
Vol.:(0123456789)1 3

J Opt 
https://doi.org/10.1007/s12596-024-02001-x

RESEARCH ARTICLE

Deciphering the sensory landscape: a comparative analysis 
of fiber Bragg grating and strain gauge systems in structural 
health monitoring

M. A. Ibrar Jahan1 · Rajini V. Honnungar1 · V. L. Nandhini2 · V. L. Malini3 · 
Harpreet Vohra4 · V. R. Balaji5   · Sandip Kumar Royc6 

Received: 27 March 2024 / Accepted: 22 June 2024 
© The Author(s), under exclusive licence to The Optical Society of India 2024

Abstract  Structural Health Monitoring (SHM) is essential 
for engineering structure safety and durability. This study 
compares Fiber Bragg Grating (FBG) and Strain Gauge 
Systems (SGS), the two prominent sensing technologies 
used in SHM. Through this study, we aim to elucidate the 
sensory mechanisms, advantages, and limitations of each 
system, providing a comprehensive understanding of their 
applications in monitoring the structural integrity of various 
constructs. An attempt has been made to assess the supe-
riority of FBG sensors over traditional transducer systems 
such as SGS. A real-time experiment is performed with a 
cantilever beam embedded with an SGS with a few tens of 
grams of force applied. The wavelength variation of the FBG 
sensor is strain-dependent, and an experiment is performed 
to show the reflectivity with applied force. With the same 
applied force, the FBG has linear behavior, while the strain 
gauge has a deviation of 15%. Further, we determined the 
R2 coefficient of deviation (COD) 0.84 for the SGS and 1 
for the FBG sensor. With the FBG sensor, we obtained a 
superior strain sensitivity of 1.20 pm/μɛ and a Full Width at 
Half Maximum (FWHM) of 0.00136 µm. The SGS exhib-
its a self-heating characteristic and is inherently corrosive. 

In contrast, the FBG sensor has negligible electromagnetic 
interference, operates in the tetra-hertz frequency range, and 
exhibits an exceptional strain response.

Keywords  FBG · Fiberoptic · Structural health 
monitoring · Strain gauge systems · FWHM

Introduction

The advent of SHM systems has revolutionized the mainte-
nance strategies for civil, aerospace, and mechanical engi-
neering structures. Among the plethora of sensors available, 
FBG and Strain Gauge systems are extensively utilized due 
to their high sensitivity and reliability. This article delves 
into the principles of operation, installation, and data inter-
pretation of these sensors, offering a detailed comparison to 
aid in the selection of appropriate SHM systems.

SHMis a traditional method of obtaining strain data in 
engineering. It is possible to measure the strain in a work 
element by attaching strain gauges to its exterior and moni-
toring the resulting change in resistance when the element 
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is loaded [1]. The strains at the measured sites are produced 
by experiments and calculations. However, stain gauges are 
easily impacted by chemical corrosion, temperature, mois-
ture, and Electromagnetic Interference (EMI) so their usage 
is limited [2].

This study attempts to demonstrate the superior perfor-
mance of the FBG sensor in comparison to the conventional 
strain gauge. With FBG sensor obtained a high sensitivity 
of 1.20 pm/μɛ and a Full Width at Half Maximum (FWHM) 
of 0.00136 µm. With the same applied force, the FBG has 
linear behavior compared to the strain gauge system. Due to 
its capability of accurately measuring low force values, the 
FBG sensor can be employed to assess the dislodging forces 
exerted by dentures.

In this work, the simulation results of the FBG sensor 
and the results from the conventional strain gauge sensor 
were compared. The fundamentals of FBG and strain gauge 
sensors are covered in the first section. The FBG principle is 
covered in the second section. The third section details strain 
gauge experimentation. The modeling and analysis of the 
FBG strain sensor are covered in the fourth section. Results 
and discussion are discussed in the fifth section.

The comparative analysis scrutinizes the performance 
metrics of both sensor types under various conditions. It 
includes a discussion on the sensitivity, accuracy, cost, ease 
of deployment, and data analysis complexities. The feasi-
bility of FBG sensors for high strain rate events and their 
performance in composite materials are evaluated against 
the traditional Strain Gauge systems, providing insights into 
their respective strengths and weaknesses.

Literature review

FBG sensors are comprehensivelyutilized in sensing applica-
tions as an innovative technology [3]. Using a holographic 
interferometer fiber is exposed to a coherent ultraviolet (UV) 
source; this side-wall writing approach forms a Bragg grat-
ing directly in the fiber core [4]. Since then, several strate-
gies for increasing the refractive index have been discovered, 
including improving the photosensitivity of the fiber and UV 
exposure mechanism. A sophisticated method of produc-
ing gratings in the fiber that used an optical phase mask to 
produce interference fringes was reported in the year 1993 
[5, 6]. Owing to their high accuracy, a wide range of usa-
ble temperatures, and other advantages, FBG sensors find 
applications in many different industries, including high-tech 
aviation, spacecraft [7, 8], the marine industry [9], and the 
medical field [10]. Recent work has shown the significant 
potential of FBG sensors for a variety of applications like a 
magnetic field, temperature, vibration, and strain [11, 12]. 
FBG sensors for monitoring the biomechanical force and 
Tenso Dentar devices for measuring the force [13].

It is demonstrated that FBG sensors have several intrin-
sic benefits over traditional electrical sensors such as com-
pact, light, non-conductive, quick responsiveness, corrosion 
resistance, capacity to withstand greater temperatures, its 
resistance to radio frequency and electromagnetic interfer-
ence. Another unique feature of FBG sensors is, they can be 
multiplexed and have a wavelength-encoded measurement. 
FBGs have the inherent ability to act as a sensing element 
and as a transmission mediumintroducing new possibilities 
to monitor the health of structures [14, 15].

This new approach would significantly improve the use of 
FBG sensors for health monitoring [16]. Despite the signifi-
cant advancements made in fiber optic system technology, 
actual applications of this kind of sensor to real-world civil 
engineering projects and medical fields have not been widely 
adopted [17].

Theory

FBG sensors offer several advantages over SGS, making 
them superior in various applications. Firstly, FBG sensors 
provide high sensitivity and accuracy, which are crucial 
for precise measurements. They are also immune to elec-
tromagnetic interference, which can significantly affect the 
performance of strain gauges. Additionally, FBG sensors 
have a broader dynamic range, allowing them to detect both 
small and large changes in measurement parameters. Their 
ability to operate in harsh environments without degrada-
tion is another benefit, as strain gauges can be susceptible to 
corrosive elements and extreme temperatures. Furthermore, 
FBG sensors require less maintenance and have a longer 
lifespan compared to strain gauges, which often need regular 
calibration and can suffer from fatigue over time. Lastly, the 
non-contact nature of FBG sensing allows for measurements 
without physical contact with the object being measured, 
reducing wear and tear and the risk of contamination.

FBG Sensors and conventional SGS are both pivotal in 
the realm of measurement and monitoring. FBGsensors 
operate based on the detection of light or changes in light 
properties, making them highly sensitive and capable of con-
tactless operation, which allows for measurements in harsh 
or inaccessible environments. They are often used in appli-
cations such as fiber optic sensing, where they can detect 
strain, temperature, and other physical parameters over long 
distances with high precision.

On the other hand, SGS are devices that measure the 
strain on an object by converting force, pressure, tension, 
weight, etc., into an electrical resistance change that can 
be measured. They are typically more cost-effective than 
FBG sensors and are widely used due to their simplicity and 
reliability. However, they require physical contact with the 
measured object and can be susceptible to electromagnetic 
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interference, which may limit their application in certain 
environments.

In summary, while FBG Sensors offer advanced fea-
tures like remote sensing capabilities and high sensitivity, 
SGSprovides a more traditional and economical approach 
to strain measurement. The choice between the two systems 
depends on the specific requirements of the application, 
including factors such as environment, sensitivity needs, 
and budget constraints.

Strain gauge system

An SGS functions based on the principle that the electrical 
resistance of a wire is directly proportional to its length and 
inversely proportional to its cross-sectional area. When a 
material is subjected to mechanical stress, it deforms, chang-
ing its shape and size. A strain gauge, which is a fine wire or 
metallic foil pattern, is attached to the material to measure 
this deformation.

The working of a strain gauge shown in Fig.  1 and 
involves the following steps:

•	 Attachment The strain gauge is securely bonded to the 
surface of the material whose strain is to be measured.

•	 Deformation When the material is subjected to an exter-
nal force, it deforms, causing the strain gauge to stretch 
or compress along with the material.

•	 Resistance Change This deformation changes the length 
and diameter of the strain gauge, which alters its electri-
cal resistance.

•	 Measurement The change in resistance is measured using 
a Wheatstone bridge circuit, which is sensitive to minute 
changes in resistance.

•	 Output Signal The Wheatstone bridge outputs a voltage 
signal that is proportional to the strain experienced by the 
gauge.

•	 Data Acquisition This signal is then processed and con-
verted into a readable format, such as a numerical value 
of strain, using data acquisition systems.

Temperature compensation is also an important aspect of 
anSGS, as temperature variations can affect the resistance of 
the gauge. This is typically managed by using materials that 
are less sensitive to temperature or by employing a dummy 
gauge that only experiences temperature changes and not 
mechanical strain, allowing for the subtraction of tempera-
ture effects from the strain measurement.

Strain gauges are widely used in various fields, including 
engineering, physics, and material science, for measuring 
weight, force, pressure, and torque. They are integral com-
ponents in the design of mechanical systems where precise 
measurements of stress and strain are crucial.

FBG sensing

FBG uses ultraviolet radiation technology to generate refrac-
tive index period distributions. Because fiber is photosensi-
tive, when exposed to ultraviolet light, the refractive index 
is permanently altered. The Bragg wavelength variation 
reflects changes in external factors, as illustrated in Fig. 2.

When an optical signal is induced into a fiber, a portion 
of the signal is reflected and a portion transmits through 
the fiber. The transmission fiber is illuminated by the light 
source’s incident light and a grating then reflects a signifi-
cant portion of the narrow spectrum including the Bragg 
wavelength into the interrogator. The spectrum of reflec-
tion and transmission light can be utilized to determine the 
strain-induced Bragg wavelength shift [18].

The Bragg’s wavelength is determined by Eq. (1),

λB-Bragg wavelength. neff-Effective index. Λ-Pitch.
FBG is strain-responsive, the wavelength shifts when a 

grating is stretched or compressed.
By differentiating Eq. (1) we obtain Eq. (2).

Without taking into account waveguide effects or the 
impact of fiber axial deformation on the refractive index. 
The fluctuation in RI in uni-axial elastic deformation can 
also be expressed as stated in Eq. (3).

(1)�B = 2neffΛ

(2)d�B = 2Λdneff + 2neff dΛ

Fig. 1   The working of a strain gauge sensor Fig. 2   FBG Structure
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Elastic optic coefficient value is calculated using Eq. (4) 
where P11, P12-Elastic Optic Constants, Pe-Elastic optic 
coefficient, μ-Poisson ratio, and ɛ-Axial strain.

If the FBG is perfectly uniform, the rate of change in grid 
spacing should be in line with the actual length of the grat-
ing segment as shown in Eq. (5).

Thus, the equation for the relationship between strain and 
wavelength shift at constant temperature is given by Eq. (6).

The strain sensitivity ratio is inevitable for fibers of the 
same material, which theoretically implies the linear output 
of the FBG sensor is good and as a result, the shift in the 
center wavelength can be successfully translated to the strain 
change.

Proposed system

Figure 3 depicts the flowchart for measuring strain with two 
sensor systems.

Strain gauge system

A cantilever beam is used in the strain gauge experiment 
to measure strain. Cantilever beams, as seen in Fig. 4, are 
stiff beams with one end attached to a support, most often 
a vertical support wall and the other end is free [19]. The 
specification of the cantilever beam is as follows:

The load acting at the free end creates a reactive force 
and moment at the beam’s fixed end. The purpose of a can-
tilever beam is to produce a bending effect up to a specific 
limit.To acquire the strain sensed by the beam for various 

(3)
Δneff

neff
= −

1

2
neff

2
[

(1 − �)P12 − �P11

]

� = −Pe�

(4)Pe =
1

2
neff

2[(1 − �)P12 − �P11]

(5)
ΔΛ

Λ
=

ΔL

L
= �

(6)
Δ�B

�B
= (1 − Pe)�

Length of the beam = 320 nm

The breadth of the beam = 45 mm

The thickness of the beam = 2 mm

Material = mild steel

Youngs Modulus = 2.1 × 105 N∕mm2

loads acting at the free end of the cantilever beam. As 
shown in Fig. 5 a strain gauge has adhered to a cantilever.

The cantilever beam is brought under strain by the addi-
tion of the various standard weights or loads as shown in 
Fig. 6. The objective is to create a bending effect up to a 
specific limit.

The microstrain measurements of the strain obtained 
from the strain gauge are acquired using a Wheatstone 
bridge; the setup is shown in Fig. 7.

Fig. 3   Flow chart of strain measurement using two sensor systems

Fig. 4   Cantilever Beam
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FBG sensing

For weights ranging from 50 to 500 gm, the shift in wave-
length caused by the strain induced in the fiber is deter-
mined using the optomechanical equations like “(4)” and 
“(6)”. The center wavelength is chosen to be 1550 nm.

When the sensor is subjected to external pressure the lon-
gitudinal deformation induced along the axis of the fiber 
is greater which causes a change in the pitch resulting in 
a corresponding shift in the center wavelength [20, 21].

Table 1 lists the parameters that were used to do a three-
dimensional analysis of an FBG-based strain sensor. Fig-
ure 8 shows the block diagram of the FBG measurement 
system.

Figure 9 shows the workflow of an FBG sensor. The 
process starts with connecting the FBG sensor to source 
and detector. Next step is to calibrate the system, meas-
ure the output at normal strain. Further, apply strain and 
calculate the impact using the relation between the Bragg 
wavelength and strain as in Eq. (6).

Fig. 5   Cantilever beam with a strain gauge mounted

Fig. 6   Weights placed on the beam

Fig. 7   Wheatstone bridge set up to measure the strain values

Table 1   Design parameters of FBG

Parameters Design values

Refractive index of core 1.46
Refractive index of cladding 1.45
Center wavelength 1.55 µm
Grating length 1000 µm
Core diameter 8.2 µm
Cladding diameter 125 µm
Periodic modulation of refractive index 10−2–10−5

Fig. 8   Block diagram of FBG measurement system

Fig. 9   FBG sensing workflow
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Implementation and results

As shown in Fig. 3 in the previous section, implementation 
of SGS and FBG sensing carried out. The following sub 
sections will present the outcome of the implementation.

Strain gauge system

Table 2 shows the tabulated data of the strain gauge recorded 
on the Wheatstone bridge for standard weights.

FBG sensing

Table 3 tabulates the data of applied weight, strain and 
Bragg’s wavelength shift. Using optomechanical equations 
strain and shift in wavelength values are obtained.

The wavelength shift is linearly changed from 
1550.030225 to 1550.301210 nm as the applied weight is 
raised from 50 to 500 gm. FBG exhibits strain-dependent 
behaviour, with an increase in the applied load there is an 
increase in the grating period, leading to a greater shift in 

the centre wavelength. Figures 10 and 11 show the reflec-
tion spectrum of the FBG sensor for different weights. For 
a grating length of 1000 µm, obtained a reflectivity of 89%.

Comparative analysis

The integration of FBG sensors with big data and IoT tech-
nologies addresses several challenges in SHM, such as envi-
ronmental conditions, high-speed and long-distance com-
munication, dynamic analysis of the structure, and cost of 
operation. A proposed stain measurement model using FBG 
sensors, for instance, demonstrates a scalable architecture 
that can be experimentally validated using an FBG sensing 
mechanism to estimate the strain distribution profile at the 
bonding region of the base plate from a central location.

Moreover, the use of FBG sensors in composite materi-
als for SHM is gaining traction. These sensors are embed-
ded within smart composite materials to mitigate the risk of 
failure due to overload or unwanted inhomogeneity result-
ing from the fabrication process. FBG sensors outperform 

Table 2   Weight versus strain values acquired from strain gauge

Weight (gm) Strain response from 
a strain gauge (μɛ)

50 25
100 49
150 76
200 93
250 128
300 152
350 175
400 206
450 232
500 257

Table 3   Strain vs shift in wavelength for the applied load

Weight (gm) Strain (μɛ) Amount of shift in 
wavelength (pm)

50 24.91 30.225
100 49.82 60.232
150 74.74 90.360
200 99.65 120.476
250 124.57 150.605
300 149.48 180.721
350 174.4 210.849
400 199.31 240.965
450 224.22 271.082
500 249.14 301.210

Fig. 10   Relative power versus wavelength at 100 gm weight

Fig. 11   Relative power versus wavelength at 150 gm weight
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traditional sensor technologies as they are lightweight, small 
in size, and offer convenient multiplexing capabilities with 
remote operation.

Challenges related to temperature–strain discrimination, 
demodulation of the amplitude spectrum during and after 
the curing process, as well as the connection between the 
embedded optical fibers and the surroundings, are being 
addressed with significant progress. Strategies developed in 
these areas include advanced interrogation techniques and 
connectors, which are crucial for the effective implementa-
tion of FBG sensors in SHM applications.

Table 4 shows a comparison of FBG and SGS.
The strain values calculated using the optomechanical 

equations of the FBG sensor and the strain data obtained 
using the strain gauge show a linear relationship with the 
applied load. Figure 12 shows the plot of applied weight on 
the strain gauge versus strain and the strain induced in the 
FBG. We obtained the R2 coefficient of deviation (COD) for 
the strain gauge around 0.84 and for the FBG 1. This shows 
the strain gauge sensor has a strain transfer deviation of 15% 
compared to the FBG sensor.

When a weight in the range from 50 to 500 gm is 
applied, the strain produced in the fiber increases, creating 

a proportional wavelength shift is observed in Fig. 13. FBG-
based strain measurement is accurate and feasible due to its 
excellent linearity and high precision [29, 30].

Sensitivity is defined as the ratio of a shift in wavelength 
permicrostrain. The calculated sensitivity is 1.20  pm/µε 
[31–34].

By using the post-processing function in the R-soft tool, 
a full width at half maximum (FWHM) value of 0.00136 µm 
(1.36 nm) is obtained.

The spectral range of the resonance conditions is deter-
mined by the Q-factor (quality factor). The quality factor is 
given by the ratio of resonance wavelength and FWHM [35]. 
The Q-factor obtained is,

(7)Q - factor = �R∕Δ� = 1139

Table 4   FBG vs SGS a comparison

Feature FBG sensor SGS Citation

Sensing principle Utilizes light todetect changes in strain Measureselectrical resistance changes due to strain [22]
Sensitivity High sensitivity to minute changes Less sensitive compared to optical sensors [23]
Environmental resistance Highly resistant to electromagnetic interference and 

corrosion
Susceptible to environmental factors like tempera-

ture and moisture
[24]

Installation complexity Generally, more complex due to optical components Simpler and more established installation process [25]
Cost Typically, higher initial cost More cost-effective in the short term [26]
Long-term stability Excellent long-term stability Potential for long-term drift and recalibration needs [27]
Application versatility Suitable for harsh environments and remote sensing Widely used in various industries but with someen-

vironmental limitations
[28]

Fig. 12   Applied weight versus strain

Fig. 13   Strain versus shift in wavelength
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Conclusion

The article concludes with a synthesis of the findings, 
emphasizing the importance of understanding the sensory 
landscape for effective SHM. The performance of two dis-
tinct sensor systems is evaluated. When a load is applied to 
a cantilever beam with a strain gauge sensor attached, the 
strain induced in the beam is measured with a strain gauge 
sensor. Optomechanical equations are used to determine 
the strain and wavelength shifts in FBG for the same set of 
weights. Both the systems showed linear behavior. The strain 
gauge sensor has a strain transfer deviation of 15% compared 
to the FBG sensor. The strain gauge has an R2 (COD) of 
0.84 and FBG has 1. The FBG sensor has a sensitivity of 
1.20 pm/µε, an FWHM of 0.00136 µm and a Q-factor of 
1139. The FBG sensor system for measuring strain is not 
only accurate and easy to implement, but also highly linear 
and precise. FBG can be used to detect strain under difficult 
conditions, and it has a wide range of applications due to 
its unique benefits and characteristics, such as resistance to 
electrical interference and corrosion, thermal stability, and 
high precision.

It also suggests future research directions, including the 
development of hybrid systems that leverage the strengths of 
both FBG and Strain Gauge technologies for comprehensive 
structural assessment.

Future work

The future of FBG and SGSin SHM is poised for significant 
advancements, leveraging the integration of multimedia-
enabled Internet of Things (IoT) and big data technologies. 
The evolution of FBG sensor technology has reached new 
heights, becoming widely used in various distributed critical 
sensing applications, particularly due to their long-distance 
monitoring capabilities, low operational costs, and immunity 
to electromagnetic radiation.

FBG sensors are increasingly being utilized as passive 
optical sensors for diverse applications, including SHM, 
biomedical sensors, and aviation applications, where elec-
tromagnetic radiation may introduce variations during 
real-time measurements when using conventional sensors 
[36–43]. These sensors are sensitive to the impact of strain 
on the FBG region, with different transduction principles or 
mechanisms utilized to convert physical sensing parameters 
to a strain change on the FBG region.

The future of FBG and Strain Gauge Systems in SHM 
is directed toward more integrated, intelligent, and scal-
able solutions that combine the precision of optical sensing 
with the power of IoT and big data analytics. This integra-
tion promises enhanced monitoring capabilities, predictive 

maintenance, and ultimately, the assurance of structural 
integrity and safety.
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