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ABSTRACT A passive wireless strain-sensing system for strain monitoring of metallic structures is
presented in this paper, wherein single-feed (SF) patch antenna with near orthogonal fundamental modes
is initiated as the sensing element. A new approach is proposed by using input admittance of the orthogonal
modes as the strain measurand. Strain sensing proof-of-concept of the SF patch-sensor was first established
through electromagnetic simulation, then a cantilever beam strain measurement system was designed and
employed to quantify the changes of input admittance while directional strain was arising. The simulated
results reinforced with mathematical derivation and verified by experimental results to demonstrate that
there is a linear relationship between normalized admittance and micro-strain with a high sensitivity factor
of 97 ppm/pe from simulation. Experimental results also verified that the single patch sensor can monitor
the bidirectional (tensile and compressive) strain in multi-directions. An implementation example of the
wireless passive sensing system is also presented in a proof-of-concept case. The change of minimum
admittance that is linked with the applied strain was realized and interrogated using a monostatic radar system
where the maximum radar cross section (RCS) and frequency differences were used as strain measurands.
The interrogation method shows the RCS variations and the frequency shifts of the orthogonal modes
in correspondence to the directional strains induced at the sensor in four uniaxial scenarios with a high
sensitivity factor of 176 ppm/ue.

INDEX TERMS Strain sensor, patch antenna, orthogonal modes, structural health monitoring, radar cross

section (RCS).

I. INTRODUCTION

With the loading and environmental effect, the structural
behavior will gradually degrade over time. Structural health
monitoring (SHM) system has been extensively developed
over the past decades to facilitate maintenance and reinforce-
ment measures which utilize sensing systems to monitor and
evaluate the state of structures [1]. Strain is one of the most
important indicators in SHM, it directly reflects the state of
damage that a structure is suffering from. For metallic struc-
tures, strain concentration is usually generated by high local
stress which implies that a local void or cross-section shirking
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had occurred. Fluctuating stress and strain concentration can
generate micro-cracks and will accelerate corrosion of metal
structures. Once the crack spreads beyond the critical size
and if not repaired in time, it may cause catastrophic failure
[2]. In civil engineering, cracks can be detected by visual
inspection with assistance of ultrasonic testing and binoculars
[3]. However, manual inspection is labor intensive and time-
consuming. SHM should be conducted preventively at a strain
stage and not at a crack propagation stage, i.e. early detection,
so that enough time can be spent on precaution and mainte-
nance. Therefore, the possibility in monitoring the evolution
of strain is of increasing interest in emerging SHM systems.
Commercial strain sensors, such as metal foil strain gage,
fiber Bragg grating sensor and vibrating string strain gauge
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have been widely implemented in engineering structures [4]—
[9]. Metal foil strain gages are currently the most common
solutions for strain monitoring due to their easy installation
and low cost. Traditionally, common sensors are used in the
SHM although significant improvements have been made
on damage monitoring techniques by using advanced smart
sensors. However, it cannot realize high sensitivity factor and
wireless sensing demands to meet requirements of remote
sensing or wireless sensor network. Moreover, it has low
immunity to environmental factors such as temperature and
humidity.

The Internet-of-Things (IoT) scenario, which provides
data integration of monitoring, localization, classification and
assessment, is becoming an attractive technology in SHM
application. Wireless sensors network is also considered as a
key of IoT in SHM application [10], [11]. Recently, a bridge
monitoring radar with a central frequency of 36.05 GHz
has been devised based on a millimeter-wave technology to
measure the bridge vibration [12]. Antennas can be made
passive and used as wireless sensors that can make the
wireless SHM come true. In recent years, radio-frequency
identification (RFID) technology is one of the alternative
approaches for wireless sensing. Chipless RFID sensors have
been proposed for strain sensing, corrosion prediction and
crack detection [13]-[15]. A transducer is a device that con-
verts energy from one physical quality to another one, such as
aresonant frequency shift or a radar cross section (RCS) level
fluctuation that is readily detectable by a remote radar system
[16]. Thus far, various types of antenna-based strain sensors
are based on linearly polarized (LP) patch antennas, using
the relationship between fundamental resonant frequency
and the resonant length of copper patch. A micro-fabricated
patch antenna was designed for strain measurement [17].
For multi-direction detection, an LP circular-shaped patch
antenna strain sensor was reported in [18]. Frequency dou-
bling technique was adopted for antenna strain sensor [19],
this approach can easily differentiate backscattered passive
sensor signal from environmental electromagnetic reflec-
tions. RFID-based folded patch antenna was developed for
strain sensing [20]-[22]. The advantage of these antenna
sensors is wireless interrogation without a local power source.
In order to study the effect of different substrates on transmis-
sion efficiency, a miniaturized quarter-wavelength microstrip
patch antenna sensor was designed for simulation and exper-
imental investigation [23]. Moreover, novel antenna sensors,
which make use of resonant frequency shifts for detection
and characterization of metallic surface crack, were investi-
gated [24]-[26].

On one hand, wireless interrogation systems pay an impor-
tant role for the effective remote sensing/detection as well as
the overall system sensitivity factor. Conventionally, both the
monostatic [27]-[29] and bistatic [30]-[32] radar or RFID
systems have been widely used. In [27], a monostatic interro-
gation was used to capture the frequency shift from a large
RF cavity sensor, whereas a frequency modulated contin-
uous wave (FMCW) radar was used in [28] for real-time
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vibratory strain sensing. Time-domain gating-based interro-
gations were commonly employed in different systems for
wireless temperature sensing [29]-[31], where local temper-
ature changes were reflected by the frequency shifts in the
remote ends. In [31] and [32], tailor made ultra-wideband
(UWB) antennas were used as transmitting and receiving
antennas in bistatic systems, where short interrogation ranges
were reported. On the other hand, a high sensitivity factor of
sensing element is highly desired.

For those LP patch antenna-based strain sensors mentioned
above, the sensing parameter was based on single (either
TM10 or TMO1) mode’s resonant frequency shifts with strain
increasing. Unfortunately, the LP patch antenna is insensitive
to the patch width changes, thereby this method of LP-patch
merely contributes one-dimensional strain monitoring with
a maximum sensitivity factor of 1 ppm/ue [24]. This is
mainly due to the fundamental resonant frequency of the LP-
patch antenna which depends on the value of patch length
rather than the width. Recently, a novel design of RF strain
transducer based on a LP-patch antenna loaded with open-
loop resonators was proposed for high-sensitive sensing of
two-dimensional (2-D) strains. The prototypes achieved a
maximum sensitivity (factor) of 2.35 ppm/pe [16]. This dual-
element method offers sensitivity value that improves the LP
patch sensors; it is still found to be low and may not be suit-
able for high sensitivity factor demands. This has motivated
us to create a single sensing element that is capable of multi-
directional strain sensing with a high gauge factor.

A sensor of single-feed circularly polarized (SFCP) patch
based on orthogonal mode was first initiated by the authors
[33], where we presented a comparative study into the direc-
tional sensitivity factor of two coaxial probe-fed LP-patch
sensors and CP patch. The physical configurations between
CP- and LP-patch were maintained to be the same except
the feed positions. Strain sensing parameters of LP patch can
only be based on single mode’s resonant frequency shifts,
whereas the CP-patch generates simultaneously two radia-
tion modes. This CP-patch sensor exhibits at least 55 times
more sensitive than the LP-patch counterpart by the proof-
of-concept prototype [33]. In this paper, we further extended
our studies from the probe-feed to microstrip-line feed patch
sensor, where the microstrip-line is integrated with the strain
sensor as a whole so that artificial hole is not required to
accommodate the coaxial feed on the metallic structures in
order to fulfill the integrity of structure. A SFCP antenna-
based strain sensor for the aim of monitoring multidirectional
tensile and compressive strains with an ultra-high sensitivity
factor is presented. The innovative idea presented here is to
make use of the orthogonal fundamental modes (TMO1 and
TM10) where their resonant frequencies are tuned next to
each other. A new sensing method is also proposed in which
we used the input impedance/admittance of the CP patch
antenna as the strain-sensing characteristics for monitoring
the 2-D deformation. For an attempt of investigation, input
admittance of CP-patch at different strain levels for x- and y-
direction were analyzed. Minima of admittance between two
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orthogonal modes were examined to be shifted as a linear
function of micro-strain. The predicted results, verified with
the experiment, demonstrated that high sensitivity factors
of 97 and —-99 ppm/ue for x- and y-direction strain, respec-
tively, were achieved. Moreover, an implementation exam-
ple of the wireless passive sensing system is demonstrated
as a proof-of-concept configuration. The CP-patch sensor
was realized and interrogated using a monostatic FMCW
radar system, where its radar cross section (RCS) feature
was extracted to quantify the admittance/impedance-strain
variations. The interrogation method shows that very high
sensitivity factors (—66 and 92 ppm/ue) were obtained on
the changes of maximum RCS as well as the difference of
mode-frequencies (—175 and 118 ppm/ue) with respect to
the directional strains induced at the sensor. The practical
novelty and contributions of this article can be summarized
as follows:

i) theoretical derivation is justified for the feasible use of

patch-sensor with near orthogonal modes;

ii) multidirectional strain is realized by using a single
sensing element;

iii) achieved ultra-high sensitivities under wire and wire-
less (RCS) scenarios are demonstrated;

iv) relations on the input impedance, surface currents of
CP-patch and the complex RCS under various strains
are examined.

The rest of this paper is organized as follows. Section II
presents the operation principle of strain sensing. Section I1I
describes the design and numerical simulation of the CP-
patch sensor. Sections IV and V demonstrate, respectively,
the experimental verifications on the CP-patch sensor and
an example of passive remote sensing system using the
CP-patch sensor, where the variations of RCS behave as a
function of directional strain. Finally, a conclusion is drawn
in Section VI.

II. PRINCIPLE OF OPERATION FOR STRAIN SENSING

The copper patch and the ground plane form a microwave
resonant cavity based on the cavity-model theory. Typically,
a SFCP nearly-square patch antenna generates simultane-
ously two fundamental modes: TMO1 mode and TM 10 mode.
The TM10 mode indicates that the electric field is par-
allel to the geometric longitudinal direction, whereas the
TMOI mode is polarized along its width direction. Figs. 1(a)
and 1(b) show the ideal equivalent circuits of the microstrip-
line fed nearly-square patch antenna (see Fig. 2). For the sake
of clarity, hereunder we use Mode A and Mode B to denote
TM10 and TMO1, respectively.

The input impedance of the CP antenna with two degen-
erative modes is derived from the equivalent circuit analysis.
Two parallel-connected circuits with resistor (R), capacitor
(C) and inductor (L) correspond to the two orthogonal modes
of the patch resonator, where Rx represents the radiation
resistances; Cx and Ly represent the energy-storage elements
of two modes: capacitors and inductors of the patch resonator,
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FIGURE 1. Equivalent circuits of CP patch antenna-based strain sensor:
(a) corner-fed nearly-square patch antenna, (b) microstrip-line feed with
quarter-wave impedance matching network, (c) variation of input
impedance (Zcp) as a function of frequency ().

whereas Lt represents the feed inductance. Zcp, Zt, Zi, are,
respectively, the input impedance of the CP patch, charac-
teristic impedance of the quarter-wave transformer, and the
overall input impedance/admittance. The input impedance of
the CP patch and the overall input admittance in complex
forms are given by

Zcp (0) = joLt+Zy (0) +Zp (w)
= joLt+ 1/ (joCa +1/Ra + 1 /jwLy)
+1/ (jwCs + 1/Rg + 1 /jwLp) (1)
1 Zcp (@)
= 2
Zin () Zr (a))2 @

Unlike conventional LP-patch strain sensors, which use the
changes of resonant frequency as a function of micro-strain
[15], [21]-[25], the uniaxial strains along the principle axes
can be monitored simultaneously using a number of sensing
variables. Namely, the design of the new strain sensor relies
on the dual resonant frequency (wa, wp), maxima (Zapk,
Zppk) and minimum (Zcpr,) of input impedance as a function
of strain, which are the consequences of the changes of Rx,
Cx and Lx. Neglecting the feed inductance (Lf) due to the
fact that a very thin substrate is used, Fig. 1(c) displays the
input impedance of the orthogonal modes from an ideal SFCP
patch antenna, where its maxima are equaled whereas Zcpm

Yin () =
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occurs at wy, With wg—wm = wm—wa, and hence the modulus
of the input impedance (1) can be expressed as

Zepm = Za (0m) = Zp (0m) (3a)
=[1/(1/Re +j(wCs—1/wLg))| (3b)

2 -1/2
) 1
= [RB + (a)mCB - o LB> :| (3C)
m

The resonant frequencies of Mode A and Mode B are related
to the patch length (A) and patch width (B), respectively, as

c Tc (4 ) (4b)
wp = , wp= a),
AT Ak, PT Bk,
and
l7c(A+B)
i 4
“m = 2 TABYK, ()

where ¢ = 1 / /Koo is the velocity of light, ko and pq are
the free-space permittivity and permeability, respectively;
is the relative dielectric constant of the dielectric substrate.

Considering the uniaxial strain arose along x-axis, the elec-
trical circuit elements of Mode B have their relations with the
CP-patch’s physical parameters as given by [34],

Cp = Kok:AB/h, (5a)
Ly =" (5b)
B = 7'[2A ’
B
Rp = & = “/Er (5¢)

a)BCB o 27TCKOA ’

where Qr is the total quality factor of the patch resonator,
which is approximated by Or ~ %‘;’i‘.

We take the partial derivatives for (3c),

3

0Zcpm Zé‘Pm Zcpm

- = Gr (B , 6
oRp 3 r (B) R (6a)
3Zcpm 1 — w2,Cplp 4 Zcpm
39Cs Ls CPm c (B) Ch (6b)
Zcpm 1 — w2,Cplp 4 Zcpm
= Z =G (B , 6
BLB w%/ng CPm L ( ) LB ( C)
0Zcpm _ 1 - wizCI%Lé — G, (B) Zcrm 6d)
dwm w2 ¢ om

where Gr(B), Gc(B), G1.(B) and G, (B) are the functions of
patch width B and physical parameters (constants).

The variations of the input impedance can be expressed in
terms of four differential changes from (3c), as given by

dZ¢

P Zcp, 0Zcp 0Zcp,

8Zcp, = “8R 28C, 2SL 2 Sw,

CP,, R B+ 9Cs B+ oLp B+ Yo, Wm

7

Substituting (6) into (7) and taking normalization, yields
8Zcp, SRp 8Cp dLp
—— =Gr(B) —— + Gc (B) —— + GL (B) —
ZcPm Rp Cp Lg

Swp
+Gy (B)—  (8)

W
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Let 6Rp, 6Cp, 6Lp and dwpy, be the small changes of Rp,
Cp, Lp and wp, respectively, due to the small change on
patch width § B when x-direction strain occurs. By taking the
natural logarithm on both sides of (4c) and (5), we obtain

_ 1 wc(A+ B)
In(w,,) = ln(Z—AB NG ), (9a)
In(Cp) = In(kok:AB/h), (9b)
hB
In(Lg) = In (L::ZA ) ()
o ( EB
In (Rg) = In <2rrCK0A)' (9d)

Taking derivative on both sides of (9a) to (9d) with respect to
B, yields

1 Swm 2AB\/k, 2mcAB./x,—2nc(A+ B) Ak,
wn 8B mc(A+B) 4A2B2i, ’
(10a)
1 6C h A
- one, (10b)
Cp 6B KoktAB  h
1 8L 2A uph
e (10¢)
Lg 6B uphB m2A
1 3R _ 2mekoA NS ’ (10d)
Rp 6B \/ErB 27 ckpA
Further simplify (10a) to (10d), we have
8 A 6B
m _ 2 92 (11a)
Wm A+B B
8Cp B
—_— = —, (11b)
Cp B
SLp 6B
—=—, (11c)
Lp B
SRp 8B
— = = (11d)
Rp B

Assuming the uniaxial strain along x-axis, ex (déf 6B / B),
is sufficiently small causing the differential changes with
3Cp K CB, 8L K LB, SR < Rp and dwp <K wy. When
8B — 0, B = By, equation (8) can be expressed in terms of
£x as

Szcp, = lim (Gg (B) + Gc¢ (B) + GL (B) + H, (B)) ad
Zcrm 8B—0 B
(12a)
= (Gg (Bo) + G¢ (Bo) + G (Bg) + Hy, (Bo)) £x
(12b)

where H,,(By) = —A/(A + By)G,(Byp), and all functions are
constants.
Finally, solving (2) and (12), yields
8Y min Z3 8Zcp,

= —= = Kxéex (13)
Ymin Z]2~ ZCPm

where Kx is the strain sensitivity factor for the x-direction
strain.
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FIGURE 2. Top- and side-view of CP-patch-based strain sensor.

In the same manner, the stain sensitivity factor Ky can
be derived via electrical components of Mode A when the

. . . def
y-direction strain (¢y = 5A /A) occurs.

Ill. DESIGN AND SIMULATION OF CP-PATCH SENSOR

A. GEOMETRY OF THE CP-PATCH SENSOR

The proposed CP-patch strain monitoring sensor composed
of a microstrip-line fed nearly square copper foil/patch and a
ground plane printed on the top- and bottom-side of a dielec-
tric substrate, as shown in Fig. 2. The nearly square patch
has a physical size of A and B. A perturbation segment of
(A-B) x B was included on the square patch such that the two
near-orthogonal modes, TM01 and TM 10, meet the necessary
conditions for the generation of circular polarization in the
broadside direction.

B. STRAIN MODELLING OF THE CP-PATCH

In order to acquire an accurate prediction about the perfor-
mance of the CP antenna-based sensor for strain monitor-
ing, a simulation model of the nearly-square patch antenna
was established by using CST Microwave Studio. The strain
propagation was simulated by applying size change of copper
patch under the hypothesis that the dielectric constant and
its copper ground-plane have no effect on their values due to
the tangential strain. The RT/duroid® 5880 with a thickness
(h) of 0.787 mm was selected as the dielectric substrate for
its suitable elastic modulus (~965 MPa) and low dielectric
constant and dielectric loss («; = 2.2, tané = 0.001). After
the EM simulation of antenna in the initial state (under O ue),
a good CP performance of the patch antenna was obtained.
Then, the tensile and compressive strain application in x- and
y-direction were simulated by increasing and decreasing ini-
tial patch width (Byp) and length (Ap), respectively. To prevent
material deformation during strain application, the variation
range of patch size was set from —0.056 to +0.056 mm in
a strain-calculated (equivalent) step of 0.014 mm. For the
x-direction deforming model, nine strain levels (—1414.1 to
+1414.1 e at an equivalent step of 353.5 ue) were applied.
For the y-direction deforming model, another nine strain
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levels were used, namely, from —1393.0 to 1393.0 ue at an
equivalent step of 348.3 pe. In order to take the Poisson effect
of copper patch into account during elongation or compres-
sion, both the patch length and width have to be changed
simultaneously. For x-direction strain, the width is changed
due to the force applied whereas the length is also changed
due to the Poisson effect of copper, as calculated by

B = By (1 +¢x), (14a)

A= Ao(l — VSx). (14b)
Likewise, for the y-direction strain

A=A)(1+ey) (14c)

B = By(1 —vey) (144d)

where ex and ey can be positive or negative; a positive value
indicates a tensile strain whereas a negative value represents
a compressive strain; v is a positive number representing the
Poisson’s ratio of the copper patch (typically 0.34).

C. SIMULATION RESULTS FOR DIRECTIONAL STRAIN
SENSING

The input admittance of CP-patch sensor with four orthogo-
nal directions were computed and the results versus frequency
are shown in Fig. 3, wherein the maxima and minima of
admittance curves under different directional strain levels
are studied. When the x-direction tensile strain increases
(e-XP1), the admittance of TMOl mode was observed to
shift to the left whereas the admittance of TM10 mode
was almost maintained, as shown in Fig. 3(a). In the same
figure, a consistent right shift of maximum admittance of
TMO1 mode was observed while the compressive strain was
increasing (e-XN7). As a result, the admittance change of
TMO1 mode can be regarded as an indicator for the moni-
toring of x-direction strain, whereas the movement directions
of minima (between two modes) can be used as a distinction
to judge the compressive or tensile strain.

Likewise, there are obvious left shifts of maxima of
TM10 mode under tensile strain along y-direction, whereas
right shifts of maxima of TM10 mode under compressive
strain were observed as shown in Fig. 3(b). Again, opposite
directions of minima appeared for the increments of compres-
sive (¢-YN1) and tensile (e-YP1) strains.

IV. EXPERIMENTAL VERIFICATIONS

A. FABRICATION OF ANTENNA SENSOR

The proposed CP-patch strain sensor was implemented by
using dielectric laminate RT/duroid® 5880 with a thickness
of 0.787 mm. The copper ground-plane of the CP-patch strain
sensor was bonded with the aluminum cantilever-beam with
superglue. The fabricated prototypes of aluminum beam-
specimens are shown in Fig. 4.

Before exerting directional strains on the sensors, we com-
pared the simulated and measured input admittance, as shown
in Fig. 5. The input admittance of the SFCP antenna sen-
sors was measured by a Keysight Performance Network

24673



IEEE Access

L. Wang et al.: Highly Sensitive Microwave Patch Sensor for Multidirectional Strain Sensing Based on Near Orthogonal Modes

0.035) T™10 ——-1414.1 pe
A -1060.6 pe
——-707.1 ue
0.03] —-353.5 ue
——0 e
@ :353.5 ue
= 0.025 7071 pe
= —1060.6 pe
3 ——1414.1 pe
s
£ 0.02/
€
kel
<
0.015;
0.01/
Simulation-X

243 244 245 246 247 248 249 25 251 252
Frequency (GHz)

(@)

0.035/- <« ——-1393.0 e
-1044.8 ue
—-696.5 e
0.03| 3483 pe
——0pue
5 T™10 —348.3 ue
= L TMO1 ——696.5 e
= 0025 e-YNT —1044.8 pe
3 ——1393.0 pe
S
£ 0.02
£
he)
<
0.0151
e-YPT
0.01F
Simulation-Y
243 244 245 246 247 248 249 25 251 252
Frequency (GHz)
(b
FIGURE 3. Variation of input admittance |Y| under four scenarios:
(a) x-direction tensile and compr strain, (b) y-direction tensile and

compressive strain.

FIGURE 4. Photographs of the fabricated patch sensors.

Analyzer (PNA, N5222A) after calibration. The slight mis-
match between the simulated with measured admittance was
observed, which may be contributed by the fabrication and
material uncertainties. However, this will not affect the sen-
sor’s practical performance as the changes of input admit-
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tance will be computed with respect to the measured refer-
ence status.

B. EXPERIMENTAL SETUP OF CANTILEVER BEAM SYSTEM
For measuring the admittance response of the CP-patch sen-
sor under different strain levels, a cantilever beam made
by AL1060 aluminum (GB/T3190-1996) was designed to
validate the utilization of proposed strain sensor. The alu-
minum cantilever specimen has an overall length of 450 mm
composed of a clamping position (20 mm), loading distance
(20 mm) and a beam length (410 mm) as illustrated in Fig. 6.
The position of sensors, which were connected to both sur-
faces of the cantilever beam using superglue (Fig. 4 and
Fig. 7), was determined by occurrence of the largest strain.
As such, this adhesive method allows transmission of alu-
minum strain to CP-patch sensors. In order to assess the
effect of strain direction along both x- and y-direction on
the input admittance, the patch sensors can be elongated and
shortened along these two directions. Hence, two types of
microstrip-line feed patch sensor were deliberately devised,
where the feed-lines are symmetrical along the 45°-diagonal
line (Fig. 4). The patch sensors bonded on the top- and
bottom-side were placed in the same distance from the free
end on opposite sides of cantilever beam in order to obtain
accurate directional strain levels.

The weights were applied at the free end and thus generated
a moment. Based on the elastic flexure theory and Hooks
Law, the directional micro-strain & experienced by the patch
sensor at position k can be expressed by

_ 6F(L — k)

- 15
&k Eurtbr? (e) (15)
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Cantilever | CF3820 signal test
beam and analysis system

e

Weights

FIGURE 7. Experimental set up of simultaneous measurement of
directional strain and input admittance.

where F (= mg) is the directional force in unit of N exerted by
weights, L is the length of the cantilever beam, k represents
the distance between the center of sensor and the fixed end,
b and t are the width and thickness. Eq¢ is the effective
elastic modulus of the aluminum plate with a determined
value of 50 GPa.

The photographs of the sensors mounted on the cantilever
beams and the experimental set up of simultaneous measure-
ment of strain and input admittance are illustrated in Fig. 7,
wherein one side of the specimen was fixed to the work bench
using C-clamp whereas the other side was loaded progres-
sively using a series of load-weights to stimulate strain lev-
els. The weight-strain conversion can be estimated using the
theoretical model (15). The force applied by a set of weights
with an increment of 100 g was configured such that a strain
increment of 2426 was obtained. Meanwhile, two metal
foil strain gauges were attached onto the patch sensor across
the center-line. The data acquisition system (CF3820, Cheng
Fu Electronics, China) was used for collecting strain values.
The weights applied at the free end are limited at 700 g in
order to keep the aluminum beam to operate within its elastic
region. Upon each load application, the input admittance of
the patch sensor was measured and recorded by the PNA
while the strain was measured simultaneously. To minimize
the oscillation caused by load change, each PNA and strain
measurement took place at least about 30 seconds after the
weight change. Note that the compressive strains were mea-
sured by upside-downing the cantilever beam with the patch
facing downward. In order to examine the system reliability
and reduce the random errors in the measuring process, ten
cycles of simultaneous measurement were undertaken for
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each uniaxial scenario. Their average values and standard
deviations were used for sensitivities calculation.

C. RESULTS AND DISCUSSION
The average values of input admittance versus frequency
under different (average) strain levels for different directions
are displayed in Fig. 8. As agreed with prediction results
by electromagnetic simulation described in III-C, the fre-
quency shifts of the TMOl mode’s maximum admittance
determines the x-direction tensile and compressive strain
that occurs as shown in Figs. 8(a) and 8(b), respectively,
whereas the shifts of TM10 mode’s maximum admittance
indicates the y-direction strain as shown in Figs. 8(c) and
8(d). Similar observations to simulation results are followed
when the patch sensor experiences directional strain. Namely,
the TM10 mode’s admittance shifts left when the tensile
strain increases, conversely, it shifts right when the com-
pressive strain increases. Moreover, there is a significant
shift on the minimum between the maxima of two modes,
which varies with strain increment. As x-direction tensile
strain increases, the minimum admittance increases, and
conversely decreases when x-direction compressive strain
increases. As predicted, the minimum changes with opposite
ways for the y-direction strains, which corroborated with the
simulation results as shown in Fig. 3. Therefore, the mode and
minimum changes can be used for directional strain detection.
After extracting the minima from the admittance curves at
all strain levels from the simulation and experiment, normal-
ization was then performed by dividing the reference mini-
mum admittance. Table 1 lists all average normalized change
of admittance A|Y|min With standard deviations (STDs)
under different strain levels from measurement. Fig. 9 shows
the simulated normalized changes of minima-admittance
(A|Y|min) versus the corresponding strain levels, and veri-
fied with the experimental results. Both the measured and
simulated (minima) data from all strain scenarios underwent
a best-straight-line fitting, respectively. The linear functions
with goodness-of-fit (R?) values were shown in the figures.
As seen, the fitting curves have good linearity between the
changes of normalized |Y|min and micro-strain in both the x
and y directions as verified by the R? values (all>0.997). The
simulated linear functions agree with the measured ones from
all scenarios. Moreover, very high strain sensitivity factors
(in unit of ppm/pe) of the CP-patch sensor were achieved as
indicated by the slopes of the linear-fitting curves. Similar
sensitivity factors from simulation and measurement were
compared and listed in Table 2. It is worthy to mention that
the polarity of the admittance-strain sensitivity factors can be
used as a verification of direction of strain arisen. Namely,
positive value represents a x-direction strain whereas a nega-
tive value indicates a y-direction strain. Slight discrepancies
were observed, which may be attributed to fabrication and
measurement uncertainties. Moreover, a higher strain value
may result since the resistive strain gauges were mounted
on the substrate rather than the copper patch due to slight
strain transfer [20], leading to a lower sensitivity factor. The

24675



IEEEACC@SS L. Wang et al.: Highly Sensitive Microwave Patch Sensor for Multidirectional Strain Sensing Based on Near Orthogonal Modes

TABLE 1. Average measured strain and normalization of A|Y|min with standard deviations.

CALCULATED X-DIRECTION MEASUREMENT Y-DIRECTION MEASUREMENT
Strain (pe) Ave. Strain Ave. AlY |min Strain STD AlY |min STD Ave. Strain Ave. AlY |min Strain STD AlY |min STD
using (15) (ne) (ppm/pe) (ue) (ppm/pe) (pe) (ppm/pe) (1e) (ppm/pe)
-1692 -1635.9 -154333.5 42.7 23909.5 -1608.4 138855.0 314 3903.6
-1450 -1422.6 -144994.7 56.4 25111.0 -1397.7 127003.7 31.3 5044.0
-1209 -1132.9 -124860.8 108.3 17885.8 -1175.4 105951.3 25.8 6650.6
-967 -971.5 -101297.0 56.8 9269.6 -951.5 88632.9 223 6606.9
=725 -763.9 -76479.7 30.3 13644.8 -721.1 61872.3 14.7 5639.2
-484 -509.6 -52124.7 32.1 8445.7 -486.0 46167.9 6.6 6655.4
-242 -260.5 -30225.8 17.8 5042.8 -223.0 19342.1 74.1 5018.9
0 0.0 0.0 1.5 0.0 0.0 0.0 23 0.0
242 2433 18305.7 233 6349.9 234.1 -17907.5 10.5 1892.3
484 486.2 34429.1 28.2 6590.6 468.4 -39526.0 17.0 3626.7
725 738.4 59541.9 233 6210.5 705.5 -60787.3 18.6 4029.4
967 950.4 78970.2 78.0 5704.1 943.3 -78742.0 19.0 2162.4
1209 1202.4 98437.8 35.8 5823.2 1175.1 -93462.7 18.8 3697.7
1450 1425.4 114175.5 38.4 5986.9 1404.5 -111452.2 20.4 4716.8
1692 1626.8 135071.7 58.0 4760.7 1609.6 -126211.8 16.3 7079.9
TABLE 2. Wired strain sensitivity factors of CP-patch sensor. receiver picks up Ppin, as given by [35]
N Simulated Experimental . oP TAZGOT - Gor
Directional Sensitivity factor Senin)tiVity factor Dlscroe pancy Rmax = \ T 3p (16b)
strain (ppm/pe) (ppm/pe) (%) (47T) Pin
¥-stram 97.2 91.2 -6.2 where Ggr and Gor are the maximum broadside gains of
y-strain -99.0 -84.7 -14.4

the transmitting and sensing antenna, respectively; A is the
free-space wavelength at the center frequency of 2.475 GHz.
By taking the antennas imperfections into account, the receiv-

input admittance of patch sensor is known to be affected if . . .
ing power in terms of RCS (o) can be generalized as

the (metal foil) strain gauges directly attached on top of the
patch sensor. ,Gor (1 —T%) -Gog (1 —T'3)

Pr = o PTA
(dm)’ R*
V. A PASSIVE REMOTE SENSING SYSTEM USING CP
PATCH-ANTENNA-BASED STRAIN SENSOR where I't and I'R are the reflection coefficient of the transmit-

ting and sensing antennas, respectively; M and Mp are the
displacement loss factor (DLF) and polarization loss factor
(PLF), respectively, as given by [35]

MAMP (160)

The CP-patch antenna strain transducer can be used in wire-
less sensing for remote interrogation based on the variation
of the radar cross section (RCS/o) levels read by a radar,
e.g. [16], [27], [28]. To illustrate the interrogation method M4 = DLF = |cos (a)|n*HPBW (16d)
that exploits the input admittance behavior of the proposed
CP-patch transducer, the RCS response of the strain sensor and
is investigated based on the monostatic FMCW radar con-
figurations presented in Fig. 10. In the example of wireless
sensing, the CP-patch strain sensor is treated as a load and where « is the displacement angle between the maximum
connected to a standard horn antenna (LB-340-10) througha  radiation directions of the two antennas, n (¢ 0.02, 0.3) is
delay line, at which its length/delay can be set according to a positive index obtained via curve fitting; whereas $ is the
backscattering level. angular displacement angle between the radiating apertures.
The sensing horn antenna operates in the band of 2.2 GHz To understand the transducing mechanism of the CP-patch
to 3.3 GHz with a broadside gain of about 11 dBi. By setting antenna strain sensor, Fig. 11 displays a graphical relation on
the noise floor (NF) at 1 dB and the minimum signal-to-noise  the input impedance (expressed on Smith chart), surface cur-
ratio (SNR) as 15 dB, the minimum detectable power of the rent distributions on the copper patch and the complex RCS
radar system can be expressed as [27] expressed in polar form under various directional strains.
Poin = kTB (NF) (SNR) (16a) In sequence, the mechanical strain causes the deformation
of patch and hence changes the patch’s component values
where k is the Blotzmann’s constant, 1.38 x 10.23 J/K, T (Rxx> Lxx, Cxx) of the orthogonal modes. This then leads
is temperature 290K, and B is the receiver bandwidth, set at to the changes of complex input admittance/impedance as
50 MHz. The radar (transmitting) and sensing antennas are well as the surface current intensity, which finally causes the
collocated at a maximum interrogation range (Rpy,x) when the variation of complex RCS levels.

Mp = PLF = |cos (B)|? (16¢e)
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Frequency (GHz)
(d)

FMCW Radar

CP-patch-based
strain sensor

FIGURE 10. Schematic diagram of passive strain sensing based on

monostatic radar system.

It should be mentioned that the total RCS (o) composed of
two modes: antenna mode (0,,) and structural mode (o).
For the structural mode component, the magnitude of the
scattered field is due to the structural characteristics (like
material, shape and size, etc.) of the sensing antenna and
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FIGURE 11. Input impedance, surface current distributions (at 2.468 GHz)
and the corresponding RCS under extreme strain levels.

is independent of the sensor load, thus being a constant at

a narrow bandwidth. The antenna mode is extracted and

related to the strain sensing. The antenna mode RCS holds

the relationship with the radiation property as given by [35]
22

oun =G (0, )’ T3 -—, (17a)

4

where I'4 is the reflection coefficient of the horn when the

CP-patch sensor is connected as a load, and is given by

_a-n
YA+ YL
where Y and Y1, are the complex input admittance of the horn
antenna and the strain sensor, respectively. The use of S-band

high-gain horn antenna pair in the exemplary interrogation
system (Fig. 10) may find a disadvantage with its bulky

A (17b)

24678

appearance. However, it owns the following advantages in
engineering practice over the other methods:

(i) able to realize long-range sensing, over 100 m;

(ii) able to handle large power (P1) and enhance the signal
strength on RCS,,(0,,) with respect to the level of
structure mode (oy;);

(iii) one sensing antenna is able to flexibly connect with a
network of stain sensors via different lengths of delay
cable [16], [32];

(iv) sensing element can be arranged away from the sen-
sor’s hosting material (e.g. metallic structure [18]). Asa
result, the backscattering reflects the strain signal with
minimal background noise.

The measured data shown from Fig. 8 gives the Y1, together
with the input admittance of the sensing horn (Ya) derive
the responses of RCSy,, as shown in Fig. 12. There are
obvious frequency shifts between two modes (denoted as
fc and fp) under x-direction strain, as shown in Figs. 12(a)
and 12(b). Similarly, frequency shifts of two modes under
y-direction strain can be observed as shown in Figs. 12(c)
and 12(d). As such, it has clearly not just detected the
strain occurrence but also discriminated the strain direction
in four scenarios. Moreover, there is a significant change on
the maximum of RCS (RCS;,2x) between two modes with
strain increment. The RCS,,x decreases when x-direction
tensile strain increases, conversely, it increases when the
compressive strain increases. Similarly, opposite movements
of maxima are observed for the y-direction strains. Thus the
direction of RCS5x can be regarded as an indicator for the
bidirectional strain detection. Consequently, the variations of
RCSax offer the feasibility of this interrogation system using
CP-patch based strain sensor. Moreover, we took the unique
feature of the orthogonal modes of the proposed sensor where
the frequencies at which the RCS minima occurred were used
as a measurand, namely, AF = fp — fc. The frequencies fc
and fpshift inward toward the center frequency when tensile
strain occurred along the x-direction; conversely, fc and fp
shift outward when compressive strain arose. However, oppo-
site frequency shifts were observed when the same type of
strains followed, respectively, along the y-direction. Based
on the RCS data as shown in Fig. 12, we extracted the
RCSmax ¢ as well as the AF, for each strain level, and their
normalized qualities (in ppm) were computed with respect to
the reference status as given by

RCS — RCS
Normalized RCS ux = max_¢ max_reference x 100

RCS max_reference

(18a)

AFg — AFeference « 106 (18b)

AFleference

Normalized AF

where RCSpax_reference and A Freference are the maximum RCS
and frequency difference AF under reference status (0 ue).

The corresponding sensitivity factors are obtained by
applying curve fitting, as shown in Figs. 13(a) and 13(b),
respectively.
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TABLE 3. Comparison of sensitivity factors for different types of strain

sensors.
ot P smn i
censor 1ype direction strain info
(ppm/pe)
Circular LP-patch sensor [18] 0.2~0.9 multiple required
Sq. LP-patches with frequency . .
doubling (wireless) [19] 0.91 single  required
Shorted LP-patch sensors [20, .
[23]-[24] 1 max orthogonal ~ required
Metal foil resistive gauge [36] 2 single required
Single-loop loaded strain .
transducer [16] 2.35 orthogonal  required
Fabry-Perot interferometer . .
strain sensor [37] 56.7 single required
Fabric embroidered dipole . .
sensor (wireless, RCS) [38] 0-66 single required
CP-patch (wire, Y min) 85-91 not
CP-patch (wireless, RCS ) 65-92 multiple required
CP-patch (wireless, RCS: AF) 118-176 qu

A summary of the different types of strain sensors and
the theoretical upper bound of sensitivity factors are listed
in Table 3. As seen, the CP-patch sensor offers higher sensi-
tivity factor in the order of about 100 times than the LP-patch
sensors and 50 times than the traditional metal-foil strain
gauges. To the best knowledge of the authors, this is the
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highest sensitivity factor of wired RF/microwave strain sen-
sors reported in literature. For far-field (wireless) operation,
the proposed sensor in conjunction with the suggested mono-
static radar interrogation system can offer a sensitivity factor
as high as 176 ppm/ue (Fig. 13(b)). In addition, the pro-
posed CP-patch strain sensor owns the advantage that a priori
strain information (e.g. strain direction) is not required and
can be used for multidirectional strain monitoring. A single
CP-patch sensor can replace two LP-patch sensors for simul-
taneous detection of orthogonal strains. Ultimately, it saves
the system cost of 50% or more as compared with the use
of LP-patch sensors. The frequency method is known to be
better, with less noise and interference susceptibility than the
amplitude method during the wireless interrogation. The pro-
posed CP-patch sensor with the exemplary wireless interro-
gation system offers multiple measurands: AF and RCS .
Nevertheless, the use of frequency difference between two
modes as the strain measurand may give advantages such
as low cost and reliability as compared to use of RCS
amplitude.

VI. CONCLUSION

An innovative design of a highly sensitive strain sensor is
introduced in this paper. Our study takes a step forward
from the LP patch-based strain sensors to the single-feed
CP patch sensor that cater for multidirectional strain mon-
itoring over metallic surfaces. The newly proposed evalua-
tion method of minima-admittance, rather than the resonant
frequency method, have been illustrated and successfully
validated through simulation with experimental results. This
new idea also enables a new dimension of sensitivity factor
in this type of strain sensing which was previously limited
to the linear scale of the changes in the dimensions of the
structures. By utilizing the two orthogonal modes’ admit-
tance, the prototypes give a sensitivity factor of around 90
ppm/pe under wire and 176 ppm/pe under wireless condi-
tion, which are much higher than traditional strain gauges
and the existing LP-patch or other resonator sensors using
resonant frequency as evaluation parameter. This work also
illustrates feasibility for measurements of strain vector field
of metallic surfaces, and the design is also the first of its kind
to be accessible of multidirectional strain sensing. Although
results were not directly measured, direct deduction from the
decomposition of forces could be feasible by using strain
sensor of this type. Therefore, the proposed sensor can be
an outstanding alternative for traditional strain gages because
one CP-patch sensor is able to detect multidirectional strain in
one plane whereas traditional strain gauge requires multiple
sensing elements. With the well advanced RCS and signal
processing technologies and the simplicity of the design,
a remote strain detecting method can be readily obtained.
Apart from the RCS detection architecture, the sensing ele-
ment and its working principles can be easily scaled to oper-
ate at millimeter-wave frequencies for higher resolution of
strain sensing or adapted to biomedical applications at lower
frequencies.
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