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Abstract 

Passive (battery-free) wireless patch antenna sensors have been developed in recent years for strain 

sensing, to provide convenient and low-cost instrumentation. Despite past efforts, current analytical and 

experimental studies have mainly focused on performance in single-axial measurement, which is simple 

and unrealistic from typically encountered arbitrary plane stress fields. This research presents strain sensor 

rosettes made of folded patch antennas and slotted patch antennas for measuring an arbitrary surface 

strain (plane stress) field. The transverse strain effect of both sensors has been discussed and validated 

through laboratory experiments. Multi-physics coupled simulation is conducted to accurately describe the 

mechanical and electromagnetic behaviors of antenna sensors. Resonance frequency shifts of the antenna 

sensors are used to derive the three strain components in an arbitrary plane stress scenario, i.e. two normal 

and one shear strain components. Both numerical studies and experimental validations have been 

performed. 
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List of notation 

𝑓0 resonance frequency of a patch antenna sensor without strain 

𝑐  speed of light  

𝐿l, 𝐿t length of current path of a patch antenna sensor in its longitudinal direction and transverse direction, 

respectively 

𝐿total  total length of current path of a patch antenna sensor 

𝐿′  additional length due to fringing effect 

𝛽r,eff  effective dielectric constant of the substrate 

𝑓𝜖 resonance frequency of a patch antenna sensor under strain 

∆𝑓 change of resonance frequency of a patch antenna sensor 

𝜖l̃, 𝜖t̃ strain of a patch antenna sensor in its longitudinal direction and transverse direction, respectively 

𝜖l, 𝜖t strain of the base structure under a patch antenna sensor in sensor’s longitudinal direction and 

transverse direction, respectively 



 
 

𝜂l, 𝜂t strain transfer ratios of a patch antenna sensor in its longitudinal direction and transverse direction, 

respectively 

𝑆l, 𝑆t strain sensitivities of a patch antenna sensor in its longitudinal direction and transverse direction, 

respectively 

𝜖x, 𝜖y, 𝜖xy strain components of the base structure under Cartesian coordinates 

𝜃𝑖  angle between x-axis and the longitudinal direction of Sensor 𝑖 in a strain sensor rosette (𝑖 = 1, 2, 3) 

𝐓  transformation matrix of a strain sensor rosette 

𝐒  strain sensitivity matrix of a strain sensor rosette 

 

 

 



 

1 Introduction 1 

Strain is one of the most important physical indicators that can quantify the performance and condition of 2 

civil structures. Traditional strain sensing systems usually utilize cable connected equipment for data 3 

acquisition, such as metal foil strain gages and fiber optic sensors. As a result, these systems suffer from 4 

high installation cost and inconvenient application when many sensors need to be installed over a large-5 

scale structure (Spencer et al., 2004). The emergence of wireless sensors, especially recently developed 6 

passive wireless sensors which do not need battery or other onboard power supply, has shown promise to 7 

overcome the cable-related difficulties (Butler et al., 2002, Tan et al., 2008). 8 

One example of passive wireless strain sensors is microstrip patch antenna sensor, whose resonance 9 

frequency changes when strain is applied. Tata et al. have investigated the potential of a rectangular 10 

microstrip patch antenna on strain sensing (Tata et al., 2009). First using cabled measurement, the linear 11 

relationship between resonance frequency of the antenna and strain is validated (Tata et al., 2009). The 12 

relationship is later verified by wireless interrogation (Deshmukh and Huang, 2010). As the rectangular 13 

microstrip patch antenna is only sensitive to strain along the longitudinal direction or the transverse direction, 14 

Daliri et al. propose a circular microstrip patch antenna sensor (Daliri et al., 2012) that responds to surface 15 

strain. However, the sensor cannot distinguish the three surface strain components when an arbitrary strain 16 

field is applied.    17 

Another widely investigated approach for passive wireless sensing is radio frequency identification (RFID) 18 

technology. The RFID technology can offer the ability to modulate the response signal from the sensor 19 

(EPCglobal Inc., 2008) and thus distinguish it from environmental reflection. In recent years, many passive 20 

wireless strain sensors based on RFID technology have been proposed. A printed RFID patch antenna has 21 

been shown to measure high strain with the change of antenna gain and impedance (Merilampi et al., 2011). 22 

Meanwhile, Occhiuzzi et al. demonstrate the relationship between strain and electromagnetic behaviors of 23 

a meander-line RFID antenna sensor (Occhiuzzi et al., 2011). In order to reduce the size of an RFID patch 24 

antenna sensor, Yi et al. propose an antenna folding technique using vias, and validate the performance of 25 

the folded patch antenna sensor by tensile experiments (Yi et al., 2011). To achieve further size reduction 26 

of the RFID patch antenna sensor, slots are added on the top copper cladding to provide a detoured current 27 

path, the length of which determines antenna resonance frequency (Yi et al., 2013a, Yi et al., 2013b). Multi-28 



 
 

physics simulation coupling mechanics and electromagnetics is proposed to more accurately describe the 29 

behavior of the sensor (Yi et al., 2013a, Yi et al., 2013b).  30 

Although the achievements in previous research have shown great potential in wireless strain sensing, 31 

most of the studies only address scenarios when either longitudinal or transverse strain are applied 32 

separately. Wireless strain sensing of an arbitrary surface strain field, with three strain components applied 33 

simultaneously, has not been thoroughly investigated. In this paper, strain sensor rosettes made of folded 34 

patch antenna sensors or slotted patch antenna sensors are proposed to measure an arbitrary surface 35 

strain field. The strain sensing mechanism of patch antenna sensors is studied first. In order to achieve 36 

accurate strain measurements, the transverse strain effect of patch antenna sensors is investigated through 37 

laboratory experiments and the method to consider this effect is proposed. To thoroughly investigate the 38 

strain sensing performance of both the rosettes, multi-physics simulation coupling mechanics and 39 

electromagnetics is conducted to study the electromagnetic behaviors of antenna sensors under strain. To 40 

better understand the strain sensing performance using patch antenna sensor rosettes, the consistency 41 

between one sensor scenario and a rosette scenario, as well as the effect of base structure dimensions, 42 

have been studied. 43 

The rest of this paper is organized as follow. Section 2 introduces the rosette strain sensing mechanism of 44 

patch antenna sensors. Section 3 proposes the method to consider the transverse strain effect in the rosette 45 

setup. Section 4 presents the mechanics-electromagnetics coupled finite element models and the strain 46 

sensing simulation results. Finally, the paper is summarized with conclusion and future work. 47 

2 Rosette strain sensing mechanism of wireless patch antenna sensors 48 

This section provides the quantitative relationship between the resonance frequency of a patch antenna 49 

sensor and the strain experienced by the sensor. Section 2.1 introduces the strain sensing mechanism of 50 

a single patch antenna sensor. The generic formulation is applicable to both folded patch antenna sensors 51 

and slotted patch antenna sensors. Section 2.2 presents the experiment validation on the strain sensing 52 

mechanism of both types of sensors. Section 2.3 shows the strain rosette of two types of antenna sensors. 53 

2.1 Strain sensing mechanism of a single patch antenna sensor 54 

Figure 1(a) illustrates the design of a folded patch antenna sensor; Figure 1(b) illustrates the design of a 55 

slotted patch antenna sensor. Each figure shows the top side of the patch antenna sensors, where top 56 



 
 

copper cladding, matching line, and RFID chip are mounted on a substrate. The bottom side of the sensor 57 

is the electronic ground plane and is also made of copper cladding. Vias through the substrate connect the 58 

top copper cladding and the electric ground in order to reduce the size of the antenna sensor. The matching 59 

line in Figure 1(a) is designed to achieve the best impedance matching between the folded patch antenna 60 

sensor and the RFID chip. The geometry pattern of the slotted patch antenna sensor is designed to have 61 

the best impedance matching between the antenna and the RFID chip, so there is no independent matching 62 

line in the slotted patch antenna sensor. In each figure, dashed arrows illustrate electrical current path on 63 

the top copper cladding of the antenna sensor. For folded patch antenna sensor, the current path is a 64 

straight line; for slotted patch antenna sensor, the current path is detoured around the slots. 65 

 

 

(a) Folded patch antenna (69 × 61 × 0.787 mm) (b) Slotted patch antenna (44 × 48 × 0.787 mm) 

Figure 1. Illustration of patch antenna sensors 66 

The underlying physics of a patch antenna sensor for strain sensing is that the electromagnetic resonance 67 

frequency of the patch antenna changes under strain. When strain is applied on the sensor, the length of 68 

electrical current path changes accordingly, and thus the resonance frequency changes. This change in 69 

resonance frequency of the patch antenna sensor can be wirelessly detected through RIFD technology (Yi 70 

et al., 2011). An RFID reader emits a wireless interrogation signal to the sensor, which in turn harness 71 

energy from the signal for its own operation. When the interrogation frequency equals to the resonance 72 

frequency of the patch antenna sensor, best matching between antenna and the RFID chip occurs, and 73 

thus least interrogation power is needed to activate the RFID chip. By recording the interrogation frequency 74 

corresponding to the minimum value of interrogation power, the resonance frequency of the patch antenna 75 

is obtained and then used to derive the amount of strain. In general, Eq. (1) shows the relationship between 76 



 
 

the resonance frequency and the geometric property of a patch antenna that has the row of vias connecting 77 

top copper cladding to the ground plane: 78 

𝑓0 =
𝑐

2(𝐿l + 𝐿t + 𝐿′)√𝛽r,eff

=
𝑐

2𝐿total√𝛽r,eff

 (1) 

where 𝑐 is the speed of light; 𝐿l is the length of current path in longitudinal direction; 𝐿t is the length of 79 

current path in transverse direction; 𝐿′ is the additional length due to fringing effect; 𝐿total is the total length 80 

of current path; 𝛽r,eff is the effective dielectric constant. Figure 1 illustrates the longitudinal and transverse 81 

directions of each sensor. As shown in the Figure 1, a folded patch antenna sensor does not have 82 

transverse current path but a slotted patch antenna sensor has transverse current path. For simplicity, past 83 

studies of slotted patch antenna strain sensors usually consider 𝐿t to be much smaller than 𝐿l, and thus do 84 

not include the current path in transverse direction (Yi et al., 2013b, Yi et al., 2014). However, in order to 85 

obtain an accurate strain measurement, this study will demonstrate that the transverse strain effect should 86 

be considered, particularly for slotted antenna sensors.  87 

When the patch antenna is under relatively small longitudinal strain 𝜖l̃  and transverse strain 𝜖t̃ , the 88 

resonance frequency of the antenna changes to: 89 

𝑓𝜖 =
𝑐

2(𝐿l(1 + 𝜖l̃) + 𝐿t(1 + 𝜖t̃) + 𝐿′)√𝛽r,eff

 

=
𝑓0

1 +
𝐿l

𝐿total
𝜖l̃ +

𝐿t

𝐿total
𝜖t̃

 

≈ 𝑓0 (1 −
𝐿l

𝐿total

𝜖l̃ −
𝐿t

𝐿total

𝜖t̃) 

(2)  

The equation shows that the resonance frequency is approximately linear to the strain on the antenna 90 

sensor, in particular if the strain is small. Due to the bonding effect between the antenna sensor and the 91 

base structure, only some percentage of the strain in the base structure can be transferred to the antenna 92 

sensor. Longitudinal strain transfer ratio 𝜂l refers to the percentage of the longitudinal strain on the sensor 93 

𝜖l̃  over the longitudinal strain on the base structure 𝜖l ; transverse strain transfer ratio 𝜂t  refers to the 94 

percentage of the transverse strain on the sensor 𝜖t̃ over the transverse strain on the base structure 𝜖t. 95 

Both ratios are close to but less than 100%. We use ∆𝑓 to denote the change of the resonance frequency 96 



 
 

of the antenna sensor when strain 𝜖l and 𝜖t occur on the surface of the base structure. Based on the linear 97 

relationship shown in Eq. (2), the relationship between ∆𝑓 and 𝜖l, 𝜖t is obtained as: 98 

∆𝑓 = 𝑓𝜖 − 𝑓0 ≈ −
𝑓0𝐿l

𝐿total

𝜖l̃ −
𝑓0𝐿t

𝐿total

𝜖t̃ = −
𝑓0𝐿l

𝐿total

𝜂l𝜖l −
𝑓0𝐿t

𝐿total

𝜂t𝜖t = 𝑆l𝜖l + 𝑆t𝜖t (3)   

where 𝑆l is named the longitudinal strain sensitivity and 𝑆t is named the transverse strain sensitivity. Each 99 

sensitivity number represents the linear proportional relationship between resonance frequency and the 100 

strain along that direction. 101 

2.2 Experiment validation 102 

To better illustrate the transverse strain sensitivity of a patch antenna sensor, tensile tests on folded patch 103 

antenna sensors and slotted patch antenna sensors have been conducted. Figure 2(a) shows the center 104 

region of an aluminum specimen with two folded patch antenna sensors installed in perpendicular 105 

orientations. Sensor 1 has its longitudinal direction oriented along the y-axis (loading direction), while 106 

Sensor 2 has its longitudinal direction along the x-axis. Likewise, Figure 2(b) shows the center region of an 107 

aluminum specimen with two slotted patch antenna sensors installed. Similarly, Sensor 1 has its longitudinal 108 

direction oriented along the y-axis (loading direction), while Sensor 2 has its longitudinal direction along the 109 

x-axis. Each specimen is 610 mm long, 150 mm wide, and 3.2 mm thick. For each specimen, loading 110 

direction is along y-axis; the specimen deforms freely along the lateral x direction. Ten reference metal foil 111 

strain gages are installed on each specimen, five measuring 𝜖y and five measuring 𝜖x.  112 

  
(a) Folded patch antennas (b) Slotted patch antennas 

Figure 2. Sensor instrumentation for tensile test 113 

As shown in Eq. (3), strain sensitivities are mainly determined by the lengths of electric current paths. 114 

Because the actual current paths on a fabricated sensor are determined by the sensor geometry, it is 115 



 
 

preferable that the sensor fabrication is as accurate as possible. Another important factor on strain 116 

sensitivity is strain transfer ratio. To achieve a high strain transfer ratio, strong bonding is needed when 117 

installing the antenna sensors. Other factors, such as interrogation distance, specimen size, and loading 118 

method, are found to have smaller effect on the strain sensitivity of antenna sensors. 119 

The axial force applied by the tensile machine is configured so that approximately a +50 µε along y-axis is 120 

achieved at each loading step. Meanwhile, the specimen shrinks along x-axis due to Poisson’s effect. The 121 

test starts with 𝜖y = 0 με, and ends at around 𝜖y = 350 με. At each loading step, the resonance frequencies 122 

for both sensors and the strain for both directions are recorded.  123 

  

(a) Seven loading steps for specimen with folded patch 
antenna sensors 

(b) Seven loading steps for specimen with slotted patch 
antenna sensors 

Figure 3. Strain 𝜖y versus 𝜖x measured by metal foil strain gages 124 

Table 1．Resonance frequencies of patch antenna sensors (MHz) 125 

Loading step 
Folded patch antenna sensor Slotted patch antenna sensor 

Sensor 1 Sensor 2 Sensor 1 Sensor 2 

1 909.663 904.027 912.445 912.836 

2 909.618 904.041 912.422 912.832 

3 909.570 904.051 912.366 912.825 

4 909.533 904.076 912.320 912.817 

5 909.494 904.084 912.271 912.821 

6 909.460 904.091 912.234 912.815 

7 909.382 904.114 912.199 912.795 

 126 

For each specimen, Figure 3 shows the strain 𝜖𝑦 versus 𝜖𝑥  measured by metal foil strain gages. The slope 127 

of each plot is around 1/3 which is close to the Poisson’s ratio of aluminum. Table 1 lists the resonance 128 

frequencies of patch antenna sensors at all loading steps. Using the strain and resonance frequency data, 129 



 
 

the longitudinal and transverse strain sensitivities of each sensor can be calculated through linear 130 

regression according to Eq. (3). This leads to a least squares problem with longitudinal and transverse 131 

strain sensitivities, 𝑆l and 𝑆t, as optimization variables: 132 

minimize
𝑆l,𝑆t 

∑[∆𝑓𝑖 − (𝑆l𝜖l𝑖 + 𝑆t𝜖t𝑖)]
2

𝑖

 (4)   

Upon solving the least squares problem using available data points, Table 2 lists the longitudinal and 133 

transverse strain sensitivities of both sensors. The folded patch antenna sensor has a transverse strain 134 

sensitivity of 25 Hz/με, which is close to 0 Hz/με. This is because transverse strain cannot significantly 135 

change the total length of current path for a folded patch antenna sensor. On the other hand, due to the 136 

complicated geometry of a slotted patch antenna sensor, transverse strain changes the total length of 137 

current path of the sensor. Thus, the slotted patch antenna sensor has a relatively high transverse strain 138 

sensitivity, which is around -362.3 Hz/με. 139 

Table 2．Strain sensitivities for patch antenna sensors (Hz/με) 140 

Folded patch antenna sensor Slotted patch antenna sensor 

Longitudinal 𝑆l  Transverse 𝑆t Longitudinal 𝑆l Transverse 𝑆t 

-801.2 25.3 -794.6 -362.3 

 141 

2.3 Strain rosettes of antenna sensors 142 

Most studies of patch antenna strain sensors have been limited to uniaxial measurement (Yi et al., 2011, 143 

Yi et al., 2014). In order to measure an arbitrary surface strain field, strain rosettes (Boresi and Schmidt, 144 

2002) made of folded patch antennas or slotted patch antennas need to be deployed. Figure 4 (a) and 145 

Figure 4 (b) show the rosette schematic for each sensor type, respectively. Each rosette consists of three 146 

patch antenna sensors, with the three sensors rotated at 120º intervals. In each rosette, the longitudinal 147 

axis of Sensor 1 is placed along y-axis, Sensor 2 is rotated 120º counterclockwise from y-axis, and Sensor 148 

3 is rotated 120º clockwise from y-axis.  Because off-the-shelf RFID modulation technology mostly operates 149 

at around 900MHz, the dimension the antenna sensors and thus, of the rosette is larger than a typical metal 150 

foil strain rosette. It is preferable to have a fairly uniform strain field under the rosette area, or the 151 

measurement result will be the average strain. 152 

 153 



 
 

 
 

(a) Rosette with three folded patch antennas (b) Rosette with three slotted patch antennas 

Figure 4. Schematic of the two types of strain rosettes 154 

Consider each rosette is mounted on a flat surface area for strain measurement, the three strain 155 

components under Cartesian coordinates are denoted as 𝜖x, 𝜖y, and 𝜖xy. They are related to the longitudinal 156 

strains of base structure under the three sensors, 𝜖l,1, 𝜖l,2, and 𝜖l,3 by the strain transformation equations:    157 

{

𝜖l,1

𝜖l,2

𝜖l,3

} =

[
 
 
 
 
 
1 + cos (2𝜃1)

2

1 − cos (2𝜃1)

2
sin(2𝜃1)

1 + cos (2𝜃2)

2

1 − cos (2𝜃2)

2
sin(2𝜃2)

1 + cos (2𝜃3)

2

1 − cos (2𝜃3)

2
sin(2𝜃3)]

 
 
 
 
 

{

𝜖x

𝜖y

𝜖xy

} (5)   

where 𝜃1 is the angle between x-axis and the longitudinal direction of Sensor 1, which equals to 90º; 𝜃2 is 158 

the angle between x-axis and the longitudinal direction of Sensor 2, which equals to 210º; 𝜃3 is the angle 159 

between x-axis and the longitudinal direction of Sensor 3, which equals to 330º. Therefore, in each rosette, 160 

from the longitudinal strains measured by three sensors, the three strain components can be calculated as: 161 

{

𝜖x

𝜖y

𝜖xy

} =
1

3
[
−1 2 2
3 0 0

0 √3 −√3

] {

𝜖l,1

𝜖l,2

𝜖l,3

} = 𝐓 {

𝜖l,1

𝜖l,2

𝜖l,3

} (6)   

where 𝐓 is the transformation matrix which maps the longitudinal strains measured three sensors onto the 162 

three strain components under Cartesian coordinates. 163 

3 Consideration of transverse strain effect 164 

When measuring a surface strain field by the strain sensor rosette, the transverse strain sensitivity of each 165 

antenna sensor should be considered. Transverse strain sensitivity in a patch antenna sensor refers to the 166 



 
 

change of resonance frequency due to strain in the transverse direction of the sensor. The transverse strain 167 

effect should be considered in order to obtain the accurate longitudinal strain value. 168 

For an antenna sensor exposed to an arbitrary surface strain field, the change of the resonance frequency 169 

may contain contribution from both longitudinal and transverse strains. Eq. (3) is repeated for convenience: 170 

∆𝑓 = 𝑆l𝜖l + 𝑆t𝜖t (7)   

Here 𝜖l is the normal strain along the longitudinal direction under the antenna sensor, 𝜖t is the normal strain 171 

along the transverse direction under the antenna sensor, 𝑆l is the longitudinal strain sensitivity, and 𝑆t is 172 

the transverse strain sensitivity. It is should be noted that 𝑆l and 𝑆t are defined in a uniaxial strain setting 173 

rather than a uniaxial stress setting. In accordance with practical application, it is assumed that three 174 

antenna sensors in the strain rosette share the same longitudinal strain sensitivity 𝑆l and transverse strain 175 

sensitivity 𝑆t. Using Eq. (6) and Eq. (7), the change of the resonance frequency of Sensor 1 in the rosette 176 

setup can be expressed as: 177 

∆𝑓1 = 𝑆l𝜖y + 𝑆t𝜖x 

= 𝑆l𝜖l,1 + 𝑆t (
2

3
𝜖l,2 +

2

3
𝜖l,3 −

1

3
𝜖l,1) 

= (𝑆l −
1

3
𝑆t) 𝜖l,1 +

2

3
𝑆t𝜖l,2 +

2

3
𝑆t𝜖l,3 

(8)   

Likewise, the equations for ∆𝑓2 and ∆𝑓3 can be derived. The change of the resonance frequencies in all 178 

three antenna sensors can be expressed as: 179 

{

∆𝑓1
∆𝑓2

∆𝑓3

} =
1

3
[

3𝑆l − 𝑆t 2𝑆t 2𝑆t

2𝑆t 3𝑆l − 𝑆t 2𝑆t

2𝑆t 2𝑆t 3𝑆l − 𝑆t

] {

𝜖l,1

𝜖l,2

𝜖l,3

} 
(9)   

where 𝜖l,𝑖 is the longitudinal strain of the ith sensor. According to Eq. (6) and Eq. (9), the strain components 180 

under Cartesian coordinates can be calculated from the three frequency changes as: 181 

𝛜 = 𝐓𝐒−𝟏𝚫𝐟 (10)   

where 𝛜 = [𝜖𝑥 𝜖𝑦 𝜖𝑥𝑦]T is the strain vector, 𝚫𝐟 = [Δ𝑓1 Δ𝑓2 Δ𝑓3]
T is the resonance frequency change 182 

vector, and 𝐒 is the strain sensitivity matrix for Eq. (9): 183 



 
 

𝐒 =
1

3
[

3𝑆l − 𝑆t 2𝑆t 2𝑆t

2𝑆t 3𝑆l − 𝑆t 2𝑆t

2𝑆t 2𝑆t 3𝑆l − 𝑆t

] 
(11)   

This method to consider transverse strain effect is further studied for both types of rosettes in the next 184 

section. 185 

4 Mechanical-electromagnetic coupled simulation 186 

Behavior of both types of the rosettes, under arbitrary surface strain field, is first studied in numerical 187 

simulation. Section 4.1 introduces the numerical model which simulates the behavior of each rosette. 188 

Section 4.2 presents the strain sensitivities of antenna sensors in both types of rosettes. Section 4.3 shows 189 

the strain sensing performance of both rosettes under an arbitrary surface strain field. 190 

4.1 Model details 191 

The strain sensor rosette is modeled by ANSYS software package. Using the slotted patch antenna sensor 192 

rosette as an example, Figure 5 shows the finite element model built in ANSYS. To achieve an ideally 193 

uniform strain distribution around the rosette, an aluminum plate (500 mm × 500 mm × 25.4 mm) is used 194 

as the base structure. Along the perimeter of the plate, stiffened outlines are assigned to help generate a 195 

uniform surface strain field on the plate. Without the stiffened outlines, the edges of the aluminum plate 196 

cannot remain straight when load is applied, and thus the strain field in the rosette region may be far away 197 

from uniform. The strain rosette is placed at the center of the aluminum plate. Mechanical model of each 198 

antenna sensor consists of a top copper cladding, a substrate, and a bottom copper cladding. Partially air-199 

filled cavity models are used to improve simulation efficiency (Carver and Mink, 1981, Daly, 1971, Cho et 200 

al., to be published).  The height of the air domain is ten times the height of the substrate. Material properties 201 

used in the simulation are listed in Table 3. The stiffened outline is assigned a Young’s modulus much 202 

higher than the aluminum’s. 203 



 
 

 

 

(a) The entire model (b) Close-up view of a slotted patch 
antenna sensor 

Figure 5. Multi-physics simulation model of an antenna sensor rosette on an aluminum plate 204 

Table 3．Properties of material used in ANSYS simulation 205 

 Aluminum plate Stiffened outline Substrate Copper cladding Air 

Material type 
6061 Aluminum 

alloy 
− 

Rogers RT/duroid® 
5880 

Copper Air 

Relative permittivity 
(βr) 

− 1 2.2 − 1 

Poisson's Ratio 0.33 0.33 0.4 0.35 0 

Young's modulus 
(GPa) 

69 10000 1.07 117 0 

 206 

As the electromagnetic field has little effect on mechanical field, a sequential coupled simulation approach 207 

is adopted. First, the mechanical simulation is conducted to obtain the deformed antenna shapes. Second, 208 

the electromagnetic behaviors of the antenna sensors are simulated based on the deformed shapes, so 209 

that antenna resonance frequency under strain can be identified. The mechanics-electromagnetics coupled 210 

simulation therefore accurately characterizes electromagnetic behavior of the antennas under strain. 211 

In the mechanical simulation, the aluminum plate and the substrate of antenna sensors are simulated by 212 

tetrahedral solid elements SOLID186, while the stiffened outlines of the aluminum plate and the copper 213 

cladding of antenna sensors are simulated by shell elements SHELL181. The bonding effect between 214 

antenna sensors and the aluminum plate is treated as ideal, i.e. the bottom surface of antenna sensors and 215 

the top surface of the aluminum plate share the same nodes.  216 

In the electromagnetic simulation, the aluminum plate and the stiffened outlines are removed while the 217 

copper cladding, the substrate of each antenna sensor, and the air layer constitute a resonance cavity. The 218 

elements of the substrate and the air are converted to high-frequency electromagnetic elements HF119. 219 



 
 

The copper claddings are treated as perfect electric conductor (PEC), and function as boundary conditions 220 

of the cavity model. The resonance frequency of each antenna sensor is calculated by solving the 221 

generalized eigenvalue problem of the cavity model (Jin and Volakis, 1991). 222 

4.2 Strain sensitivities for RFID antenna sensor rosette 223 

Before validating the strain sensing performance of the strain rosette, strain sensitivities 𝑆𝑙  and 𝑆𝑡  of 224 

antenna sensors need to be determined. Without losing generality, Sensor 1 is taken as example to show 225 

the procedure of obtaining the strain sensitivity values. In the mechanical simulation, vertical displacements 226 

are applied on the horizontal stiffened outlines of the aluminum plate to generate normal strain 𝜖l,1 (i.e. 𝜖y 227 

along y-axis) in the longitudinal direction of Sensor 1. Meanwhile, the other two outlines are constrained so 228 

that transverse strain 𝜖t,1 (i.e. 𝜖x along x-axis) of Sensor 1 remains zero. Figure 6 shows the displacements 229 

assigned to the stiffened outlines to generate this uniaxial strain field for Sensor 1.  230 

The displacements are adjusted to generate different strain levels of 𝜖l,1 (from 0 to 2,000 με with increments 231 

of 500 με) in the aluminum plate. Figure 7 shows the strain distribution 𝜖y of the two types of rosettes when 232 

2,000 με is applied. The figure shows that approximately uniform strain distribution 𝜖y is achieved around 233 

the center area of Sensor 1 and the strain distribution highly depends on the geometry pattern. 234 

 235 

Figure 6. Displacements assigned to the stiffened outlines to generate uniaxial longitudinal strain in the 236 
Sensor 1 237 



 
 

 238 

  
(a) Rosette with three folded patch antennas (b) Rosette with three slotted patch antennas 

Figure 7. Strain distribution 𝜖y of the rosettes (when uniaxial 𝜖y = 2,000 με is applied to the aluminum 239 

plate) 240 

 241 

After simulating each strain level, resonance frequency of Sensor 1 is identified by the electromagnetic 242 

eigenfrequency solver with the deformed finite element model. Based on the strain level and corresponding 243 

resonance frequency, the strain sensitivity can be calculated. Figure 8 shows the simulated resonance 244 

frequencies at different longitudinal strains for Sensor 1 in the folded patch antenna rosette. The resonance 245 

frequency of the antenna sensor reduces from 918.409 MHz to 916.705 MHz as strain increases from 0 to 246 

2,000 με. From the linear regression applied on the five data points, the longitudinal strain sensitivity of the 247 

antenna sensor is -851.630 Hz/με, which is shown as the slope of the curve in the figure. A similar procedure 248 

with 𝜖y = 0 and 𝜖x increasing to 2,000 με is used to find the transverse strain sensitivity 𝑆t of Sensor 1. As 249 

expected, the sensitivity turns out to be zero. For the other two folded patch sensors, because the 250 

longitudinal direction of Sensor 2 or Sensor 3 is not along x or y axis, a special strain field needs to be 251 

designed to generate uniaxial strain along the longitudinal direction of each sensor. The applied strain fields 252 

are summarized in Table 4. Displacements of the stiffened outlines are configured to generate a desired 253 

uniaxial strain field on each sensor. For example, when 𝜖x = 3𝜀 4⁄ , 𝜖y = 𝜀 4⁄ , and 𝜖xy = √3𝜀 4⁄ , the strain 254 

along the longitudinal direction of Sensor 2 can be calculated as 𝜖l,2 = 𝜀  according to Eq. (5), and 255 

meanwhile the transverse strain 𝜖t,2 = 0. 256 


















