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Abstract— The continuous improvements of technology and
its new applications improve our well-being, health, and
quality of life in general. Smart sport equipment, smart
watches, smart weight scales, and similar devices are more
and more frequent. Our idea is to develop and implement a
wearable sensor device that can support real-time
biofeedback applications in sport and rehabilitation, where
short-time events and high-frequency signals need to be
detected and processed. In order to assure a wide usability
of such devices in various sports, they will have to be small
size, light weight, and low cost. MEMS sensors and
microcontroller systems meet these demands. Measurements
performed on the prototype system show that the
implementation of devices with sampling frequencies over 1
kHz is feasible. For example, the maximum attainable
sample rate for the SPI prototype is 833 Hz in a sample
streaming mode and 2.49 kHz in a block streaming mode.
Such devices will open many new research possibilities in
different sports or physical rehabilitation that were
previously not possible because of low sampling frequencies
of affordable devices.

Index Terms - wearable sensor device, sensor data
acquisition and streaming, real-time biofeedback, high-
frequency sensor signals

I. INTRODUCTION

Physical well-being is becoming increasingly important
as parameter of quality of life Error! Reference source
not found.. Smart sport equipment, smart watches, smart
weight scales, and similar devices are more and more
frequent and affordable [1]. Most of the current sport
applications are mobile thanks to the inexpensiveness of
the sensors. Consequently, technology is entering into the
field of sport. What is still not clear is how to incorporate
the benefits of the technology into the competitive
activities aimed for improving motor learning or speed up
recovery time after injury or to prevent trauma. In this
type of application a report of the acquired data is not
necessary as a rapid analysis of these does in order to
generate a feedback as soon as possible. To be able to
record or improve a movement, it is necessary to sample
at high frequencies (>1 kHz) and optimize the data
transmission times in accordance with the human
cognitive timing capabilities and requirements. Our idea is
to develop and implement a wearable sensor device that
can support real-time biofeedback applications in sport
and rehabilitation, where high-frequency signals and
short-time events need to be detected and processed.

A. Related work

Many applications and devices can be found for
biomedical purposes or low-frequency activities (walking,
running), where high frequency signals are generally not
present and Bluetooth connection is enough for most such
applications Error! Reference source not found.-[4]. In
activities where high-frequency signals or short time
events occur, higher sampling frequencies and
consequently also higher data transfer rates are needed
Error! Reference source not found.-Error! Reference
source not found.. To the best of our knowledge,
affordable devices with such properties are not
commercially available. Miniaturization in sport devices
and smart-equipment has been already reached thanks to
decreasing sensors’ dimensions. Many monitoring
systems have the size of a ring [7] and for this reason,
using miniature sensors is a priority to assure users’
comfort and the one of the main focuses of our work.

B. Motivation

Real-time biofeedback systems embedded into the
athletes’ equipment or attached to their bodies, that are
monitoring their movements, can help athletes and trainers
to enhance movement execution and performance. Using
real-time biofeedback, preventing problems like back and
muscle pain or injury can become reality in sports,
rehabilitation, and healthcare. In order to achieve these
results a general way to acquire, process, and transmit data
from commercially available low-cost MEMS motion
sensors as fast as possible, should be developed. The use
of such sensors is encouraged by their relatively high
precision, small size and weight, and by their relatively
low cost. Our motivation is to develop a low-cost system
suitable for continuous monitoring of sports training or
medical rehabilitation, which is able to acquire high-
frequency signals, vibrations, and short time events. For
example, when hitting a ball or when skiing, recording the
high-frequency vibrations due to the impactor contact with
sensors 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 .In
order to keep the cost of the used equipment low, we
chose IMU (Inertial Measurement Unit) devices and a
microcontroller with integrated Wi-Fi communication
module for the transmission of the acquired sensor signals
to the remote processing device [8]. Not all the
interactions between coaches and athletes need to occur in
real-time, but the possibility of recording motion
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information may be important in many applications.
Wireless communication is the most practical in great
majority of biofeedback systems and applications in sport.

II. METHODOLOGY AND EXPERIMENTAL SETUP

A.  Methodology

A very important task for the above-mentioned devices
and systems is reading data from sensors as fast as
possible and sending them to the processing device in real
time. Near real-time video streaming and some other
streaming applications are common at present, but
reaching real time streaming is still a problem. In
decision-driven applications, sensors are sampled only
when a particular decision must be made. In event-driven
applications sensors are sampled only when the trigger
event occurs Error! Reference source not found.. Real-
time biofeedback applications in sports require continuous
high frequency sensor sampling because the possible
trigger point of a specific movement is unpredictable, as it
occurs at unpredictable times.

For a real-time operation of our application, we study
sample-based and block-based sensor signal acquisition,
transmission, and processing. A task related to the above
mentioned is the design of an adequate communication
protocol and sensor signal processing for the generation of
real-time biofeedback information.

By carefully studying the properties of sensors and
microcontroller, using both devices data sheets, we were
able to optimize the way of their communication and to
design the protocol for the acquisition of sensor signals
with high sampling frequencies.

B.  Experimental Setup

We built two prototypes using the Adafruit Feather M0
Wi-Fi board, Arduino compatible, each one equipped with
a different IMU: LSM6DS33, that is a 3D accelerometer
and 3D gyroscope and it can work with 12C or SPI bus,
and MinIMU-9 v5, composed of LSM6DS33 and
LIS3MDL that is a 3D magnetometer. The MinIMU-9
works only with 12C bus [10]-[12].
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Figure 1.

Biofeedback system architecture

One prototype includes the LSM6DS33 using SPI
protocol; the other one includes MinIMU-9 v5 using the
12C protocol. As shown in Fig. 1, these prototypes play an
important role in the biofeedback system architecture

sending sensor signals and data to the processing unit
through Wi-Fi on a PC on which a LabVIEW application
is running, According to the specific application, it is
possible to transform sensor signals and data into useful
feedback information. The last step is sending back this
information to the user.

We performed measurements of the physical
communication signals between sensors and the
microcontroller. After the first timing measurements with
the oscilloscope and within the Arduino code, we were
able to define the format and the mode of sensor-to-
microcontroller communication. 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 the 12C protocol. In addition, the
access to the registers in the auto-increment mode,
supported by the LSM6DS33 sensor, allows reading all the
output registers of the IMU with a single switching of the
Chip Select (CS) pin, when using the SPI protocol. Fig. 2
shows that 12C uses special sequences to define “Start”
and “Stop” of communication, while SPI (see Fig. 3) uses
CS wire. A Master signal represents the “clock” and Data
signal is set to be written or read on the edges of the clock
signal. SPI uses three separate lines for the clock signal
and two data signals, so the data can be streamed

continuously in full-duplex mode.
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Figure 2. Oscilloscope measurements of the physical signals of
communication between the sensor and the microcontroller for I2C
reading phase. D1: clock, D2: serial data line
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Figure 3.
communication between the sensor and the microcontroller for SPI. D1:
clock; D2: Chip Select; D3, D4: SPI channels (MOSI, MISO).

Oscilloscope measurements of the physical signals of

The packet sending time over Wi-Fi is the same for
both prototypes. Since this is the time that affects the total
time the most, we defined a number format for the sensor
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data streaming, taking advantage of the Wi-Fi

a) Sample streaming

communication properties and the sensor’s hardware.

b) Block streaming
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Figure 4.

We also measured all the above mentioned times with
the Arduino function that returns the time in us. The times
measured by Arduino match the times obtained by the
digital oscilloscope. With the Arduino measurements we
get an average of the time because it is possible to
measure more loop iterations while with the oscilloscope
it is possible to detect and measure only a single instance
moving the cursors.

C. Sampling and communications modes

We have two different streaming modes shown in
Fig. 4. In the sample streaming mode, we acquire and
transmit one sample (6 DoF) at a time; in block streaming
mode we combine M samples into frames in order to
optimize the ratio between the acquisition time and
sending time. This means that the reading is performed on
more samples together, and then they are organized into
frames and sent in one packet. In order to implement a
block streaming mode, based on blocks of samples
(frames) we use FIFO registers already implemented in
the sensor chip. In this way the FIFO is updating with new
sensor samples in parallel to the process of reading those
samples from the FIFO. The block streaming mode allows
system power savings because MCU does not need to poll
for new data frequently since data is buffered inside the
sensor [13]. On the other hand, it has the disadvantage of
an initial delay bigger than the one of the sample
streaming mode. In the sample streaming the
communication delay is approximately equal to the
sampling period 7; plus the packet transmission time,
while in the block streaming case we should multiply the

2N

[k packet sending time M : block size

Sensor data acquisition and streaming modes.

sampling period with the frame length M and the
communication delay is approximately equal to M T.

D.  Analysis strategy

The analysis strategy consists of evaluating how the
total time required for the 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 the 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. 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. The reading time is affected by the
communication type and the payload.
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Figure 5. Payload types: A) 6DoF from LSM6DS33 sensor; B) 6DoF
plus timestamp from sensor’s registers, C) adding on payload type B)
metadata; D) 9DoF from MinIMU-9 v5.



Fig. 5 shows different payload types. Payload includes
data from the sensor, such as accelerometer, gyroscope
and magnetometer values, sensor’s temperature, time
stamp (TS), and battery level acquired from the
microcontroller. During each trial, we had to convert the
acquired data into hexadecimal values, because the UDP
function, used to send data over Wi-Fi, works only with
char type payloads. Note that on both prototypes, the
sending phase is performed by the SPI communication.
On both prototypes we use sensors’ sampling frequency of
1.66 kHz for sample and for block streaming approach.

III.  RESULTS

A. Sample streaming

To measure sensor performance in the sample
streaming mode, we use a test set of 10000 samples. For a
quantitative evaluation of the results, we give the mean
values. Thus, we study the correlation in the time domain
between the bus speed and the payload size. Experiments
on the 12C prototype are performed with BusSpeed = {0.1,
0.2,04,0.8, 1, 1.5, 2.8, 3} MHz as shown in Fig. 5. By
analyzing Fig. 6, we can observe that the best performance
in terms of efficiency is obtained for a small payload and
for high bus speeds, as expected.

For the SPI-based prototype, we consider BusSpeed=
{2, 4, 5, 6, 8, 10, 12} MHz. It is clear from Fig. 6 and
Fig. 7 that the performance of the 12C prototype can be
compared with the performance of the SPI prototype only
on equal payload size and at its highest bus speed. The
maximum achievable bus speeds for our 12C and SPI
prototypes are 3 MHz and12 MHz, respectively.
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Figure 6. Effect of increasing payload size on the second prototype

using MinIMU-9 v5 in sample streaming mode on different working
operation ranges.
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Figure 7. Effect of increasing payload size on the first prototype using
only LSM6DS33 with SPI communication type in sample streaming
mode on different working operation ranges.

The most relevant difference between the two
prototypes is in the reading phase. While the reading
phase is performed on two different buses, the conversion
and the sending phase are performed equally on both
prototypes. The conversion phase with the same
microcontroller code and the sending phase over the SPI
bus used for the communication with the Wi-Fi module.

Fig. 8 shows that 12C bus, at its highest bus speed of 3
MHz, performs worse than SPI at the same bus speed. The
biggest difference is in the reading time that is
approximately 5 times longer. The explanation for this is
in the different code scheme: the reading in the 12C
prototype is performed 1 DoF at time, while in the SPI
prototype all 6 DoF are obtained at the same time. Also
while I2C prototype uses an existing library, SPI operation
are performed with a low level coding, accessing the
sensor registers directly, and thus minimizing latency in
the C code.
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Figure 8. Comparison of sample streaming at 3 MHz bus speed for
both prototypes.

B.  Block streaming

In the sample streaming mode the sending time is
always bigger than the reading and conversion times. We
tried to optimize this ratio by using the block streaming
approach. We measured the same parameters as in the
sample streaming. It can be observed that the time needed
for reading sensor registers increases in order to take
advantage of the Wi-Fi properties, sending packets always
full of data samples. To measure sensor performance in
block streaming mode, we use a test set of 10000
measurements for each frame. Tested frame lengths are
M= {2,4,8, 16, 32} of 6 DoF samples; this parameter
cannot be further increased, if the sending phase is
performed in one packet. It is possible to increase M (>32)
accepting the fact that a multiple sending is necessary.
Using this method we lose all the benefits obtained
packetizing the samples because of the increasing sending
time. At the testing of I2C prototype in the block
streaming mode, with a frame length equal to 32, at its
highest bus speed of 3 MHz, we obtained a total time of
~26950 ps. That is two times more than the one obtained
using SPI communication at its highest frequency that is
not achievable with the 12C communication. We already
mentioned that the reading phase on the 12C prototype is
performed without multiple readings from the registers at
the same time, because [12C does not allow such reading
mode. Consequently, the bigger the frame length, the
more time is required for each reading operation. The
additional delay of the 12C in the total time that we have
already seen in the sample streaming is even more evident
here.
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Fig. 9 shows the dependence of total time on the frame
length M. We can observe the highest differences at lower
bus speeds. Comparing the time in the block streaming
mode by varying the frame length (using the SPI protocol
on 12 MHz), we can observe that the total time is not
increasing with the same factor as the frame length.

Table I shows the dependence of the total time on the
frame size, which is incremented from 2 to 32 samples of
6 DoF samples. We can observe that at 16 times larger
frame the total time increases for the factor of 8 and the
sending time increases by a factor of 3. Thus, the time
spent for the whole process has been halved.

However, the highest sample rate is achieved at the
frame length of M = 32; the reading is performed in one
operation for all 32 samples and the sending is performed
in one packet, as the Table I shows.
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Figure 9. Effect of increasing payload size in block streaming mode
using SPI communication type on different working operation ranges.
Each curve represents a different SPI bus speed.

TABLE L
SAMPLE RATES IN BLOCK STREAMING MODE ON THE SPI PROTOTYPE
TESTED ON 12 MHZ WITH A SINGLE SENDING OPERATION

Time Frame length M

M=2 M=4 M=8 M=16 M=32
Reading 149.50 281.25 559.87 | 1087.47 2181.14
phase [ps]
Conversion 426.47 842.03 | 174846 | 3659.87 7255.26
phase [us]
Sending 1049.16 | 117627 | 1446.04 | 2091.36 3405.28
phase [us]
[T:St]al time 1604.93 | 229242 | 364090 | 672823 | 12836.60
Sample rate
[kHo] 1.25 1.75 2.20 238 2.49

IV. CONCLUSION

The maximum sample rate achievable using the sample
streaming approach is: 794 Hz with the I2C prototype at
bus speed of 3 MHz and 875 Hz with the SPI prototype at
bus speed of 12 MHz.

While testing the block streaming mode with M =2 on
3 MHz we observed that the I12C prototype is almost 2
times slower than the SPI prototype.

The use of FIFO registers reduces the total time and let
us reach higher sample rates: 2.49 kHz is possible on SPI
working on 12 MHz with a frame length of M = 32. We
can conclude that in the block streaming mode it is
possible to achieve the sample rates above 1 kHz, if an
additional delay caused by the block reading of sensor
samples is acceptable.

The future work will include extensive tests and
measurements that will allow us to define the most usable
combinations of sensor sampling frequencies 7, frame
lengths M, 12C and SPI clock rates in order to be able to
stream sensor signals and data with the highest possible
sample rate. This will enable real-time biofeedback and
the detection of short time events and high frequencies
phenomena in sports.
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