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Abstract: Strain and crack are critical indicators of structural safety. As a novel sensing device, a 9 

patch antenna sensor can be utilized to wirelessly estimate structural strain and surface crack 10 

growth through resonance frequency shift. Main challenges for the sensor are other effects such as 11 

temperature fluctuation that can generate unwanted resonance frequency shift and result in large 12 

noise in the measurement. Another challenge for existing designs of patch antenna sensor is the 13 

limited interrogation distance. In this research, thermally stable patch antenna sensors are 14 

investigated for more reliable measurement. Fabricated on a substrate material with steady 15 

dielectric constant, a new passive (battery-free) patch antenna sensor is designed to improve 16 

reliability under temperature fluctuations. In addition, another newly designed dual-mode patch 17 

antenna sensor is proposed to achieve a longer interrogation distance. Extensive experiments are 18 

conducted to characterize the patch antenna sensor performance, including thermal stability, tensile 19 

strain sensing, and emulated crack sensing. The two new patch antenna sensors are demonstrated 20 

to be effective in wireless strain and crack measurements and have potential applications in 21 

structural health monitoring (SHM).       22 

Keywords: patch antenna sensor; RFID; thermal stability; energy harvesting; strain; crack; wireless 23 

sensing  24 
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Civil structures, such as buildings and bridges, can suffer from damage caused by various types 27 

of loads during the life span. Without proper maintenance, the damage can adversely affect the 28 

performance of a structure and may even result in structural failure. Structural health monitoring 29 

(SHM) systems can advance time-based maintenance into more effective condition-based 30 

maintenance by periodically measuring structural responses. Among the measurements, strain is 31 

often an important indicator for stress concentration and crack development. Traditional strain 32 

measurements usually rely on metal foil strain gages and fiber optical sensors. However, these 33 

sensing technologies require lengthy cables for data acquisition and power supply, which increase 34 

the overall installation and maintenance cost of the whole monitoring system and limit the 35 

deployment scale.     36 

The development of wireless communication technology has facilitated more convenient 37 

application of SHM systems on large structures. A typical wireless sensing system consists of a server 38 

and multiple sensor nodes. The server coordinates the wireless sensing network and receives 39 

measurement data from all the sensor nodes. Each sensor node usually has at least an embedded 40 

processor and a wireless transceiver. The advantageous features of onboard computing and wireless 41 

communication enable the dense and rapid deployment of sensor nodes. During past decades, 42 

various wireless sensing systems have been developed for SHM. For example, a low-cost wireless 43 

modular monitoring system was first proposed by Straser and Kiremidjian [1]. Among others, Lynch, 44 

et al. [2] and Wang, et al. [3] developed wireless sensing platforms that are validated on numerous 45 

civil structures. Kane, et al. [4] later proposed an extensible dual-core wireless sensing node, named 46 

Martlet, which provides more powerful onboard processing [5-8]. The Mote series (Imote and Imote2) 47 

wireless sensing systems have also been deployed for full-scale monitoring of civil infrastructures [9-48 

11]. Extensive literature reviews about wireless sensing systems related to SHM applications can be 49 

found in [12,13]. Nevertheless, although the wireless sensing systems have achieved success in field 50 

deployment, the requirement of onboard battery power remains a difficulty for long-term application 51 

[14]. Many sensor locations on a large structure may not have reliable source for energy harvesting. 52 
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Even with reliable solar power, rechargeable batteries may need frequent replacement when 53 

operating in the outdoor environment. 54 

To address the challenge of power source, passive (battery-free) wireless sensors have been 55 

proposed and studied. With integration of technologies such as near field communication (NFC) and 56 

radiofrequency identification (RFID), passive wireless sensors harvest energy from the interrogation 57 

signal and do not require onboard power supply. Among various passive wireless sensors for strain 58 

measurement, antenna sensors stand out for its simple configuration and low cost [14]. The sensing 59 

mechanism relies on the fact that the electromagnetic resonance frequency of an antenna depends on 60 

its dimension [15]. Based on this physics principle, the wirelessly identified resonance frequency shift 61 

of an antenna sensor can be utilized to estimate the strain applied on it. Due to the lack of onboard 62 

power, various signal modulation methods for passive antenna sensors have been investigated to 63 

increase the reliability of wireless communication. Deshmukh and Huang [16] proposed to use light-64 

activated microwave impedance switch to change the phase of the antenna backscattering signal, 65 

which can be distinguished from environmental reflections. Frequency doubling technique using a 66 

Schottky diode is another signal modulation method for passive antenna sensors [17]. In addition, 67 

the RFID technology provides a convenient way to modulate the response signal of passive antenna 68 

sensors [18,19]. Finally, more literature review on passive antenna sensor for strain measurement can 69 

be found in survey articles [20,21]. 70 

Although extensive simulations and experiments have validated the strain and crack sensing 71 

performance of passive antenna sensors, thermal stability and limited interrogation range still remain 72 

as major challenges for reliable measurement. Besides structural strain, other environmental 73 

disturbances, such as temperature fluctuation, can also result in the resonance frequency shift of the 74 

antenna by changing the dielectric constant of antenna substrate. A large frequency shift due to 75 

temperature fluctuation brings difficulty in distinguishing strain and crack effects from the 76 

temperature effect. In order to improve the strain and crack sensing performance during temperature 77 

fluctuation, this research proposes RFID antenna sensors with a thermally stable substrate material. 78 
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Another limitation of the passive antenna sensor is the relatively short interrogation distance, due to 79 

lack of onboard power source. To increase the interrogation distance, we study the design of a dual-80 

mode patch antenna sensor, which can automatically switch between passive and active modes. 81 

Toward the dual mode operation, the patch antenna sensor is attached with a power management 82 

circuitry. Incorporated with a solar cell, the circuitry can charge a coin cell battery and actively power 83 

the RFID chip when sunlight is available. In this active mode, the sensor requires less radiofrequency 84 

(RF) power for responding to reader interrogation, and thus achieves longer interrogation distance. 85 

On the other hand, when the battery power is depleted, or the battery dies from long-time outdoor 86 

operation, the sensor can still operate in passive mode, solely relying on the RF power from the reader 87 

interrogation. In summary, the dual-mode patch antenna sensor maintains the reliability of passive 88 

wireless sensors while providing the advantage of the long interrogation distance of active wireless 89 

sensors.                                          90 

The rest of the paper is organized as follows. Section 2 describes the designs of two thermally 91 

stable patch antenna sensors, including the passive patch antenna sensor and the dual-mode patch 92 

antenna sensor. Section 3 introduces the strain and crack sensing mechanism of the patch antenna 93 

sensors, and the wireless sensing system for the RFID based antenna sensors. Section 4 presents the 94 

outdoor temperature experiment for validating the thermal stability of the passive antenna sensor. 95 

Section 5 describes the tensile test results for evaluating the strain sensing performance of the dual-96 

mode sensor in both the passive and active modes. Section 6 shows the experimental results 97 

illustrating the crack sensing performance of the passive antenna sensor. Section 7 provides a 98 

summary and future work.  99 

2. Patch Antenna Sensor Designs 100 

Among several types of antennas that can be used as strain and crack sensor, patch antenna and 101 

its variations are simple and low-profile. Previous research work has proposed the patch antenna 102 

sensor with RT/duroid®  5880 (manufactured by Rogers Corporation) substrate [18]. Although the 103 

sensor has shown good performance for wireless strain and crack sensing, research has proven that 104 
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under temperature fluctuation, the design with RT/duroid®  5880 substrate undergoes large resonance 105 

frequency change, due to its large dielectric constant variation (approximately 125 ppm/℃) [22]. To 106 

improve sensor reliability to temperature fluctuation, a thermally stable substrate material 107 

RT/duroid®  6202 (manufactured by Rogers Corporation) is chosen as the new antenna substrate 108 

material. As the substrate provides more stable dielectric constant under temperature fluctuation, the 109 

patch antenna sensor is expected to have more consistent resonance frequency when temperature 110 

fluctuates. In addition, integrated with energy harvesting technology, a dual-mode patch antenna 111 

sensor is designed to achieve longer interrogation distance. Section 2.1 presents the design of the 112 

passive patch antenna sensor for strain and crack sensing. Section 2.2 shows the design of the dual-113 

mode patch antenna sensor.    114 

2.1. Passive Patch Antenna Sensor 115 

This section describes the passive patch antenna sensor design. The sensor adopts RT/duroid®  116 

6202 as substrate material which has more stable dielectric constant under temperature fluctuation. 117 

The material RT/duroid®  6202 is a poly-tetra-fluoro-ethylene (PTFE) composite with limited woven 118 

glass reinforcement. The low dielectric constant (𝛽r = 2.90) offers suitable electrical property for 119 

antenna sensor design. The low thermal coefficient of dielectric constant (5 ppm/°C) improves the 120 

sensor reliability when ambient temperature fluctuates. The thickness of the substrate is 30 milli-121 

inches which balances the interrogation range and strain transfer ratio, i.e. the ratio of the strain on 122 

top copper cladding of the antenna over the strain on base structure.  123 

The SL3S1013 RFID chip (manufactured by NXP Semiconductors) is chosen for wireless 124 

communication. The RFID chip contains a 96-bit tag identifier including 48-bit factory locked unique 125 

serial number. Equipped with advanced anti-collision mechanism, the RFID chip enables the reader 126 

to simultaneously access multiple antenna sensors nearby. The small footprint (0.0394× 0.0571 127 

inches2) of the RFID chip further reduces the total size of the antenna sensor. The broad operation 128 

frequency range (from 840 MHz to 960 MHz) of the RFID chip facilitates international usage. The 129 

chip’s high sensitivity and low power design provide long interrogation range of the passive patch 130 
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antenna sensor. In addition, the compatibility with external power enables the design of dual-mode 131 

patch antenna sensor, which achieves longer interrogation range and is described in Section 2.2. 132 

Figure 1 shows the front view of the passive patch antenna sensor. The total size of the antenna 133 

sensor is 2.17×2.36 inches2. The sensor adopts a quarter-wave rectangular patch (folded-patch) 134 

antenna topology [23]. The top copper and the ground plane are connected through vias, allowing 135 

about 50% reduction to the footprint size of the patch antenna. The length of the top copper cladding 136 

is designed so that resonance frequency of the antenna sensor achieves about 900 MHz RFID band. 137 

To enable efficient power transfer, the length of matching lines is tuned to achieve impedance 138 

matching between the RFID chip (21.2−j199.7 Ω in passive mode) and the patch antenna.   139 

 140 

Figure 1 Prototype of passive patch antenna sensor 141 

2.2. Dual-Mode Patch Antenna Sensor 142 

This section describes the dual-mode patch antenna sensor design. Despite the advantages of 143 

operating without onboard power supply, the passive patch antenna sensor can only support limited 144 

interrogation range. In order to increase the interrogation distance, a dual-mode RFID antenna sensor 145 

is designed. Figure 2 shows the design drawing and picture of the prototype dual-mode patch 146 

antenna sensor. The total size of the antenna sensor is 2.44×4.69 inches2. Both the drawing and picture 147 

show that a patch antenna sensor and a power management circuitry are fabricated on the same piece 148 

of substrate. Equipped with the power management circuitry, this sensor is capable of harvesting 149 

solar energy, storing energy in a rechargeable coin battery, and operating in active mode. When the 150 

battery runs out, this dual-mode RFID patch antenna sensor can automatically fall back to passive 151 

mode. 152 
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The patch antenna sensor is designed in a similar way as described in Section 2.1. The matching 153 

lines are redesigned for efficient power transfer between the RFID chip and the patch antenna. In 154 

active mode, the RFID chip operates with impedance of 6.9−j205.5 Ω. The designed matching lines 155 

have to balance the impedance matching between passive mode and active mode, and ensure the 156 

patch antenna to operate reliably at about 900 MHz for both modes.  157 

The power management circuitry derives energy from solar radiation and supplies regulated 158 

voltage to the RFID chip. The energy harvesting IC (integrated circuit) chip MAX17710 159 

(manufactured by Maxim Integrated) is adopted for this application. This IC chip both charges a cell 160 

battery with over-charge protection and powers the RFID chip with over-discharge protection. The 161 

harvested solar energy is stored in a high-capacity Lithium-Ion rechargeable coin cell battery 162 

RJD2032C1T1 (manufactured by Illinois Capacitor), which improves the reliability of the patch 163 

antenna sensor. 164 

 
(a) Design drawing 

 
(b) Picture of dual-mode patch antenna sensor (solar cell removed) 
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Figure 2 Dual-mode patch antenna sensor 165 

3. Wireless Sensing and Measurement Mechanism 166 

The strain/crack induced resonance frequency shift of the antenna sensor can be wireless 167 

detected and utilized to estimate the structural strain and surface crack propagation. Section 3.1 168 

introduces the sensing mechanism of the patch antenna sensor. Section 3.2 describes the wireless 169 

measurement mechanism of the RFID based patch antenna sensing system.  170 

3.1. Sensing Mechanism 171 

This section describes the sensing mechanism of patch antenna sensors. A patch antenna sensor 172 

can wirelessly measure strain and/or crack on a structural surface through the shift of its 173 

electromagnetic resonance frequency. Figure 3 illustrates the patch antenna sensor design. The RFID 174 

chip is mounted on the top side of the dielectric substrate and used for wireless communication. The 175 

matching lines are designed to achieve the best impedance matching between the RFID chip and the 176 

antenna. 177 

 178 

Figure 3 Illustration of the patch antenna sensor 179 

According to electromagnetic theory, the resonance frequency 𝑓R of a folded patch antenna at 180 

certain temperature 𝑇 can be calculated as: 181 

𝑓R(0, 𝑇) =
𝑐

4𝐿√𝛽r(𝑇)
 

(1) 

where 𝑐  is the speed of light; 𝐿 is the length of the patch antenna; 𝛽r  is the effective dielectric 182 

constant of the substrate depending on temperature 𝑇. 183 
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When strain 𝜀 is applied, the length of the patch antenna changes from 𝐿 to 𝐿(1 + 𝜀). In SHM 184 

application on civil structures, the dimensionless 𝜀 is usually on the order of 10-5 (10 micro-strains) 185 

to 10-3 (1,000 micro-strains). If the effective dielectric constant of the substrate remains as constant, 186 

the change of resonance frequency Δ𝑓 of the patch antenna due to strain 𝜀 can be calculated as: 187 

Δ𝑓(𝑇) = 𝑓R(𝜀, 𝑇) − 𝑓R(0, 𝑇) =
𝑓R(0, 𝑇)

1 + 𝜀
− 𝑓R(0, 𝑇) ≈ −𝑓R(0, 𝑇)𝜀 = 𝑆(𝑇)𝜀 (2) 

Here 𝑆(𝑇) is the theoretical strain sensitivity of the folded patch antenna sensor at temperature 188 

𝑇. As shown in Eq. (2), at a constant ambient temperature, the change of resonance frequency Δ𝑓 of 189 

the patch antenna has an approximately linear relationship with strain 𝜀, especially when the strain 190 

𝜀 is small. This approximately linear relationship indicates that by wirelessly measuring the antenna 191 

resonance frequency, the applied strain can be derived. 192 

3.2. Wireless Measurement Mechanism 193 

This section describes the wireless measurement mechanism of the RFID based patch antenna 194 

sensor. To wirelessly obtain the resonance frequency, an RFID reader Tagformance Lite 195 

(manufactured by Voyantic Ltd.) is used to interrogate the patch antenna sensor. Figure 4 shows the 196 

overview of the wireless sensing system composed of an RFID reader and a dual-mode patch antenna 197 

sensor. Upon measurement, the reader emits an RF interrogation signal to the sensor at a specific 198 

frequency. The patch antenna sensor captures the signal and transmits the energy to the RFID chip. 199 

When the captured power reaches the activation threshold, the RFID chip modulates and sends the 200 

reflection signal to the reader. After receiving the reflection signal, the reader records the transmitted 201 

power and repeats the same procedure at the next frequency point. The interrogation power curve 202 

(Figure 4(b)) can be obtained once the reader sweeps through the interested frequency band. When 203 

the sensor operates in passive mode, the RF signal from the reader is the only power source for 204 

exciting the RFID chip, and thus the sensor needs relatively high interrogation power for wireless 205 

communication (blue curves in Figure 4(b)). When in active mode with onboard battery power, 206 

excitation of the RFID chip requires less interrogation power (red curves in Figure 4(b)). The 207 

resonance frequency of the patch antenna sensor refers to the frequency at which minimum amount 208 
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of interrogation power is required to excite the RFID chip. When the antenna sensor deforms together 209 

with based structure, the resonance frequency shifts according to the structural strain.    210 

  

(a) Wireless sensing system (b) Interrogation power curve 

Figure 4 Illustration of wireless sensing system for the patch antenna sensor 211 

4. Thermal Stability Test 212 

An outdoor temperature test is conducted to study the influence of the temperature fluctuation 213 

on the resonance frequency of the antenna sensors. Figure 5 shows the outdoor experiment setup. 214 

Two antenna sensors, one with RT/duroid®  5880 substrate and the other with RT/duroid®  6202 215 

substrate, are installed on the web surface of a steel I-section column. Metal foil strain gages are 216 

installed to measure the temperature induced strain on the steel column surface. To keep track of 217 

temperature fluctuations in the field, two thermocouples are installed near the sensors. A reader 218 

antenna is placed 12 inches away from patch antenna sensors for wireless interrogation. 219 

 220 

Figure 5 Experimental setup for outdoor temperature test 221 

The outdoor test starts at noon with ambient temperature at around 76 ˚F. The temperature is 222 

measured every 20 minutes until 17:00. The temperature fluctuation is plotted in Figure 6. The highest 223 
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temperature is around 80 ˚F and the lowest temperature is around 70 ˚F. At each time step, 224 

interrogation power threshold is measured for both patch antenna sensors. To reduce measurement 225 

noise, the reader antenna sweeps through the target frequency span five times for each measurement. 226 

Then the average among the five interrogation power threshold curves is calculated. Resonance 227 

frequencies of both patch antenna sensors are extracted from the average interrogation power 228 

threshold curves and shown in Figure 6. A total of ~ 0.5 MHz resonance frequency change is observed 229 

on patch antenna sensor with RT/duroid®  5880 substrate during the test. Meanwhile, the patch 230 

antenna senor with RT/duroid®  6202 substrate shows a total of ~ 0.1 MHz resonance frequency 231 

change, which is much less than that of the previous design with RT/duroid®  5880 substrate. 232 

 233 

Figure 6 Resonance frequency change due to temperature fluctuation 234 

5. Strain Sensing Test 235 

Laboratory tensile tests are conducted to evaluate the strain sensing performance of the dual-236 

mode patch antenna sensor. Figure 7 shows the experimental setup for tensile test on the dual-mode 237 

patch antenna sensor. The patch antenna sensor and reference metal foil strain gages are installed in 238 

the middle of an aluminum specimen. An 18 dBi high-gain Yagi antenna is used as the interrogation 239 

reader antenna. The interrogation distance between the patch antenna sensor and the reader antenna 240 

is set as 36 inches for passive mode test and 60 inches for active mode test.      241 
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 242 

Figure 7 Experimental setup for tensile test 243 

5.1. Passive Mode Test 244 

This section describes tensile strain sensing performance of the dual-mode patch antenna sensor 245 

working in passive mode. The load applied by the tensile machine is configured so that 246 

approximately each loading step generates a 50 με strain increment. From 0 to about 300 με, a total 247 

of seven loading steps are tested. The interrogation power threshold of the patch antenna sensor is 248 

measured at each loading step. For each measurement, again five frequency sweeps are conducted 249 

for averaging. The average interrogation power threshold curves at different loading steps/strain 250 

levels are plotted in Figure 8(a). For clarity, the figure only plots the interrogation power curves of 251 

four strain levels. The test results show that the interrogation power for passive mode is from 22 dBm 252 

to 27 dBm. 253 

Resonance frequency of the patch antenna sensor at each strain level is determined by peak 254 

picking of each average interrogation power threshold curve. As expected, the resonance frequency 255 

decreases as the tensile strain increases. Figure 8(b) plots the resonance frequency change with the 256 

strain. Linear regression is applied on these data points, and the strain sensitivity is calculated as 257 

−599 Hz/με. In addition, the coefficient of determination is 0.9871, confirming the approximately 258 

linear relationship between resonance frequency and strain. 259 
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(a) Average interrogation power threshold (b) Resonance frequency 𝑓R versus strain 𝜀 

Figure 8 Tensile test results of passive mode test 260 

5.2. Active Mode Test 261 

This section describes tensile strain sensing performance of the dual-mode patch antenna sensor 262 

working in active mode. The interrogation distance is increased to 60 inches, about 1.67 times longer 263 

than that of the passive mode test. All the other experimental setup and data analysis method are the 264 

same as before. The average interrogation power threshold curves at different loading steps/strain 265 

levels are plotted in Figure 9(a). For clarity, the figure only plots the interrogation power curves of 266 

four strain levels. The test results show that the interrogation power for active mode is from 22 dBm 267 

to 26 dBm, which is similar to the power level for passive mode as shown in Section 5.1. This confirms 268 

that using similar amount of interrogation power, the patch antenna sensor achieves longer 269 

interrogation distance at active mode.    270 

 Resonance frequency of the patch antenna sensor at each strain level is determined by peak 271 

picking of each average interrogation power threshold curve. As expected, the resonance frequency 272 

decreases as the tensile strain increases. Figure 9(b) plots the resonance frequency change with the 273 

strain. Linear regression is applied on these data points, and the strain sensitivity is calculated as 274 

−582 Hz/με. In addition, the coefficient of determination is 0.9787, confirming the approximately 275 

linear relationship between resonance frequency and strain.  276 
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(a) Average interrogation power threshold (b) Resonance frequency 𝑓R versus strain 𝜀 

Figure 9 Tensile test results of active mode test 277 

6. Crack Sensing Test 278 

To investigate crack sensing performance of the patch antenna sensor, an emulated crack test is 279 

conducted. To conveniently emulate crack propagation, a special crack testing device (Figure 10) is 280 

designed for the experiments. The crack testing device consists of three aluminum plates, i.e. a base 281 

plate, a rotating top plate, and a fixed bottom plate. Due to their thickness, all three plates can be 282 

assumed to remain rigid during crack testing for the sensor. The fixed bottom plate is fastened to the 283 

base plate by four corner bolts. The rotating top plate is attached to the base plate by one bolt at the 284 

bottom right corner, which acts as the rotation axis. A fine-resolution displacement control screw is 285 

installed at the top left corner of the rotating plate. By turning the screw, a rotation is imposed on the 286 

top plate and a crack/gap is opened between the top and bottom plates. The crack opening size is 287 

measured by a digital dial gage (0.0001 in. resolution) mounted at the left side of the base plate. A 288 

spring-loaded probe from the gage pushes against an angle bracket that is fastened to the left edge of 289 

the rotating plate. 290 
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 291 

Figure 10 Experimental setup for emulated crack test 292 

For crack sensing, the antenna sensor is bonded on the rotating and fixed plates, above the gap 293 

and at the center of the crack opening line, as shown in Figure 10. The panel reader antenna faces the 294 

center of the patch antenna sensor at a distance of 12 inches. At each gap opening size, the 295 

Tagformance reader sweeps through a frequency band and measures the interrogation power 296 

threshold, so that the resonance frequency of the antenna sensor can be determined. After the reader 297 

finishes interrogation at one gap opening size, the displacement control screw is turned to reach the 298 

next gap opening size and the measurement is repeated. 299 

In total, eleven gap opening sizes are wirelessly measured during the experiment. The resonance 300 

frequencies extracted from interrogation power curves are plotted in Figure 11. For clarity, only four 301 

representative photos of the deformed/cracked antenna sensor are shown in the plot. No fracture but 302 

slight deformation occurs on the sensor when the gap opening size is smaller than 10 milli-inches. 303 

When the gap opening size is larger than 20 milli-inches, the crack starts to propagate on the top 304 

surface of the sensor. After the gap opening size reaches 40 milli-inches, the crack grows through the 305 

entire antenna width and no response from the antenna sensor can be received by the Tagformance 306 

reader. 307 
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 308 

Figure 11 Resonance frequency 𝑓R versus gap opening size at dial gage 309 

7. Summary and Future Work 310 

In this paper, thermally stable patch antenna sensors have been designed and validated for 311 

monitoring strain and crack growth of civil structures. Extensive experiments lead to following 312 

conclusions. The temperature induced dielectric constant change can result in unwanted resonance 313 

frequency change in patch antenna sensors. The thermally stable substrate material is capable of 314 

improving the strain and crack sensing performance of patch antenna sensors by preserving the 315 

dielectric constant at different temperature levels. The tensile test results demonstrate that the 316 

developed patch antenna sensors are capable of measuring small structural strain by wireless 317 

identifying the resonance frequency shift. In addition, working in active mode, the dual-mode patch 318 

antenna sensor can achieve longer interrogation distance with the assistance of solar charged battery 319 

power. The emulated crack sensing test results show that the designed patch antenna sensor is 320 

capable of tracking surface crack propagation. As the crack grows, the resonance frequency of the 321 

patch antenna sensor decreases as expected. 322 

Future research can investigate calibration according to temperature effects to further eliminate 323 

the unwanted uncertainties in the strain and crack measurements. Sensor performance may also be 324 

fine-tuned through more detailed multiphysics modelling and simulation. 325 

Author Contributions: Conceptualization, D.L. and Y.W.; methodology, D.L. and Y.W.; software, D.L. and Y.W.; 326 
validation, D.L. and Y.W.; formal analysis, D.L. and Y.W.; investigation, D.L. and Y.W.; resources, Y.W.; data 327 
curation, D.L.; writing—original draft preparation, D.L. and Y.W.; writing—review and editing, D.L. and Y.W.; 328 



Sensors 2020, 20, x FOR PEER REVIEW 17 of 18 

 

visualization, D.L. and Y.W.; supervision, Y.W.; project administration, Y.W.; funding acquisition, Y.W. All 329 
authors have read and agreed to the published version of the manuscript. 330 

Funding: This research is funded by provided by the U.S. Department of Transportation, Office of the Assistant 331 
Secretary for Research and Technology (USDOT/OST-R) under Grant No. 69A3551747126 through INSPIRE 332 
University Transportation Center (http://inspire-utc.mst.edu) at Missouri University of Science and Technology.  333 

Acknowledgments: The authors would like to thank the anonymous reviewers for their valuable and insightful 334 
comments. 335 

Conflict of Interests: The authors declare no conflict of interests. The funders had no role in the design of the 336 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 337 
publish the results. 338 

REFERENCES 339 

 340 

1. Straser, E.G.; Kiremidjian, A.S. A Modular, Wireless Damage Monitoring System for Structures; Report No. 341 

128; John A. Blume Earthquake Engineering Center, Stanford University: Stanford, CA, 1998. 342 

2. Lynch, J.P.; Law, K.H.; Kiremidjian, A.S.; Kenny, T.W.; Carryer, E.; Partridge, A. The design of a 343 

wireless sensing unit for structural health monitoring. In Proceedings of the 3rd International 344 

Workshop on Structural Health Monitoring, Stanford, CA, September 12-14, 2001. 345 

3. Wang, Y.; Lynch, J.P.; Law, K.H. Validation of an integrated network system for real-time wireless 346 

monitoring of civil structures. In Proceedings of the 5th International Workshop on Structural Health 347 

Monitoring, Stanford, CA, September 12-14, 2005. 348 

4. Kane, M.; Zhu, D.; Hirose, M.; Dong, X.; Winter, B.; Häckell, M.; Lynch, J.P.; Wang, Y.; Swartz, A. 349 

Development of an extensible dual-core wireless sensing node for cyber-physical systems. In 350 

Proceedings of SPIE, Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace 351 

Systems, San Diego, CA, March 10-14, 2014. 352 

5. Dong, X.; Chen, S.; Zhu, D.; Kane, M.; Wang, Y.; Lynch, J.P. High-speed heterogeneous data acquisition 353 

using Martlet - a next-generation wireless sensing device. In Proceedings of the 6th World Conference 354 

on Structural Control and Monitoring (6WCSCM), Barcelona, Spain, July 15-17, 2014. 355 

6. Dong, X.; Liu, X.; Wright, T.; Wang, Y.; DesRoches, R. Validation of wireless sensing technology densely 356 

instrumented on a full-scale concrete frame structure. In Proceedings of International Conference on 357 

Smart Infrastructure and Construction (ICSIC), Cambridge. United Kingdom, June 27-29, 2016. 358 

7. Dong, X.; Zhu, D.; Wang, Y.; Lynch, J.P.; Swartz, R.A. Design and validation of acceleration 359 

measurement using the Martlet wireless sensing system. In Proceedings of the ASME 2014 Conference 360 

on Smart Materials, Adaptive Structures and Intelligent Systems (SMASIS), Newport, RI, September 8-361 

10, 2014. 362 

8. Liu, X.; Dong, X.; Wang, Y. Field testing of Martlet wireless sensing system on an in-service pre-stressed 363 

concrete highway bridge. In Proceedings of SPIE, Health Monitoring of Structural and Biological 364 

Systems, Las Vegas, NV, March 20-24, 2016. 365 

9. Zhao, F.; Guibas, L.J.; Guibas, L. Wireless Sensor Networks: An Information Processing Approach; Morgan 366 

Kaufmann: 2004. 367 

10. Spencer, B.F.; Jo, H.; Mechitov, K.A.; Li, J.; Sim, S.-H.; Kim, R.E.; Cho, S.; Linderman, L.E.; Moinzadeh, 368 

P.; Giles, R.K. Recent advances in wireless smart sensors for multi-scale monitoring and control of civil 369 

infrastructure. Journal of Civil Structural Health Monitoring 2016, 6, 17-41. 370 

11. Nagayama, T.; Spencer, B.F.; Rice, J.A. Autonomous decentralized structural health monitoring using 371 

smart sensors. Structural Control and Health Monitoring 2009, 16, 842-859. 372 

http://inspire-utc.mst.edu/


Sensors 2020, 20, x FOR PEER REVIEW 18 of 18 

 

12. Lynch, J.P.; Loh, K.J. A summary review of wireless sensors and sensor networks for structural health 373 

monitoring. The Shock and Vibration Digest 2006, 38, 91-128. 374 

13. Noel, A.B.; Abdaoui, A.; Elfouly, T.; Ahmed, M.H.; Badawy, A.; Shehata, M.S. Structural health 375 

monitoring using wireless sensor networks: A comprehensive survey. IEEE Communications Surveys and 376 

Tutorials 2017, 19, 1403-1423. 377 

14. Huang, H.; Chen, Z. Antenna sensors in passive wireless sensing systems. In Handbook of Antenna 378 

Technologies, Springer: Singapore, 2015; pp. 1-34. 379 

15. Tata, U.; Huang, H.; Carter, R.L.; Chiao, J.C. Exploiting a patch antenna for strain measurements. 380 

Measurement Science and Technology 2009, 20, 015201. 381 

16. Deshmukh, S.; Huang, H. Wireless interrogation of passive antenna sensors. Measurement Science and 382 

Technology 2010, 21, 035201. 383 

17. Cho, C.; Yi, X.; Li, D.; Wang, Y.; Tentzeris, M.M. Passive wireless frequency doubling antenna sensor 384 

for strain and crack sensing. IEEE Sensors J 2016, 16, 5725-5733. 385 

18. Yi, X.; Wu, T.; Wang, Y.; Leon, R.T.; Tentzeris, M.M.; Lantz, G. Passive wireless smart-skin sensor using 386 

RFID-based folded patch antennas. International Journal of Smart and Nano Materials 2011, 2, 22-38. 387 

19. Yi, X.; Cho, C.; Wang, Y.; Tentzeris, M.M. Battery-free slotted patch antenna sensor for wireless strain 388 

and crack monitoring. Smart Structures and Systems 2016, 18, 1217-1231. 389 

20. Zhang, J.; Tian, G.Y.; Marindra, A.M.; Sunny, A.I.; Zhao, A.B. A review of passive RFID tag antenna-390 

based sensors and systems for structural health monitoring applications. Sensors 2017, 17, 265. 391 

21. Deivasigamani, A.; Daliri, A.; Wang, C.; John, S. A review of passive wireless sensors for structural 392 

health monitoring. Modern Applied Science 2013, 7, 57-76. 393 

22. Yi, X.; Vyas, R.; Cho, C.; Fang, C.-H.; Cooper, J.; Wang, Y.; Leon, R.T.; Tentzeris, M.M. Thermal effects 394 

on a passive wireless antenna sensor for strain and crack sensing. In Proceedings of SPIE, Sensors and 395 

Smart Structures Technologies for Civil, Mechanical and Aerospace Systems, San Diego, CA, March 11-396 

15, 2012. 397 

23. Finkenzeller, K. RFID Handbook, 2nd ed.; John Wiley & Sons: New York, 2003. 398 

 399 

 

©  2020 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 400 


