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Abstract. Structural Health Monitoring (SHM) systems are used to monitor critical infrastructure, such as 
bridges, high-rise buildings, and stadiums, and it has been observed that SHM has the potential to both 
prolong the structure lifespan and to improve public safety. Within SHM studies and in the research on 
monitoring in general, the application of wireless sensors (WS) has recently gained considerable research 
interest due to the cost reduction, associated with the installation and maintenance of monitoring systems. 
However, despite the advances in the research on WS, there are several issues and challenges in the 
application of WS that require improvements, in particular for Outdoor Environment Monitoring (OEM) 
because of their harsh operational conditions, huge targeted areas and limited energy budgets. This paper 
presents a low-cost, battery-powered, efficient wireless intelligent sensor (LEWIS2) that stores acceleration 
and angular velocity on a memory card to accurately estimate the trajectory of different applications. 

1 Introduction  
During the recent years, WS have been widely used in a 
variety of applications concerned with water monitoring 
[1-3], forest monitoring [4, 5], industrial monitoring [6, 
7], aerospace monitoring, agriculture monitoring [8, 9], 
battlefield surveillance [10, 11], intelligent transportation 
[12, 13], smart homes [14, 15], animal behavior 
monitoring [16, 17], and disaster prevention [18, 19].  

Outdoor environment monitoring (OEM) is of 
principal importance in civil engineering for the purpose 
of both protecting human life and avoiding economic 
loss due to structural disasters. The reliability of OEM 
systems needs to be further improved for two reasons. 
First, structures in urban areas are subject to 
unprecedented demand because of the growth in 
population and transportation, which gives rise to a 
higher level of deterioration of structures. Second, due to 
the process of climate change, buildings and 
infrastructure are more frequently affected by natural 
disasters, such as tropical storms and flooding, as 
witnessed during Hurricane Harvey in Houston in 2017 
and earlier during Hurricane Katrina in New Orleans in 
2005 [20-22]. In consequence, it is becoming 
increasingly important to develop systems of sensors 
which allow us to establish how structures behave under 
normal and extreme load conditions. Sensors are key 
devices for civil engineers, as they permit observations 
of infrastructure to an unprecedented level of detail. In a 
long run, these observations can be used by engineers to 
optimize system designs and improve maintenance 
operations. [23] 

With the increased demand for sensor systems, the 
application of WS has recently gained considerable 

attention due to their cost reduction advantages and the 
possibility of performing high-density installation, which 
targets local damage and provides more detailed and 
reliable information about the dynamic properties of the 
structures. In consequence, new advances have been 
made in the development of WS to offer an economical 
method for collecting data that can be applied to make 
informed decisions about the dynamic performance of 
structures as well as the trajectory of displacements. 

This paper presents the design of a low-cost, battery-
powered efficient WS (LEWIS2), which can be used for 
outdoor applications to measure in real time angular 
velocity and acceleration, which are important 
parameters in many applications. In contrast to many 
traditional WS, which are technologically complex and 
costly, the proposed LEWIS2 system can be built with 
off-the-shelf components, at a cost of less than 5% of the 
average price of a commercial wireless sensor. More 
generally, this paper contributes to OEM capabilities for 
multiple field environments and structural responses of 
diverse infrastructures with low-cost, efficient wireless 
intelligent sensors. 

2 Low-cost, battery-powered efficient 
wireless intelligent sensor (LEWIS2) 
This section presents the structure of LEWIS2 and 
provides recommendations of specific components that 
could be used for LEWIS2 on the basis of their 
characteristics and availability on the market.  

2.1 Wireless sensor node elements 
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Generally, a WS node is made of the following essential 
parts: sensor, microcontroller, external memory, 
transceiver, and power source [24]. The sensor or 
sensing unit acquires data from the field and converts it 
into digital data. The microcontroller is used as a 
processor to acquire and process the sensor raw data to 
store the results to an external memory. The external 
memory may save a large amount of data, enabling 
posterior access by the user and remote sensing abilities. 
The transceiver unit enables sharing data between the 
base station or other wireless nodes. The final element is 
a power unit which consists of an energy source 
(capacitor, battery, or both of them). Depending on 
application requirements, further modules can be added. 
Figure 1 presents the way these elements are 
interconnected. 
 

 

Fig. 1. Interconnection of basic components of a WS. 

2.2 Elements of the proposed LEWIS2 

This section outlines the key components of WS and 
provides recommendations of brands that the researchers 
used in the development of LEWIS2.  

2.2.1 Microcontroller 

Arduino Uno R3 is an open-source microcontroller 
board, based on the ATmega328P microcontroller. The 
board contains the following components: 14 digital 
input/output pins (which is used to read information 
from the sensor and to control the actuator, respectively), 
six of which can be applied as PWM outputs), 6 analog 
inputs, a USB connection, a power jack, a 16 MHz 
quartz crystal, an ICSP header, and a reset button [25]. It 
can be powered from AC adapters, most USB chargers, 
or the USB port through a computer. Arduino Uno R3 
has numerous advantages. It is flexible, features a user-
friendly interface, and enables smooth communication 
between devices [26]. 

2.2.2 Sensor 

LEWIS2 employs a multi-chip module (MCM) 
MPU9250, produced by TDK InvenSense. The 
MPU9250 is a multi-chip module that comprises two 
dies that are integrated into one QFN (Quad-Flat No-
leads) package. The sensor has a wide dynamic 
measurement range and high output resolution of 14 bit 
(0.6µT/LSB) or 16 bit (15µT/LSB). It is equipped with 
an accelerometer with a dynamically selectable 
measurement range that varies from ±2 g to ± 16 g in all 
the three axes. The Arduino Uno uses the I2C interface 
to accesses acceleration data sampled by the MPU9250. 
A breakout board produced by Adafruit Industries 
contains the sensor unit. The board has been connected 

to the Arduino board through a breadboard with minimal 
soldering and wiring. To configure the settings of the 
sensor, the researchers made use of an open-source 
Arduino library. 

2.2.3 Transceiver 

2.2.3.1 Arduino wireless SD shield 

Arduino Wireless SD Shield, produced by Arduino, is a 
device that performs two functions. First, it permits the 
Arduino board to perform wireless communication via a 
wireless module, in particular, the XBee transceiver 
module, but it can be also used with other modules that 
have the same footprint to form mesh networks. Second, 
it features a micro SD card socket, which permits storing 
digital sensor data. It also contains a perfboard on the 
shield that can be used for prototyping circuits [25]. The 
micro SD socket included in the Arduino Wireless SD 
shield can be interfaced with the Arduino SD library. 
The two functions of the shield (storing and accessing 
data and interfacing with XBee transceiver modules) can 
be utilized independently and together.  

2.2.3.2 XBee series 1 module 

XBee Series 1 Module is a very simple and reliable 
device that permits communication between computers, 
systems, and microcontrollers. According to the Digi 
XBee documentation [27], the module has the range of 
100 feet indoors and 300 feet outdoors with line-of-sight. 
It is very easy to set up and no prior configuration is 
required to operate it in peer to peer environments, 
which means that it can replace wired serial connections 
that were formerly used. The module is equipped with a 
wire antenna of excellent quality. The researchers 
selected the XBee module because it enables reliable 
wireless connection between LEWIS2 and other devices. 

2.2.3.3 Explorer 

XBee Explorer is an USB to serial base unit that can be 
applied in the Digi XBee line. The unit is very simple to 
use and is compatible with all the XBee modules, which 
include the standard and Pro versions of the Series 1 and 
Series 2.5. To operate an XBee, it must be plugged into 
the XBee Explorer, and connected via a mini USB-cable 
to a computer of a cellphone. This gives direct access to 
the serial and programming pins located on the XBee 
unit [28]. 

2.2.4 Power source 

Nanotech Battery was used as the power source. The 
most important specifications of the battery are listed in 
Table 1 [29]. 

Table 1. Specifications of Nanotech 1.0 Battery. 
 

Capacity 1000mAh 
Voltage 2S1P / 2 Cell / 7.4V 
Weight 60g (including wire, plug and case) 

Dimensions 71x35x12mm 
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These properties make it a reliable battery that can be 
used to provide energy to the wireless sensor, so that it 
can work in an autonomous way. Importantly, the battery 
is rechargeable, so it can be charged with a solar panel. 
The elements of the proposed LEWIS2 are given in 
Figure 2 and the assembled LEWIS2 is illustrated in 
Figure 3. Additionally, Table 2 shows a cost summary of 
the elements of LEWIS2, with a description of each 
element. 
 

 
Fig. 2. Components of the Arduino-based LEWIS2. 

2.2.5 External memory 

The SD card uses Arduino Wireless SD shield. The 
communication between the microcontroller and the SD 
card uses SPI (Serial Peripheral Interface). The 
researchers used the Arduino SdFat library, which 
supports FAT16 and FAT32 file systems on both 
standard and high capacity SD cards, and which secures 
read/write access to FAT16/FAT32 file systems on 
SD/SDHC flash cards. The researchers chose not to use 
the Arduino generic SD library because it is relatively 
slow. 

 
Fig. 3. Assembled LEWIS2. 

 
Fig. 4. Assembled LEWIS2 – side view. 

Table 2. Essential sensing platform components LEWIS2. 

Element Description Price, $ 
Arduino Uno 

R3 Microcontroller $4.00-$25.00 

MPU9250 Sensor $9.99 
XBee Series 1 

Module 
Wireless transmission 

module $25.00 

Arduino 
Wireless SD 

Shield 

Communication XBee S1 
Module and Arduino 

Uno R3 
$15.00 

Battery Nanotech LiPo 1000mAh 
rechargeable battery $6.33 

SD Card 
SanDisk Ultra 80MBs 

MicroSD Memory Card - 
16GB 

$10.00 

Total $70.35 - $91.35 

The authors of this paper verified the workings of the 
LEWIS2 sensor by placing it on the tower of the Sandia 
Peak Aerial Tramway, near Albuquerque, NM, to 
register its vibrations under traffic operations. With the 
range for acceleration measurement of +/- 16 g and for 
the angular velocity +/- 2000 degree per second, 
LEWIS2 was able to record the full acceleration and 
angular velocity profile of the tramway’s motion. 

3 Trajectory estimation with LEWIS2 
LEWIS2 can provide information about acceleration and 
angular velocity. On the basis of these data it is also 
possible to draw informed conclusions about trajectory. 

 

Arduino Uno R3 MPU9250 breakout board XBee Series 1 Module 

SD Card 

Arduino Wireless SD Shield 
 

Battery 
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In line with Zhi’s [30] procedure, the authors of this 
paper used an algorithm, as shown in Figure 5 with the 
steps listed below in order to obtain trajectory while 
applying LEWIS2.  

Step 1: We pass the data of accelerometer and 
gyroscope to an explicit complementary filter (ECF). 
The filter provides us with output quaternions for the 
complete series of data. The attitude that we wish to 
obtain can be represented by quaternions or by their 
transformation into some other rotation representation. 
When the Matlab code is applied, the quaternions 
become transformed into rotation matrix and produce 
3D-trajectory monitor animations. 

Step 2: We apply the quaternion that was computed 
in step 1 in order to have the accelerometer data rotated 
from the sensor frame to the Earth frame. 

Step 3: We integrate the acceleration in Earth frame 
received in step 2 in order to obtain velocity in the earth 
frame. 

Step 4: The accelerometer data is passed to the Zero 
Velocity Update (ZUPT) filters (which include a first-
order Butterworth low-pass filter and a first-order 
Butterworth high-pass filter) in order to obtain the 
processed magnitude of acceleration and to determine 
stationary periods. 

Step 5: The stationary periods are applied to zero-
update the velocity that was computed in step 3 in order 
to obtain ZUPT velocity in the Earth frame. 

Step 6: The drift occurring during the non-stationary 
periods is removed because of integration. 

Step 7: We perform integral on linear velocity that 
was computed in step 6 in order to obtain the position in 
the Earth frame. 

Step 8: The position data is passed to Enhanced 
Heuristic Drift Elimination (EHDE) in order to obtain 
the estimation of the drift eliminated position in the 
Earth frame. 

Once these steps are followed, attitude estimation is 
obtained from step 1, whereas drift eliminated 
displacement is rendered by step 8 (see Zhi [30]). 

  

Fig. 5. Steps to obtain trajectory with LEWIS2. 

Significantly, drift reduction techniques are applied 
within each integral level. Thus, in the level of 
acceleration, gyro drift becomes reduced through the 
implementation of ECF with a PI controller. In the level 
of velocity, integral drift of acceleration is reduced 
thanks to the implementation of ZUPT. In the level of 
displacement, the drift triggered by small errors coming 
from two lower levels which became integrated into a 
larger drift becomes removed through the 
implementation of the EHDE.  

4 Conclusions 
This paper has introduced a low-cost, battery-powered, 
efficient wireless intelligent sensor called LEWIS2. It is 
equipped with an SD card and a Nanotech 1.0 Battery. 
The new LEWIS2 platform can collect data with low-
cost sensor, MPU9250, measuring acceleration and 
angular velocity of different outdoor applications.  
LEWIS2 can work in environments with high vibration 
and displacements. It is capable of measuring 
acceleration and angular velocity to accurately estimate 
trajectories.  
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