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Abstract

Damage detection through strain sensing is inevitable in structural health monitoring (SHM)
for implementing preventive measures against the failure of a mechanical component or a civil
structure. Strain sensors based on patch antennas are gaining importance due to their simple
geometry and ease of fabrication. This work presents the effect of longitudinal and transverse
deformation on the patch antenna strain sensor characteristics. Structural and electromagnetic
simulations are performed for various loads using a commercial FEM package. The variation
in the reflection coefficient with resonant frequency is analyzed for different strain levels up
to the elastic limit of the sensor. It is observed that the edge-fed patch antenna can be used
in cases of higher strain levels. However, the patch antenna sensor is less sensitive at lower
strain levels. The patch antenna sensor effectively decouples the directional strains, making it
effective for bidirectional strain sensing using a single element.

Keywords: FEM; microstrip patch antenna; sensitivity; structural health monitoring;
strain sensor

1. Introduction

The detection, evaluation, and real-time monitoring of damage (cracks, fatigue, de-
formations, etc.) of static and dynamic systems are called structural health monitoring
(SHM) [1]. For such a monitoring process, various practical non-destructive testing (NDT)
tools are employed [2,3]. Several case studies have highlighted the importance of struc-
tural health monitoring systems around the globe. Most of these studies pointed out the
importance of providing a reliable warning system for monitoring the health condition
of buildings, thereby lowering the impact of catastrophic disasters [4]. The first struc-
tural health monitoring (SHM) guidelines were published by the Canadian Government
in 2001 [5]. Since then, various countries and regions (Australia, China, the European
Union, the UK, Switzerland, and the United States) have developed and implemented new
global policies and regulations in subsequent years. One of the significant parameters for
SHM is strain sensing, which can be used in various areas such as structural deformations,
environmental ageing, fatigue, vibrations, and crack detection [6-8].
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Traditionally, strain sensing is accomplished by strain gauges, piezo electric-based
sensors, optical fibre-based sensors, acoustic emission sensors, piezoresistive sensors,
etc., [9-11]. The complex connections and wiring of such sensors make them inconvenient
for SHM. Moreover, when it comes to sensor arrays and networks, multiplexing is a
tedious task. Furthermore, the maintenance cost associated with cable connections is
also higher. These drawbacks lead to the possibility of exploring passive, wireless strain
sensing [12]. These sensors, equipped with wireless communication devices, can reduce
the complexity of wired connections. As they are battery-less, their life span is superior to
the other active wired sensors [13]. Microstrip antenna sensors are widely equipped with
wireless communication systems [14,15]. They are ideal due to their simple configuration,
versatility, and low production cost [16]. The working principle of these sensors is based on
the relationship between the resonant frequency shift and change in physical dimensions.
When the length of the antenna changes due to strain, the sensing unit’s input impedance
varies. Accordingly, the resonant frequency varies [17,18]. Based on this, researchers have
extensively studied the strain-sensing capability of the patch antenna. Integrating RFID
with the patch antenna sensor makes it wireless, enabling it to be prominent for the sensory
systems used in SHM [19,20].

Any wireless domain’s primary communication tool is a well-designed antenna with a
small size, high gain, and good impedance bandwidth. The C wave band [21] is commonly
used in applications such as Wi-Fi, Bluetooth, MIMO systems, and wireless local area
network (WLAN) [22,23]. Most previous work concentrated on 2.4 GHz antennas as they
have more prominent area coverage and better penetrating ability [24,25]. The literature
reveals that 5 GHz antennas are well suited for indoor spaces because to their high signal
quality, minimal signal degradation, superior scatter capabilities, and compact size [26].
The sensitivity of the patch antenna strain sensor quantifies the resonance frequency shift
per unit strain. Few studies were reported on patch antenna sensors operating at resonance
frequency ranges from 2.45 GHz [24,27] to 2.725 GHz [28]. The length of the metal patch
varies between 20.60 mm to 25.53 mm. In addition, their sensitivity also varies from
—2.414 kHz/ e to —2.17 MHz/ pue. Most numerical computational models take the effect
of change in the physical dimensions of the patch antenna when subjected to strain.

This article presents a microstrip antenna sensor designed for an operating frequency
of 5 GHz. An edge-fed rectangular microstrip patch antenna was designed using fun-
damental principles [13], and the structural - electromagnetic coupled simulations were
carried out in ANSYS 2023 version. The strain was varied from 0.2% (2000 pe) to 1.8%
(18,000 pe), which is in the acceptable range for an FR4 substrate [29]. The effect of longi-
tudinal and transverse strain on resonance frequency (fy,) was studied numerically, and
the sensitivity was plotted. The following sections will discuss the antenna design and
simulation methodology in detail.

2. Antenna Design and Parameters
Design of an Edge-Fed Microstrip Antenna

The numerical design and FEA simulation of the antenna is explained here. An edge-
fed structure is used for this study and is designed for a resonant frequency of 5 GHz.
For a 50 () impedance matching [30], the antenna structure is modified with a quarter-
wave transformer. The optimized dimensions are provided in Table 1. Subsequently, the
antenna performance parameters are simulated, providing the properties of FR4 copper-
clad substrate. The patch antenna design is realized in HFSS (Figure 1), providing a
perfect-E boundary for metallic surfaces and a radiation boundary to account for the
fringing effect and to carry out further radiation analysis. The return loss and the radiation
pattern of the antenna are shown in Figures 2a and 2b, respectively.
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Table 1. Dimensions of patch antenna sensor.

Parameters Description Dimensions (mm)

Ls Substrate length 60

W Substrate width 30

h Substrate thickness 0.8

Lp Length of metallic patch 13.43
Wy Width of metallic patch 17.7

L¢ Length of feedline 13.31

We Width of feedline 1.52

QL Length of quarter-wave transformer 8.43
Qw Width of quarter-wave transformer 0.34

-

L

s

Figure 1. Design parameters of antenna.
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Figure 2. (a) Reflection characteristics of antenna at 5 GHz. (b) Radiation characteristics of antenna at 5 GHz.

Figure 2a shows that the designed antenna radiates at 5 GHz with good matching

(—31.99 dB), ensuring maximum power transfer with minimal reflection losses. The radia-
tion characteristics are also plotted (Figure 2b), which shows good reflection and radiation
characteristics at the designed frequency. This antenna was further utilized as a sensor for

strain analysis.

3. Principle of Operation

The geometrical parameters were calculated from the transmission line model ap-

proach [17]. The resonance frequency (f1o) of the antenna in the undeformed state can be
calculated from these parameters.

— (L, +2ALy)

fro = > reff

(1)
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where ¢ = Speed of light; ¢.¢ = Effective dielectric constant; L, = Length of metallic patch;
AL, = Compensation length to accommodate fringing effect.

(eosy +03) (5 +0264)

ALy = 0.412h W (2)
(eos —0258) (5 +08)
c
Wy=——"-— 3)
Y
Equation (1) can be rewritten as
c
fro =-——IL (4)
2‘ /Seff ( Eff)

where Ly = Effective length of the metallic patch.
The effective dielectric constant (e.fs) is correlated to the dielectric constant of the
substrate (¢,), the substrate thickness (k). and the width of the patch (Wp) as follows:

. _er+1+ g —1
A 2,/1+

From Equations (3) and (4), the resonance frequency f;, is dependent on the effective
length (L) and width (W)) of the metallic patch of the antenna.

©)

Antenna Under Tensile Load

Let us assume that a tensile load is applied to the antenna (Figure 3).

\.
IO

) <.

Figure 3. Patch antenna sensor subjected to tensile load.

The antenna deformation (Al) is calculated and added with effective length (L.4). Then,
Equation (4) is rewritten as

c
re = 7 —— Le + Al (6)

f 2\/@( f )

c Al
= ——Lygr| 1+ — (7)
25 < Leff)
2 ﬁ;ffLeff(l +e) ®
o frO

fre= o ©)
fre = CfrO (10)

where f;, is the resonance frequency of the antenna subjected to deformation.
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Variation in the resonance frequency is calculated from Equation (9) and is approxi-
mately a linear relationship. The slope of the resonant frequency (f;o) of the patch antenna
to the strain in the longitudinal direction (g;) represents the sensitivity coefficient. Further,
during tensile loading, the width (W),) of the antenna is reduced by a factor of —ve;W,
considering Poisson’s effect:

AW = (1 —-v)g W, (11)

4. Simulation of Tensile Test in HFSS

A uniformly distributed strain field is calculated across the patch antenna from basic
standard methods to simulate the strain fields that would have occurred during the experi-
mental phase. The strain values will be a function of Young’s Modulus, and the parameters
considered for calculating strain values are tabulated in Table 2.

Table 2. Properties of FR4 substrate for strain calculations.

Dielectric constant I 44
Modulus of elasticity (GPa) E 20.4
Poisson’s ratio v (LW) 0.12
Length of metallic patch Lp 13.43
Loss tangent tan & 0.02

Cross sectional area (mm?) A (mm?) 24

The strain ranges from 0 to 1.6% (0 to 16,000 pe) at an increment step of 0.2% (2000 pe)
have been applied to the simulated model. This is accomplished by modifying the antenna
geometry in HFSS by providing the change in length and width values calculated per
Equation (13) and Equation (14), respectively. Subsequently, the resonance frequency
analysis is conducted for the strain values mentioned in the above range. The strain range
is selected from the stress—strain behaviour of the FR4 material [27].

g = % (12)

Ly
AL, =¢ x Ly (13)
AW = (1 —v)gW, (14)

5. Results and Discussion
5.1. Strain Sensitivity of Antenna Sensor Subjected to Longitudinal and Transverse Deformations

The resonance frequency variation corresponding to the longitudinal and transverse
deformations is plotted in Figure 4a and 4c, respectively. As the tensile strain increases, the
resonant frequency of the patch antenna shifts towards the lower side. The frequency values
corresponding to Figure 4a against % strain are plotted in Figure 4b. A good correlation
coefficient (R?) 0.9431 indicates a linear relationship for the resonant frequency variation in
the patch antenna for longitudinal strains.

The fitted line’s slope, i.e., the strain sensor’s sensitivity coefficient, is —4.99 kHz/ e,
which means that the resonance frequency decreases by 4.99 kHz for every 1ue increase
within a range starting from 0.2% (2000 pe) longitudinal strain. This aligns with the
theoretical calculation of the resonance frequency shift, given by Equation (9). The relative
error is less than 0.1%, which indicates that the effect of width in the first resonant frequency
is negligible, which agrees with the studies mentioned by Wan et al. [23]. On the other
hand, from Figure 4c, it is observed that the resonance frequency shifts towards the higher
side for TM01 mode for transverse deformations. The sensitivity is 1.262 kHz/ e with a
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linear fit of R? = 0.55. These results indicate that changes in width considerably impact
transverse strain sensing.

-4.99 x +5.00
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Figure 4. (a) Frequency shift corresponds to the longitudinal deformation in TM10 mode.
(b) Longitudinal strain sensitivity. (c) Frequency shift corresponds to the transverse deformation in
TMO1 mode. (d) Transverse strain sensitivity.

The effects of tensile loading along the longitudinal and transverse directions are
co-simulated, and the frequency shifts are plotted in Figure 5 for better understanding. It is
observed that for the given strain range (0 to 1.6%), the shift in resonance frequency (f;()
provides longitudinal strain, and the other (fy;) provides transverse strain. These results
strongly recommend the ability of the proposed antenna sensor to sense longitudinal and
transverse strains together from a single device.

-5 4
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- _i5 Zero strain
A C
seseeenecesces 04 % f01
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e 12 %
———- 16%
-25 1
P N | W . , ,
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Figure 5. The resonant frequency shift in the microstrip antenna subjected to tensile strain (TM10 and
TMO01 mode).
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5.2. Sensing Range

Another set of simulations was conducted for lower strain ranges to evaluate the sen-
sor’s sensitivity in the lower strain region, i.e., <0.2% (<2000 .e). The resonance frequency
shift becomes non-linear for longitudinal strains lower than 1000 e, as shown in Figure 6.

S11(dB)

4.8 4.9 5.0
Freq (GHz)

52

Figure 6. Resonance frequency shift for strains less than 2000 pe.

The change in resonance frequency becomes stagnant below 100 pe. Therefore, this
specific patch antenna’s ability to sense strain is limited for strain values greater than 0.1%
(1000 pe). The changes in the dimensions of the patch antenna may directly influence
antenna gain (Gp), which provides information regarding the radiation intensity. Moreover,
antenna gain and aperture area are known to be directly correlated (Equation (14); the
changes in the dimensions may impact the gain. It is observed that the antenna gain varies
at a significantly lower tolerance of 2.81 & 0.01 dB. These results shed light on the possibility
of using a patch antenna as a sensor and a communication device.

5.3. Comparison with the Sensors Available in the Literature

The proposed sensor was compared with some of the major works reported in the
literature (Table 3). To the best of the authors” understanding, the effect of quarter-wave
transformer fed patch antenna on bidirectional strain sensing is novel.

Table 3. Comparison with major works in the literature.

Frequency Tyvpe of Bidirectional
SI No Ref of Operation Structure Substrate LZfdin Sensitivity Strain Sensing Range
(GHz) & Capability
Rectangular Flexible polyimide . B o
1 [17] 14.9/19.6 patch film (Kapton HN) Bending 16.4 kHz/pe Yes 0 to 0.5%
Cotton fabric as a
dielectric and .
2 [18] 2.45 Rectangular conductors made of Tensile 2.38 MHz/ pe No -
flexible copper sheets
Rectangular
3 [24] 245 patch with RT-5880 Tensile  —1.730 kHz/ue Yes 0 to1.6%
’ short ’ (0.640 kHz/ pe) ’
circuited vias
4 [27] 245 Rectangular FR4 Tensile  —2.847 kHz/pe No 0to 0.4%
microstrip
Our Rectangular . Yes 0.2% to
5 work 5 microstrip FR4 Tensile —4.99 kHz/ue (1.262 kHz/ ue) 1.6%

6. Conclusions

In this paper, we presented and numerically analyzed an edge-fed microstrip patch
antenna strain sensor for SHM applications. The designed antenna resonates at 5 GHz
and is capable of high data transfer with minimal interference. The tensile loading is
simulated by providing longitudinal and transverse stains in regular steps. The antenna’s
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resonant frequency shifts towards the lower side in TM10 mode. The findings show that
the suggested sensor demonstrates a sensitivity of —4.99 kHz/ue within a longitudinal
strain range of 2000 pe (0.2%) to 16,000 e (1.6%). A linear relationship (R? = 0.9431) is
obtained for the sensor, aligned with the mathematical model. However, the frequency
shift becomes stagnant below 100 pe, and the linearity in sensing disappears below 1000 pe.
The effect of transverse strains on the strain sensing was also studied. It revealed that when
the width reduces due to Poisson’s effect, the resonant frequency shifts toward the higher
side in TM10 mode. This feature of the patch antenna sensor makes it more suitable for
obtaining bidirectional surface strains from a single device.

Furthermore, the influence of antenna length and the impedance matching techniques
in strain sensing were explored in detail. Impedance matching in the rectangular patch
antenna is accomplished by a quarter-wave transformer, as previously explained in Section
II(b). The quarter-wave transformer’s length changes as the patch antenna strains, altering
the electrical length (1) and the input impedance (Z;,). This phenomenon enhances the
frequency shift and becomes a prominent factor for sensing higher strains. It was also
observed that the linear strain effects on the antenna gain are minimal. Moreover, the
multi-physics methodology used in this paper can be adopted to analyze similar strain
sensors for SHM applications in the future.
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