technical equipment is the possibility to obtain 
information that is impossible or beyond human 
sensing capabilities. In fact, an instructor cannot 
“see” the exact level of force that an athlete is 
exerting during the jumps, and the same is for 
see the exact spot where a tennis ball hits the 
racket during a serve.  

Using specialized technical equipment, it is 
possible to measure, calculate, and present the 
athlete force and the tennis ball hitting spot. For 
example, if we want to analyze a tennis serve, 
the sensing phase can be done by a high speed, 
high definition camera that is recording the tennis 
serve. In order to use the information acquired a 
streamed video is processed and the ball hitting 
spot can be easily calculated. The instructor can 
get a graphical representation of the serve, 
accompanied by several other relevant 
parameters, on a tablet screen, and he can then 
analyze the data and give advice to the tennis 
player even with the help of his experience. In 
addition to natural and instructor-based feedback 
channels, artificial feedback channels are also 
possible where software able to analyze and 
correct the technique is available. The downside 
of such applications is the possible need for large 
processing power, which might not be available 
locally on small and portable devices. 



 

4. METHODOLOGY 

Today compatibility and code reuse, also 
called software reuse, are key points in a shared 
project in order to save time and resources. It is 
also important to reduce redundancy by taking 
advantage of assets that have already been 
created in some form within the software product 
development process. The key idea in reuse is 
that parts of a computer program written at one 
time, can be, or should be, used by other 
applications developed later on. The software 
library is a good example of code reuse because 
programmers may decide to create internal 
abstractions. In this way, certain parts of their 
program can be reused, or may create custom 
libraries for their own use. There are few 
characteristics that make software more easily 
reusable. Among them there are modularity, 
loose coupling, high cohesion, information hiding, 
and separation of concerns. 

The truth is in the fact that, in this field and 
mainly in all the application that requires more 
computational speed, it is even better if all the 
dependencies can be lowered. The major 
contributor able to improve performances in 
microcontroller-based electronics systems is the 
design of hardened software. 

In fact, EMC-oriented software increases not 
only security, but also reliability of the application. 
For a real-time operation of our application, we 
study sample-based and block-based sensor 
signal acquisition, transmission, and processing 
(Figure 1). To be able to memorize or improve a 
movement, it is necessary to sample it at high 
frequencies and optimize the data transmission in 
accordance with the cognitive abilities of the 
involved humans (athletes, coaches). 

 
Figure 1: Sensor data acquisition and streaming modes. 

 
We built two prototypes using the Arduino 

compatible Adafruit Feather M0 Wi-Fi board, 
each one equipped with a different IMU: 
LSM6DS33, that is a 3D accelerometer and 3D 
gyroscope and it can work with I2C or SPI bus, 

and MinIMU-9 v5, composed of LSM6DS33 and 
LIS3MDL, that is a 3D magnetometer. The 
MinIMU-9 works only with I2C bus. By using the 
maximum standardized frequency on SPI and 
I2C buses and by minimizing the latency in the 
Arduino code, the obtained results show that the 
communication speed of SPI protocol is higher 
than of the I2C protocol. The packet sending time 
over Wi-Fi is the same for both prototypes. The 
latter affects the total time the most. It consists of 
reading, conversion, and sending phase., We 
defined a number format for sensor data 
streaming, taking advantage of the Wi-Fi 
communication properties and the sensor’s 
hardware. We emploed the block streaming 
mode that uses the FIFO registers already 
implemented on the sensor chip to process M 
samples together. In real-time biofeedback 
systems, the processing device is receiving a 
stream of data frames with inter-arrival times that 
equal system’s sampling time Ts.  

To assure the real-time operation of the 
system, all operations on received data frame 
must be done within one sampling time; that is, 
before the arrival of the next frame. 

The threshold of real-time operation of the 
processing device depends on many factors: 
computational power of the processing device, 
sampling time, amount of data in one streamed 
frame, number of algorithms to be performed on 
the data frame, complexity of algorithms, etc 

Processing is a real problem in real-time 
biofeedback systems and for this reason we 
decided to analyze the whole process in order to 
understand all the dependencies. 

The analysis strategy consists of evaluating 
how the total time required for acquisition and 
sending of sample data can be split and to find all 
the variables responsible for its variation. We 
divide it into three parts according to different 
process phases: reading time, conversion time, 
and sending time. 

The reading time is the time spent to read the 
sensors’ output registers, the conversion time is 
the required for organizing the packet into the 
format required by the Arduino UDP library 
function, and the sending time represents the 
time needed for the communication over the  
Wi-Fi. The reading time depends on two main 
variables, the Bus speed and the IMU sampling 
frequency. 
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The bus speed in the reading phase depends 

on the communication type used to retrieve data 
from the output registers, while the IMU sampling 
frequency determines how many samples are 
available and can be read from it. 

The conversion time depends only on how the 



 

payload has been constructed. We can 
determine that the two most influential 
parameters are the payload size in terms of 
number of bytes to convert and the C-type used. 
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The sending time can be influenced by the 

number of bytes in the packet and the Wi-Fi 
channel availability. 
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In order to understand how to optimize their 

ratios and to have a complete view of the 
devices’ performance, we did a test including 
10000 samples for all these parameters by 
varying the bus speed and the payload size. The 
C-type chosen for the test has been a simple 
conversion from integer on 32 bits to four 
hexadecimal values.The results are presented in 
Figure 2. 

 

 
Figure 2 : Effect of increasing payload size in block streaming mode 

using SPI communication type on different working operation 
ranges. 

 
Another key point of the project was to 

determine in which way it was easier and more 
effective to give time stamp information of the 
sample.  

As we already know, the sensor has three 
dedicated timestamp output registers composed 
of 8 bits each; but the use of those registers was 
not convenient in terms of time. For this reason, 
we decided later to construct a packet with a 
serial number to identify the samples. The 
payload size has been varied increasing the 
amount of data read from the sensor register 
(accelerometer, gyroscope and magnetometer 
data, temperature, timestamp) and also adding 
meta-data (e.g. battery level). 

5. CONCLUSION 

The final purpose of the present project is to 
build a real-time biofeedback system able to 
capture human movements in sports. For this 
reason, small and compact prototypes are a 
priority. In order to keep the price down, sensors 
and microprocessors used to build the prototypes 

are not the most precise, the most reliable, the 
most efficient, or the smallest. Therefore, the 
technology used is not the most recent, but one 
of the cheapest on the market. 

The results we obtained testing the prototypes 
show quite a good reliability for short time, 
otherwise a new calibration is required.  

The choice of using Arduino with a fully 
compatible microcontroller makes the project 
reproducible and simple to understand. 

The results show that the chosen hardware 
can, at its highest bus speed, reach a sample 
rate for the I2C protocol that is lower than the one 
reached by the same prototype using an SPI 
protocol. 

The best solution is given by using FIFO 
registers what reduces the total time and allows 
us to reach higher sample rates. We can 
conclude that the block streaming mode is the 
fastest way to acquire raw data from the sensor. 
It is possible to achieve sample rates well above 
1 kHz, if an additional delay caused by the block 
reading of sensor samples is acceptable. 

Further steps in this project will be realization 
of the other part of the system, finding the most 
usable combination of sampling frequency, frame 
length for the block streaming mode, and clock 
rates in order to reach the highest possible 
sample rate. 
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