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ABSTRACT 

One of the main issues for performing Structural Health Monitoring (SHM) is the high cost of metering devices. In order 
to make it applicable to the conventional structures with low defined budgets, low-cost sensors have been widely utilized. 
In this paper, the characteristics of a low-cost circuit (MPU9250) with low power consumption for measuring angles are 
studied. This circuit is composed of an accelerometer, a gyroscope, and a magnetometer. There are two ways of coding 
and using this sensor for angular measurements. In the first application, the accelerometer and the gyroscope of the circuit 
are only used to get angle around X and Y-axis. In the second application, the gyroscope is going to be added to the other 
two sensors in order to get angular measurements of all axis. The data accuracy plus the advantages and disadvantages of 
the response of this circuit regarding each code has been studied in this paper by using the codded sensor in some 
experiments. Although the second application showed less error from the expected results, it was less stable than the first 
application.  
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1 INTRODUCTION 

Although the low-cost sensors are becoming more 
and more popular, the correct way to use their 
features and potentialities is another matter (Sumitro 
and Wang, 2005). With the technology progress, 
new low-cost sensors are being introduced every day 
for different applications and various needs. Each 
one of these has advantages as well as disadvantages 
in their aimed application, which should be dealt 
with appropriately (Aguero et al., 2019). Using 
Arduino instead of other microcontrollers for 
controlling these sensors is getting much attention. 
Firstly, it is widely available at an affordable price. 
Secondly, there are many online tutorials for 
learning its software and hardware. These features 
have made this microcontroller very interesting 
(Bńlský et al., n.d.). In this investigation, 2 different 
ways of using the MPU9250 circuit have been 
introduced. The first one can work in any place but 
only can get angular measurements around the X and 
Y-axis. The second one can get angular
measurements in X, Y, and Z but only can work in
environments where there is no big metallic field. It

has to be mentioned that the available 2 directional 
sensors in the market have a price of 179$ (“2-Axis  
Evaluation Kit,” n.d.) while the proposed MPU9250 
costs about 8$. For doing these tests, a tool has been 
designed by the Autodesk Fusion 360, and it has 
been printed by a 3D printer. This tool was to place 
the sensor on different angles for reading correctly 
and comparing the 2 applications. 

In this paper, firstly, an introduction through 
Arduino due, and the used sensors have been given. 
Secondly, the applications, as well as their essential 
part of their codes, have been illustrated. In the end, 
the conclusion through performed experiments has 
been given.   

2 STATE OF THE ART 
In this section, a brief review of the used sensors and 
the used microcontroller in this project have been 
given together with their technical descriptions.  
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2.1 Arduino Due 
Arduino is an open-source electronics platform 
based on easy-to-use hardware and software. The 
Arduino Due, which a schematic of it can be seen in 
Figure 1, is a microcontroller board based on the 
Atmel SAM3X8E ARM Cortex-M3 CPU. It is the 
first Arduino board based on a 32-bit ARM core 
microcontroller. It has 54 digital input/output pins 
(of which 12 can be used as PWM outputs), 12 
analog inputs, 4 UARTs (hardware serial ports), an 
84 MHz clock, an USB OTG capable connection, 2 
DAC (digital to analog), 2 TWI, a power jack, an SPI 
header, a JTAG header, a reset button and an erase 
button (Ozdagli et al., 2019). Unlike most Arduino 
boards, the Arduino Due board runs at 3.3V. The 
maximum voltage that the I/O pins can tolerate is 
3.3V. Applying voltages higher than 3.3V to any I/O 
pin could damage the board (Blum, 2013). 

Figure 1. Schematic of an Arduino Due 

2.2 Mpu 9250 
The MPU-9250 circuit (Figure 2), delivered in a 
3x3x1mm QFN package, is the world’s smallest 9-
axis MotionTracking device and incorporates the 
latest InvenSense design innovations, enabling 
dramatically reduced chip size and power 
consumption, while at the same time improving 
performance and cost. The MPU-9250 
MotionTracking device sets a new benchmark for 9-
axis performance with a power consumption of only 
9.3µA and a size that is 44% smaller than the 
company’s first-generation device. Gyro noise 
performance is 3 times better, and full-scale compass 
range is over 4 times better than competitive 
offerings. The MPU-9250 is a System in Package 
(SiP) that combines two chips: the MPU-6500, 
which contains a 3-axis gyroscope, a 3-axis 
accelerometer, and an onboard Digital Motion 
Processor™ (DMP™) capable of processing 
complex MotionFusion algorithms; and the 
AK8963, the market-leading 3-axis digital compass. 

Improvements include supporting the accelerometer 
low power mode with as little as 6.4µA of, and it 
provides improved compass data resolution of 16-
bits (0.15 µT per LSB) (InvenSense, 2014).  

Figure2. Schematic of MPU9250 sensor 

2.3 Communication ways 
While many sensors use digital or Analog ports to 
provide the microcontroller, the information which 
they have measured, some sensors use the inter-
integrated circuit (I2C) protocol. This is a protocol 
that allows multiple “slave” digital integrated 
circuits (Sensors) to communicate with one or more 
“master” chips (Arduino). Like the Serial Peripheral 
Interface (SPI), which is only intended for short-
distance communications within a single device 
(Ozdagli et al., 2018). The accelerometer sensor had 
to be connected to the I2C port (Serial Clock Line 
(SCL), Serial Data Line (SDA)) on the board.  The 
codes were to be written on the Arduino platform 
and uploaded to the board via a USB cable. For 
getting the main characteristics of these sensors, few 
tests have been done.  

3 METHODOLOGY 
The way of connecting the mpu9250 to the Arduino 
on both applications is precisely the same. The only 
difference between these applications is the 
uploaded codes into the Arduino platform.  In this 
paper, 2 applications have been studied for the same 
introduced equipment. These applications are to 
investigate the importance of magnetometry in the 
equations and their disadvantages. The first 
application is the easy one in which data of 
magnetometry are not included. The second includes 
those data as well. 
 

Connecting the MPU9250 circuit is quite accessible 
since it is working with the I2C communication port. 
The pins of SCL and SDA should be connected to 
their representatives on Arduino due (SCL and 
SDA). The VCC to the 3.3V port and the GND to the 
GND of the Arduino. The data that MPU9250 
provides are acceleration, angular speed, and the 
speed of a change in the magnetic field. For 
using this device as an angular quantification, on 
the captured data, some mathematical work 
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should have been performed. Firstly, the 
generated data by the MPU has been received by 
the Arduino. Secondly, Arduino has done some 
mathematical operations on the raw data to 
provide usable outputs.  
 

Since the chosen sensitivity was +-2g for 
accelerometer and 250 degrees per second range for 
gyroscope, the provided raw data from the sensor 
had to be divided based on the given data of the 
datasheet. These sensitivities are the basic ones. As 
it has been declared in the datasheet, this way 
provided data have the least amount of noise.  

3.1 First application 
In the first application, only the data of 
accelerometer and the gyroscope chipset of the 
MPU9250 is used. In Table 1 and Table 2, the 
FS_SEL refers to the corresponding library code 
for activating each of the sensitivities. LSB 
means the Least significant bit. On the first 
table. It is per degree-second, and on table 2, it 
is based on per g. The reported data by the 
sensor has to be divided by these converters in 
order to illustrate acceleration data per 9.81 
meter per second squared (per g) and gyro speed 
in degree-second.  

The generated raw values for the X and Y axis have 
been translated to angular speed based on the 
datasheet instruction in table 1. In equations 1 and 2, 
the transformation equation could be seen. As can be 
figured out, rawGyroX and rawGyroY are data that 
the sensor had provided. The gyroX and gyroY are 
being calculated by Arduino to change their unit to 
degree-second.  

Table 1, Gyroscope sensitivity 

FS_SEL 
Full-
scale 
range 

LSB 
sensitivity 

0 +- 250 
°/s 

131 
LSB/°/s 

1 +- 500 
°/s 

65.5 
LSB/°/s 

2 +- 1000 
°/s 

32.8 
LSB/°/s 

3 +- 2000 
°/s 

16.4 
LSB/°/s 

𝑔𝑦𝑟𝑜𝑋 =
(𝑟𝑎𝑤𝐺𝑦𝑟𝑜𝑋)

65.5
  (1) 

𝑔𝑦𝑟𝑜𝑌 =
(𝑟𝑎𝑤𝐺𝑦𝑟𝑜𝑌)

65.5
(2) 

For getting the angular measurement, the interval 
time had to be multiplied to the above equations. In 
a simple word with equations 3 and 4, the angle 
value has been calculated by taking the integral of 
the angular speed. On the blow equations, 
angleGyroX and angleGyroY are the integrated ones 
from gyroX and gyroY, respectively, with the unit of 
degree.  

𝑎𝑛𝑔𝑙𝑒𝐺𝑦𝑟𝑜𝑋 +=  𝑔𝑦𝑟𝑜𝑋 ∗  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙   (3)  
𝑎𝑛𝑔𝑙𝑒𝐺𝑦𝑟𝑜𝑋 +=  𝑔𝑦𝑟𝑜𝑋 ∗  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙  (4) 

It is also possible to get angle value from 
acceleration data. Firstly, like the gyroscope values, 
the acceleration data must be treated as instructed in 
the datasheet in Table 2. The acceleration values of 
all the X, Y, and Z-axis has been calculated by 
equations 5, 6, and 7. On these mentioned equations, 
rawAcc data had been provided by the MPU9250, 
and accX has been converted by Arduino 
microcontroller for having usable data per g. 

Table 2, acceleration sensitivity 

AFS_SEL 
Full-
scale 
range 

LSB 
sensitivity 

0 +-2g 16384 
LSB/g 

1 +-4g 8192 
LSB/g 

2 +-8g 4096 
LSB/g 

3 +-16g 2048 
LSB/g 

𝑎𝑐𝑐𝑋 =
(𝑟𝑎𝑤𝐴𝑐𝑐𝑋)

16384.0
 (5)

𝑎𝑐𝑐𝑌 =
(𝑟𝑎𝑤𝐴𝑐𝑐𝑌)

16384.0
 (6)

𝑎𝑐𝑐𝑍 =
(𝑟𝑎𝑤𝐴𝑐𝑐𝑍)

16384.0
 (7)

For accurate measurements of tilt in the X and Y 
planes, the received acceleration on all of the 3 axes 
would be need. The reference position is taken as the 
typical orientation of a device, with the x- and y-axes 
in the plane of the horizon (0 g field) and the z-axis 
orthogonal to the horizon (1 g field). On the 
equations 8 and 9, formulas for obtaining angle from 
recorded vibrations have been shown. 

𝑎𝑛𝑔𝑙𝑒𝑎𝑐𝑐𝑋 =  360 ∗ 2 ∗ 𝜋 ∗  𝑡𝑎𝑛 ̂ (−1) 
𝑎𝑐𝑐𝑌

(𝑎𝑐𝑐𝑍+𝑎𝑏𝑠(𝑎𝑐𝑐𝑋)〗
(8)
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𝑎𝑛𝑔𝑙𝑒𝑎𝑐𝑐𝑌 =  360 ∗ 2 ∗ 𝜋 ∗  tan ̂ (−1) 
𝑎𝑐𝑐𝑋

(𝑎𝑐𝑐𝑍+𝑎𝑏𝑠(𝑎𝑐𝑐𝑌)〗
     (9) 

3.2 Second application 
On the second application, the third part of the 
circuit MPU9250 has been used to overcome the 
problem of not being able to measure the Z plane, 
which was observed on the first application.  
Using a magnetometer chipset in order to use the 
magnetic field of the earth as a reference for tilting 
around the Z-axis, had resolved the mentioned 
problem. The reason why it was not possible to get 
the angle around the Z-axis on the first application 
was the fact that there was no reference for it. On the 
other hand, X and Y axis on the first application was 
using the gravity of the earth as their reference point; 
consequently, they were working smoothly, correct 
and through time their data remained untacked 
respectively.  
Since the raw data provided from this method 
contains a lot of noises a filter on the out-put of the 
sensor has been set to convert the data to quaternions 
(Brown and Hwang, 1992). To describe it simply 
this converting will use data of gyroscope, 
accelerometer and the magnetometer for returning 
quaternions values. In mathematics, the quaternions 
are a number system that extends the complex 
numbers [5]. For extracting the yaw pitch and roll, 
these quaternions values (q[0], q[1], q[2], q[3] ) will 
be converted to angles with the unit of degree. The 
Yaw would be angle around Z axis, pitch is around 
X axis and roll is around Y axis. 

yaw   = atan2(2.0f * (q[1] * q[2] + q[0] * q[3]), q[0] * q[
0] + q[1] * q[1] – q[2] * q[2] – q[3] * q[3]);

pitch = -asin(2.0f * (q[1] * q[3] – q[0] * q[2]));

roll = atan2(2.0f * (q[0] * q[1] + q[2] * q[3]), q[0] * q[0]
– q[1] * q[1] – q[2] * q[2] + q[3] * q[3]);

pitch *= 180.0f / PI;

yaw   *= 180.0f / PI;

yaw   -= 1.087; /* Declination at Barcelona, Spain Mode
l Used:    IGRF12

Latitude:    41.3876° N

Longitude:    2.1107° E

Date    Declination

2020-01-16    1.087° East changing by 0.121° E per year 
(- for East)*/  

roll *= 180.0f / PI; 

Figure 3, calibrating the magnetometer and 
transformation from quaternions data. 

This application depends on the location of the test. 
The magnetometer is required to compensate for 
magnetic declination. As a result, the variable Yaw 
needs to be calibrated. By going to this website 
(“magnetic declination,” n.d.) and entering the 
longitude and latitude, the magnetic declination, as 
well as its annual change ratio, could be obtained. In 
Figure 3, the implantation of the calibration had been 
illustrated. 

4 EXPERIMENT 
For examining these applications, a tool has been 
created by a 3D printer. With the help of this tool, 
the sensor could be checked on 90-degree changing 
positions. The aim was to put the sensor on different 
locations of this tool and check the measured data. 
The tool and the positioning of the sensor have been 
shown in Figure 5. 

For comparing these applications, first, the sensor 
was uploaded with the first code from the first 
explained application. After that, it has been set on 
all the locations and angles were saved. Secondly, 
the same sensor has been uploaded with the second 
code from the second explained application, which 
responded to the second application. After 
calibrating the magnetometer of the second 
application, the sensor again has been set in all the 
different locations, and measured data had been 
saved. The downside of this  

Figure 4. Sensor calibration movement route 

Application is that around metallic ambient, it loses 
its efficiency. Moreover, calibrating and preparing 
the sensor for measuring is harder than the first 
application. It is to be told for each time of setting up 
the sensor calibration is needed. The sensor has to be 
moved for about a minute on a route like a Figure 4. 

Figure 5. Positioning of the sensor (z=0, z=90, y=90, 
x=90) 
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In Table 3, the results of the first application can be 
seen. In this Table, X, Y, and Z are the illustrated 
data by the applications. Directions of the tool regard 
the positioning of the sensor on the tool (Figure 5). 
As it can be deducted, the first application had about 
8.33 degree of error on Y axes and 10.59 degree On 
X axes. 

Table 3. Result of the first application (degrees) 
The 
direction 
of the tool 

X Y Z 

Z=X=Y=0 81.34 ° 81.19 ° 21.45 ° 

Z=90 81.34 ° 81.19 ° 65.97 ° 
Y=90 0.24 ° 179.52 ° 106.7 ° 
X=90 1.93 ° 2.10 ° 248 ° 

In Table 4, the result of the second application has 
been shown. On this table, the 90-degree change of 
positioning on each plane had errors as 3.1 degrees 
on X-axes, 0.28 degrees for Y axes, and 4.99 degrees 
for Z axes. 

Table 4. Result of second application (degrees) 
The 
direction 
of the tool 

X Y Z 

Z=X=Y=0 7.23 ° -2.58 ° -108.0 °

Z=90 -0.12 3.65 -13.01 °
Y=90 78.92 87.14 -113.3 °
X=90 94.13 -1 -117.96 °

5 CONCLUSIONS 
As has been mentioned, the first application cannot 
measure angles on the Z-axis. It has been observed 
that throughout time, the value of Z-direction 
increases. Moreover, the first application is showing 
about 10 degrees of an error on the Y-axis and X-
axis.  
The second application, which every time needed the 
magnetometer calibration. Although it can be 
understood that this application had less than 5 
degrees of error for each direction, lunching it was 
not as easy as the first application.  
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