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Abstract - In the Oil & Gas industry, where large-scale 
rotating machinery operate under extreme conditions, 
predictive maintenance is not just a strategy, it’s a 
necessity. This paper presents a new technique in asset 
monitoring by integrating Operating Deflection Shape 
(ODS) analysis with intrinsically safe, wireless IoT sensors. 
Unlike traditional ODS methods that rely on costly wired 
systems, this solution enables remote, wireless structural 
deformation analysis, including indirect effects such as 
base/foundation distortion caused by misalignment or 
torsional resonance. The system enhances safety by 
allowing technicians to perform diagnostics from outside 
classified or hazardous zones thanks to its wireless 
architecture. A virtual reality interface further enhances the 
experience by visualizing real-time deformation, making 
complex phenomena intuitively accessible to even non-
specialists. Industrial case studies demonstrate the 
system’s effectiveness on critical rotating equipment, 
showcasing its potential to reduce downtime, improve 
reliability, and enhance safety in high-stakes environments. 

Index Terms — Structural deformation analysis, 
intrinsically safe wireless sensors, IoT condition 
monitoring.  

I. INTRODUCTION 

Oil & gas production depends on large, complex, and 

capital‑intensive assets that operate under harsh and 
highly constrained conditions. Gas turbines, pumps, 
compressors, refinery distillation trains, and auxiliary 
systems must deliver high availability and reliability, often 
in remote or offshore environments where intervention 
costs are very high. In this context, even short periods of 
unplanned downtime can translate into substantial 
economic losses and increased safety and environmental 
risk [1]. To remain competitive and compliant with 
increasingly stringent safety and sustainability 
requirements, operators require maintenance strategies 
that are aligned with both production and reliability 
objectives [2], [3]. 

Over the last decades, maintenance concepts have 
evolved from corrective and strictly time‑based preventive 

approaches toward more intelligent and risk‑aware 

strategies. Condition‑based maintenance (CBM) has 

emerged as a cost‑effective alternative by triggering 
maintenance actions based on measured degradation 
rather than calendar time [4]. CBM relies on monitoring key 
parameters that reflect the health of the equipment, such 
as vibration levels [5]. For lubrication systems in particular, 

condition monitoring and failure‑finding tasks account for 
most maintenance actions, highlighting how CBM 
becomes the dominant strategy whenever a subsystem 
lends itself to reliable condition monitoring [4]. 

More recently, the availability of dense sensor data, 
industrial Internet of Things (IIoT) infrastructures, and 
powerful machine‑learning (ML) methods has enabled 
predictive maintenance (PdM) solutions that aim not only 
to detect incipient faults but also to estimate the remaining 
useful life of critical equipment [6], [7]. At the same time, 
performance indicators such as Overall Equipment 
Effectiveness (OEE) have become central for quantifying 
the combined impact of availability, performance losses, 
and quality deviations on production systems [8], [9]. 

Equipment that operates inside hazardous areas must 
comply with the applicable certifications. The IEC 60079 
series of standards establishes the international 
requirements for electrical equipment used in explosive 
atmospheres and defines several Ex-protection methods, 
such as flameproof enclosures (Ex d), increased safety (Ex 
e), pressurization (Ex p), and intrinsic safety (Ex i) [10]. 
Among these approaches, intrinsic safety stands out in 
instrumentation applications and low-power electronic 
devices, as it allows equipment to operate safely even 
when installed directly in hazardous areas. This technique 
is widely used in sensors, transmitters, and automation 
devices installed in classified zones (Zone 0, 1, and 2). 

Intrinsic safety is an essential protection method applied 
to electrical equipment in areas at risk of explosion, such 
as oil & gas facilities [11]. The fundamental principle 
consists of limiting the electrical and thermal energy of 
circuits to levels below those required to ignite flammable 
gases or vapors. Thus, even under fault conditions, such 
as a short circuit, the system is not capable of generating 
sparks or surface temperatures sufficient to cause ignition. 
With the growing demand for monitoring solutions, intrinsic 
safety has become increasingly relevant by enabling low-
power sensors to operate safely in hazardous areas. 
Designed in accordance with the requirements of IEC 
60079-11, these devices can be installed directly in 
flammable environments without the risk of ignition, 
ensuring the protection of people and assets while enabling 
modern monitoring and predictive maintenance strategies 
in industrial facilities. 

A. CBM based on IoT Devices

With the emergence of IoT and Industry 4.0, this type of 
maintenance has become simpler and more economical, 
contributing to its widespread adoption. Numerous 
systems have been developed to monitor vibration, 



temperature, pressure, and other variables in industrial 
plants. Thanks to advances in micro-electromechanical 
systems (MEMS), it is now feasible to deploy thousands of 
low-cost sensors capable of sensing, processing and 
wirelessly transmitting data for equipment and 
environmental monitoring [13],[14]. These devices send 
data to the cloud, where it can be stored and further 
processed using IoT protocols and technologies [15]. Major 
public cloud providers offer IoT services based on standard 
protocols for real-time data ingestion and analytics [16]. 

Potential issues are communicated to plant maintainers 
as early warnings. This allows maintenance teams to repair 
or replace equipment before performance degrades or a 
complete failure occurs. In this way, catastrophic 
breakdowns and the resulting repair and replacement 
costs can be avoided, while also helping ensure 
compliance with strict environmental regulations [17]. 

Early-stage condition monitoring and fault detection are 
especially important in critical equipment applications. 
Non-invasive fault diagnosis reduces maintenance effort, 
time, and cost. For this, accurate fault characterization is 
essential [18]. Any reliable detection method must be 
grounded in a solid understanding of the electrical, 
magnetic, and mechanical behavior of the equipment, both 
under normal operating conditions and under fault 
conditions [19]. The most common indicators used to 
monitor electrical machines are based on variations in 
current, temperature, voltage, chemical debris, and 
vibration [20].  

Vibration measurement is a well-established technique 
for detecting and diagnosing deviations from normal 
operating conditions in rotating mechanical structures. 
Conventional piezoelectric accelerometers remain the 
dominant and accepted technology for this purpose. 
However, compared with traditional acceleration sensors, 
MEMS accelerometers offer advantages such as small 
size, low cost, high integration and good accuracy, and 
have therefore been widely applied in natural disaster 
monitoring, tilt detection [21], displacement or velocity 
measurement, industrial vibration monitoring and other 
fields [22]. Various vibration signal analysis techniques are 
employed in the diagnosis of industrial assets. Among 
them, the Operating Deflection Shape (ODS) method 
stands out as a straightforward way to perform dynamic 
analysis and visualize how a machine or structure behaves 
under actual operating conditions. ODS tests are 
conducted without external excitation; only response 
vibrations are measured. This makes ODS very useful for 
identifying defect causes or for illustrating machine 
behavior to personnel who are new to vibration analysis 
[23]. The technique has been applied in civil engineering 
[24], rotating industrial machinery [25] and transportation 
systems [26]. To obtain an ODS, simultaneous vibration 
measurements at multiple locations are required, and the 
more response points are measured, the more informative 
the resulting ODS will be. 

Within this context, the present work introduces a 
technique for performing digital and wireless ODS (DW–
ODS). The following sections describe the theoretical 
background of the ODS analysis technique, the 
synchronization method adopted for the wireless IoT 
sensors, the user interface, and the corresponding 
laboratory and field validations. 

 
 
 
 

II.  TRADITIONAL STRUCTURAL ANALYSIS 
 

Operating Deflection Shape (ODS) is a simple way to 
perform dynamic analysis and to visualize how a machine 
or structure moves under its actual operating conditions. It 
can be done in the time domain, during a short period of 
machine operation, or at a specific frequency. In ODS 
tests, no artificial forces are applied; only the response 
vibration signals are measured. This method is one of the 
best interfaces between the vibration technician and the 
person responsible for the machine. It is very useful to 
identify the causes of defects or to show the machine 
behavior to people who are not familiar with vibration 
analysis. 
   The technique is simple to use, but it requires knowledge 
of vibration analysis [27]. It is necessary to create a 
geometric model of the machine, or of the relevant portion 
of it, for which the dynamic operational behavior will be 
evaluated. Figure 2.1 shows the model of one surface of 
the machine superimposed on a photograph of the 
machine, to make it easier to understand what the results 
will represent.  Each point shown on the model 
corresponds to accelerometers positioned on the asset 
surface, to collect data and create the animation of the 
structure deformation. The illustration of the structure’s 
motion is obtained from amplitude and phase 
measurements at the different locations on the machine, as 
presented in Figure 2.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.1 – Model of the machine under analysis  

 
 
 
 
 
 
 
 
 
 
 

Fig 2.2 – Animation created using the data collected during 
analysis.  

 
When the ODS model is properly built, the analysis can 

provide information about what is wrong with the structure. 
Some examples of evaluations that can be made are listed 
below: 

1) Overall movement of the structure: checks 
whether the entire equipment is moving together, 
without relative motion between components. 

Tank 
Panel 



2) Relative motion between bearings and shaft: can 
indicate misalignment. 

3) Phase and relative motion in bolted and welded 
joints: may indicate loose fasteners. Backlash 
problems show similar motion at different 
frequencies. 

4) Bending movements of structural components: 
may be an indication of resonance (note: ODS 
does not prove resonance). 

5) Localized motion at the machine feet or base: may 
indicate low rigidity or weaknesses in the base. 

 
ODS measurements are collected using a spectrum 

analysis. One measurement location is chosen as the 
reference, and vibration levels and phase are measured at 
other locations on the structure using a roving sensor 
(phase always referenced to the reference sensor). 
Several measurements can be performed either 
simultaneously or sequentially. The relative amplitude and 
phase values are enough to build the animation, and the 
most common measurement methods are: 

1) Order spectra, 
2) Phase Assigned Spectrum (PAS), 
3) Ratio-Based PAS, 
4) Run-up / run-down ODS, 
5) Transmissibility (FRF between responses). 

 
The most common technique is the Transmissibility. 

These are relative ODS values. The relationship is made 
directly with the reference signal. The definition of 
transmissibility is as follows:   
The definition of transmissibility is as follows [28]: 

 

𝑇𝑖𝑗(Ω)  =  
𝑋𝑖(Ω)

𝑋𝑗(Ω)
 (1)  

 
where Xj is the response measurement in the reference 

location j, Xi is the response measurement in the i locations 
and the Tij is the ratio between the reference measurement 
and other positions measurement. This may be considered 
as the ratio of two linear combinations of the operating 
forces spectra. All measurement signals are complex and 
are in the frequency domain (Ω). 

With the amplitude and phase obtained by eq. (1) at the 
measured locations i, for the operating frequencies Ω, it is 
possible to visualize the movement of the structure at each 
position. 

The minimum and most common requirements to 
perform an ODS test are: DAQ (Digital Acquisition) 
hardware with two or more channels, equipment with ODS 
capability, accelerometers and cables, and a computer for 
the user interface, to create the interface model and 
conduct the measurements. The interface model is only 
representative; it does not need the exact dimensions or 
details that would make its construction more complex. It is 
sufficient to identify the regions where some special 
components are located. 

In the oil & gas area, where most applications are located 
In hazardous locations, cabled equipment is not a viable 
option.  
 

III.  DIGITAL WIRELESS ODS  
 

Cabled data acquisition systems are often unsuitable or 
severely constrained in hazardous environments such as 
oil & gas facilities. To address this issue, previous work 
developed and validated a Digital Wireless ODS (DW-

ODS) technique [29]. This method can use intrinsically safe 
IoT sensors with micro-electromechanical systems 
(MEMS) accelerometers and wireless communication. 
MEMS technology is widely adopted for industrial vibration 
monitoring due to its cost-effectiveness and proven 
accuracy [30]. 

 
A. The Critical Role of Time Synchronization 
 
ODS analysis requires measuring vibration responses at 

multiple locations simultaneously. This allows the 
calculation of transmissibility, which is the relative 
amplitude and phase between a reference point and other 
measurement spots [28]. Because of this, making ODS 
work in a wireless IoT sensors network depends entirely on 
achieving a sufficient low time synchronization error. High 
synchronization errors distort the phase data, which 
completely invalidates the structural deformation analysis.  

 
The DW-ODS architecture solves this through a master-

slave synchronization mechanism over Bluetooth Low 
Energy (BLE). Instead of relying on standard advertising 
packets or connection events, the system transmits 
synchronization packets directly during radio idle periods. 
Literature shows this direct radio approach minimizes 
delays, bringing synchronization errors down to around 
320 nanoseconds [31]. In laboratory tests, the DW-ODS 
system maintained an operational error between 20 and 
500 nanoseconds. This is low enough to guarantee the 
phase accuracy needed for reliable ODS results [29]. 

 
B. Augmented Reality and Step-by-Step Field 

Application 
 
Beyond the hardware, the DW‑ODS methodology 

simplifies data acquisition and translates complex signal 
processing steps into an augmented‑reality (AR) 
visualization. The whole operation runs on a smartphone 
through a mobile application, making advanced vibration 
analysis accessible for routine field maintenance. The 
workflow for running an analysis involves a few practical 
steps, shown on Figure 3.1. 

  

 
Step 1 

 
Step 2 



 
Step 3 

 
 Step 4 

 
Step 5 

 
Fig. 3.1: Digital and wireless ODS steps in mobile app 
 
Step 1: Initially, the user selects the specific wireless 

sensors coupled to the structure via the app and wait then 
to synchronize. 

Step 2: It is necessary to take a photo of the equipment 
with their smartphone. 

Step 3: User then selects the sensors on the photo to 
map the exact 2D coordinates of each sensor on the 
image. 

Step 4: The smartphone triggers the master sensor to 
start the simultaneous measurement. The raw data goes to 
a local server or a cloud platform for signal processing 
(Fourier transforms and transmissibility calculations). 
Running this locally offers a critical advantage for Oil & Gas 
facilities, where strict cybersecurity policies often restrict 
internet access. 

Step 5: The processing unit (local or cloud) returns the 
computed amplitude and phase data for the dominant 
frequencies. The application displays a dynamic animation 
directly onto the equipment's photo based on the mapped 
coordinates. 

For a setup with up to seven sensors, the entire 
automated process takes about three minutes [29]. The 
user does not need to interpret abstract phase spectrums 
or raw numerical data. Instead, they see an AR-like 
animation playing directly over the real image of the asset. 
This visual approach helps maintenance technicians 
quickly identify relative motions, like structural bending, 
misalignment, or base looseness, under actual operating 
conditions. 

It’s important to take in mind that to perform the DW-ODS 
analysis inside classified areas, the smartphone used also 

should comply whit the certifications required. Or, in cases 
where it’s not recommended to the user to stay in the area, 
the analysis can be performed through another device 
such as a gateway, that is responsible of collect data send 
to the cloud. In this case, the visualization of the 
deformation is available in a web dashboard. 
 

IV.  PRACTICAL CASE STUDIES OF DIGITAL 
WIRELESS ODS APPLICATION IN MACHINERY 

USED IN THE OIL & GAS SEGMENT  
 

The case studies presented in this chapter simulate 
applications widely found in the Oil & Gas (O&G) segment 
and demonstrate how DW-ODS can assist in the rapid and 
visual identification of dynamic behaviors associated with 
mechanical faults. Although the tests were performed in a 
controlled and safe environment on equivalent equipment, 
the scenarios realistically represent operational conditions 
typical of industrial plants and energy processes. 
 

Two types of machines were considered: 
 

1) Multistage centrifugal compressor mounted on a 
skid, a typical piece of equipment for continuous 
gas compression processes used in both 
chemical applications and gas compression 
systems associated with industrial and energy 
sectors. The technical literature confirms that this 
type of compressor train operates in highly 
controlled environments with requirements for 
reliability, dynamic stability and continuous gas 
compression across different load ranges [32]; 

2) Belt-driven centrifugal industrial exhauster, widely 
used in petrochemical units, industrial ventilation 
systems and auxiliary processes. Beltdriven 
configurations are common due to their 
mechanical robustness, ease of maintenance 
and adaptability to variations in load and airflow, 
making them suitable for harsh industrial 
environments [33]. 
 

These cases illustrate how DW-ODS facilitates the 
visualization of operational deflection shapes and, more 
importantly, how the tool helps correlate overall machine 
motion with symptoms observed in spectra, orbits and 
conventional vibration measurements. 
 
A. Case 1 – multistage centrifugal compressor 
(dynamometer test)  
 
The compressor analyzed is a multistage centrifugal 
compression train, with multiple stations connected by 
couplings along the shaft, mounted on a skid containing 
auxiliary systems such as lubrication, sealing, 
instrumentation and control (Figure 1). Such equipment is 
characteristic of continuous industrial processes where 
dynamic stability, prolonged operation and response to 
pressure variations are critical factors.



 
Figure 4.1 – Example of a multistage centrifugal 
compressor (Reference: [32]).  

 
To simulate a realistic fault condition, a controlled 
experiment on a dynamometer, where a horizontal 
misalignment was intentionally introduced, representing a 
possible misalignment between two consecutive stations of 
the compression train. In Figure 2a, the blue dynamometer 
(left side of the image) represents one station, and the red 
tested motor (right side of the image) represents a second 
station, with a flexible coupling between them that allows 
forced misalignment. Ten wireless IoT vibration sensors 
(S1 to S10) were installed at the structure. 
 
The use of DW-ODS during the test allowed the 
visualization of:  

1) Significant increase in relative deflection between 
the two stations where misalignment was 
introduced (Figures 4.2a and 4.2b).  

2) Clear phase discontinuity, characteristic of an 
offset in couplings (Figures 4.2a and 4.2b).  

3) Dominance of horizontal motion, consistent with 
the type of misalignment applied (Figures 4.2c 
and 4.2d).  
 
 

 
a Side view, instant 1           b Side view, instant 2 
 
 

 
c Rear view, instant 1           d Rear view, instant 2. 
 
Figure 4.2 – DW‑ODS results from an experiment 
simulating misalignment between compression stations 
(adapted from the authors’ tests). (Reference: Autor) 
 
The graphical representation provided by Digital Wireless 
ODS made it possible to quickly correlate the observed 
behavior with the expected failure pattern for misalignment 
between stations of the compression train.  
 

B.  Case 2 – Belt-driven centrifugal exhauster 
(equivalent equipment)  

 
The second study was carried out on a belt-driven 
centrifugal industrial exhauster, commonly used in 
petrochemical, industrial and ventilation applications 
(Figure 4.3). Belt transmissions are particularly sensitive to 
misalignments, unequal belt tension and geometric 
variations in pulleys.  

  
Figure 4.3 – Belt-driven centrifugal fan used in the 
experiment (Reference: Author).  
 
The equipment exhibited classic symptoms of 
angular/offset misalignment: elevated 1× vibration, 
irregular belt heating, and premature wear. After 
instrumentation, DW-ODS revealed (Figure 4.4a, 4.4b):  
 

1) Misalignment between pulleys, observed directly 
in the animation. 

2) Relative movement concentrated in the 
transmission region, with vectors diverging 
between the motor and the exhauster. 

3) Abrupt changes in vector direction, indicating 
localized distortions in the belt plane. 
 

 
a Side view, instant 1 

 

  
b Side view, instant 2 

 
Figure 4.4 – Result of Digital Wireless ODS measurement 



´ 

on an exhaust fan with misalignment between pulleys. 
(Reference: Autor).  
 
This type of signature is typical of misalignments in belt-
driven systems and often goes unnoticed when analyzed 
only through spectra. The dynamic visualization provided 
by DW-ODS enabled rapid identification of the mechanical 
origin of the problem and guided corrective action.  
 

C. Other diagnostic possibilities with DW-ODS 
 

Field experience and literature show that many structural 
faults manifest through specific motion signatures. 
Because DW-ODS represents operational deflection 
under real operating conditions, it assists in identifying:  

1) Structural looseness: abrupt phase differences 
between adjacent components.  

2) Soft foot: rotational deformation of the base 
throughout the rotation cycle.  

3) Unbalance: maximum deflection concentrated in a 
fixed direction, dominated at 1×. 

4) Resonance: localized amplification and formation 
of nodes and antinodes along the machine.  

5) And more.  
 

V.  CONCLUSIONS 
 

This work presented a digital and wireless ODS 
(DW‑ODS) technique for monitoring assets in oil & gas 
applications. By using intrinsically safe wireless IoT 
sensors, the method enables classical ODS analysis to be 
conducted directly in hazardous areas without the need for 
cabled instrumentation. The proposed approach combines 
synchronized MEMS accelerometers, a Bluetooth Low 
Energy–based time‑synchronization scheme, and a mobile 

application with augmented‑reality visualization. 

The case studies demonstrate that DW‑ODS is an 
effective visual diagnostic tool capable of correlating 
vibration signals with motion patterns that reflect the actual 
mechanical condition of the machine. In multistage 
compressors and belt‑driven transmissions—both relevant 
in industrial and oil & gas contexts—the technique 

supported faster root‑cause identification, visually 
highlighted specific failure points, and facilitated technical 
communication among maintenance, operations, and 
engineering teams. 

In addition to improving diagnostic capability, the 
wireless and intrinsically safe architecture reduces the 
need for personnel to enter hazardous areas for data 
collection, contributing to safer maintenance practices. 
Future work will focus on extending the methodology to 
larger sensor networks, integrating automated fault 

classification, and further assessing the long‑term reliability 
of the system in continuous industrial operation. 
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