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Design of miniaturized wireless passive strain sensor array
based on split ring resonator

Wang Xian Gao Shang Yang Shangke Ma Lijun Jiang Jian Lei Yifei

(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract. Existing wireless passive strain sensors suffer from limitations such as single-direction measurement, low sensitivity and large
size, making them unsuitable for strain state evaluation of large metallic structures including aircraft wings, under complex loading
conditions. To address these issues, a miniaturized wireless passive strain sensor array is proposed based on split ring resonator (SRR)
with the advantages of high radiation capability, low loss, and high-quality factor and the principle of trigonometric functions and vector
decomposition. The proposed sensor array consisting of three sensors arranged at 120° angles can reconstruct the magnitude and direction
of strain field by extracting the resonant frequency shift. After the impedance parameters of the sensor are acquired by ADS software, the
sensor structure miniaturization and impedance matching optimization design are carried out by HFSS software, aiming at the target of
resonant frequency optimization. In addition, *force-magnetic” coupling analysis in COMSOL software verifies the performance of
sensor’ s strain detection. Furthermore, the fabrication of the sensor is implemented based on the above analysis and optimization.
Experimental results show that the sensitivity of proposed sensor in the electrical length and width directions is —1. 517 and 0. 732 kHz/
we, respectively. The proposed sensor array achieves a strain magnitude detection accuracy within 8. 5% and a direction detection error
within 10°. The sensor array can achieve strain magnitude and direction detection on metallic surface with the ability of high sensitivity,
compact size, and low cost.
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Fig. 1 Wireless passive strain sensing system based on RFID
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Fig.2 Basic structure of the patch antenna

1.3 fRRERRIBEHTIT AR

BT L AR IS IR AT 30 915 MHz, hy SE AL B e
S5 A BT C L , DUA B R M e i sieR, 7 2
€ RFID i R 76 TAEMR T B BT, Kl ZEFE Alien
AR Higgs-3 5 7 MR IEAR A9 RFID &5 110858 3¢
F; EPCC1G2 A1 1S018000-6C #rifE , i32 R A% H—18 dBm,
LR HRN-13.5 dBm, 57 R BN 3 R,
H, ¢, 40.85pF, R, 1500 Q,

| s-PARAMETERs |
S_Param Z,m
SP1 Zin
Start=840 MHz Zinl
Stop=960 MHz Zinl=zin(S11, PortZ1)
Step=10 kHz

i Term (,' R
Term 1 ( P Rp
Num= 1 ( =0.85 pF R=1 500 Ohm
7=50 Ohm

Kl 3  Higgs-3 ffxﬁ%%
Fig.3 Equivalent circuit diagram of Higgs-3

T ADS 17 ELARAF 57 Higgs-3 85 H B9 2554 v 6 4)5
ELREAY 7551 860 ~960 MHz 313 Bl PNt F BT 549 3R 1) 56
B EEBANE 4 (a) FE 00 F At R L i 45 % 1) 38 0 i
/N, R AN A 4(b)}5ﬁ/% SN R AT B AT 3 ) 8 T
Ko TE915 MHz &b, ith iy B BHAT A 27. 406-200. 892i Q)

915
3 915 -190 ‘
| 195 | -~
Q30 I a” s
= Sy | = =] //
B | 27406 00} 00BN
%28 S~ | e
B8 |\\ ig 205 T
B26 : ~_ 5_210 P |
24 I 215 | 7
860 830 900 920 940 960 860 880 900 920 940 960
$#/MHz B/ MHz
(a) 323 (b) KB
(a) Real part (b) Imaginary part

Kl 4  Higgs-3 BHIT SR A KR
Fig. 4 Relationship between impedance
and frequency of Higgs-3

FH 125 001 R B J5 B R 41, RFID G R BE I - R4k 5
RFID 2% A 2 18] B BE 47T VC e 72 2 v LA 8 &2 80 T ok



25514 FEFFF R IRIN A /INELA TG TG IR R A A5 A B 5 e T - 43 -
AL . ) W
ot 6
7+ 7, (6)

K. Z, b RFID G RA8 M i R ALY, 72, R
RFID & 7 RHAT, Ml ke S5k S11 5 9 Rz 6]
ESIEI P

Z -7

S11 =20log | I"1 =201 7
og 8|, (7)

[ BRFEHE /N, Fe R AL JRAR RE Y S DR 5 A
ST 2 /N AL AR 15 S RE R FE AL, FHt,
t X (7) AT, A ARIE RFID % B35 i T AR SR Fdk e
RS B B R 153 27. 406+200. 892i Q.

1.4 fERSENSEMIEIT

H 2 (1) BT, SN R R 2R T AR Ak
915 MHz, 5 - R HE 51 o i LK TR 38 8] 150 mm, SR
T, R SR G (R A B I FH T 02 85 4 1 1oy A 0 | DAOKS
RN S N R S I NG i b S [ O O
PRI TAEAA AL, SR A R R R AR S T T AL
ES SHSOTW | ok 1T =2 s 20/ 4 N 2 N O (ERAs S e
HEPE R RAFE AR, SRR AT 7E B0 f& Bas R 11
T, BB R AR AR AR AR IR A R R T Y
R W S BRAL /N A TR 2 A s
U, R B R ZR AR S i T SRR AT T 78 BH i T
T P 2% BRI 5 454, LATRHE B BT, SEBAE B8 10 /N LA
REPER S, BARTHEIRIS LA 5 s, Hb
R IC A O BRI SF16 AL RFID G5 H 4 38 R, 2
IRGER L AT XIFR o LW 43 530 3R A2 s ) BE RN S B
a 1 b 43 51378 BEATVE BE M 2% i H BE A9 1 | @ %678 SRR
FIFF T SERE | L, 37~ SRR W RS8R . W, #n T BIRH BT
VETC 26 S BR S8 B | h Fn A IR R, v 3t
JEER AR XS A L H RN 4.4, A HFLEE N 0.02 1 FR4,
R ST BHATCVC T 9 2% ANz P 1 T 35 o TR A B
P,

FEIR B8 B SR BR AN 6 P, B AL 4K RFID A
F BHHLVCECSS#4) SRR S5H9 Fndm s 4 #45, @aid sy
FHATCVCRCZS 4 19 248, i HBPT 5 RFID S8 #0045
PO AR , SCEE 4% 5 RFID G5 F 22 (6] (4 K 4 3L 4
VLR,

1.5 fRRSEEIIR T K/INFAF EA&UALE

BAA L IR BB ARSI BRL ] 37 AR | Sy S B AR K /INA
J7 1] B ARSI, AR 1. 4 AL R R T an &l 7
Fi GRS BED , AR IR RS R 3 A5 B BT 4
A, BEAE RS BT 22 8] 18] B 120° I35 ol 00 45 Ay oy AR
BT 1) 6 R 7R S5 A8 8 1 S AR AR 2Ry Bl E ) 2 Ja)
TE B I f AR = A SRS 2R o0 A D L A5 RS BRLOT

| A 7
M RELE RFID
ﬁ’;h
f23: L i)

K5 fRIganaitl s K

Fig. 5 Schematic diagram of sensor structure

FH 4 VT At
RFID#® J ES SRR&5#y mat
R
[039) [v0)

L, L,
L, [ R
1
C

RN RS LR Gl

Fig. 6 Equivalent circuit of sensors

1 RFS FI AR 2 [ SC 2R 2 Al LIRAR

K,el cos(AG,) | + Kyel sin(AG,) | = Af, (8)
AP A, =0 - 0, ANESY n ML HIT R R
Ay e s, b, 0,(n=1,2,3) 8% n MEERRHIT
PR BERIRG ; & RN Af, A5 n DMEEERHIL™
A RES DA A2 I 1R AR 4 20 57 3 R 2R A
AWML, FET I, 3 R TR IT AR 75 R A A T
TR

K,e1 cosAf, | + Kye | sinAf, | = Af,

K,e1 cosAG, | + K& | sinAb, | = Af, (9)

K, cosAb, | + K, e | sinA6, | = Af,

AR R/ IR Ty Al LA 3 (10) B .

e=min Y, (K& cos(A8,) | + Kye | sin(AG,) | -
1

Af)? (10)
A e FomBE A ((9)) M/ Z3fefi, fif e H
H i/ MER & 1R ZEF4 IAE 1 KN 0 8 15 I 45 #4) L
A Tr ), AR IR I AR A A [R] 7 ) R ) AR
SR RFS ACA (1) #E17R A%



<44 . S [ I I Ve 3

539 %

Q =minY, (K& | cos(8,) | + Kye, | sin(6,) | -
1

Af)? (11)
b i AR [ RIS Y AL B ) SR A, e, F
6, CH, Af, FRE AR K 51 BT A AN TR R AR 5 18] HR
/NTHY RES; 0, A5 %% I 51 B 5T 45 I A2 Jy 1] 22 [ B £
B, Q (1) MRt 4 Q WU/ IMERT, K, FT K, A
e e RABUE (9 R

FeRaE3 1323
B 7 LSRR ER

Fig. 7 Schematic diagram of sensor array

2 RELTBENEERBRFHNHESN

2.1 fEEREHRSBHERK

F I BRICHT B AE HFSS X 1. 4 5% 145 i as
HATEERI S B S 05 50T DF BB R Ay o 1
BN FRA AFRL, 58 5 o0 F1Ez b 1 1 fiff B 33 AR S A 4R
B, TE HFSS K i s v S8R5 14 454 2 B0 o
fbAE &, AR AL H bR 2 R £=915 MHz B (£ IRA% 1Y
FEHLSEL Z=27. 406+200. 8921 Q. N T HifiE s N ~f
T 2 /N AL BB I B ) 2R B T IR A & L
RSP N 26.6 ~28.2 mm, W R ~F 6 Bl 25.8 ~
27.6 mm,g RFYEREIN 1.8 ~3.1 mm, b R JuR N
0.8~1.4 mm,a RSFJEHEIH} 3.0~8.6 mm, KH HFSS #&
e B AL T S B S G R A5 S5 M S B b A T 3%
A, AL BT S8R 1 R,

®1 ERBMZITESH

Table 1 Design parameters of the sensor

2 {H/ mm B {6/ mm
a 7.95 W, 16.91

b 1.09 L 27.00
p 2.00 W 26.00
L, 3.00 h 1.00

Pk e 015 s Il P AR AE 2R a1 8 (a) FiFa, 1]
LU AL B PV IR 91 % 4 915. 18 MHz, 7514 Ml i b
IR /NT 36 dB, X EHH TRAH T SRR, LI

i T B =, DA R (5 AR I BB 5 1% B T AR
BRI 8(b) Fin, AT LA H7E 915. 18 MHz ik, f5J&
PRIYRHBT N 29. 27+198. 871 O, F WL 4 5 RFID %
SCELT RAFA BTV AL

915.18 915.18

-10 , 250 s e,

| 9B 198.87 |~
z | 1900 CEH o
I _ | _e- |
% | |
| |
K30 | = 70 |

Bl |

|
| |
1

-40 50 y
895 903 911 919 927 935 870 885 900 915 930

Hi#/MHz $i#/MHz
(a) SEH (b) K ¥
(a) Real part (b) Imaginary part

8 fRIasrERED AR

Fig. 8 Simulation results of sensor performance

RS ) L R A LA RN 9 7R ph TAR I
A RAZE AT B, FLAR T RO 0 A S B A
PRI, 72 SRR SSHGIRZIR T |, 4 I8 (1 2 T FL 37t i
FRIE MOSGRE N, A 85008 R 1 8 S T R B, AT 52
BT AR /N AR

Jsurf [A/m]

198.000 0

178.386 0

158.772 0

139.158 0

119.5440
99.930 0
80.316 0
60.702 0

41.0880

<4

21.4740
1.860 0

BlO R T AL AR A

Fig. 9  Distribution of surface current paths on the sensor

B 1 FTHT L3 43 A A EL 10 Ji7 | [) R TR A £
A R A AR R R T HL 37 0 A e S B e A W R
5 SRR S5ARISEI T | A4 IS 6 Ja) 38 DX I H) Fi 1 377 560 JEE
B, R RAF 4R S VERE A B T 4R L AR g R
Bz,

R S T, JLRT 5 A ST A AR L
YL WA SRR BT I GEIE g 2 52 i) A4 St 1 I A1 4 1Y)
FEENR, EINE LML REHEIRR R, BUE L
HIAEETE B 27.0~27. 8 mm, KN 0.2 mm, L X%
TR RACR AR AN 11 (a) B, WE 11 (a) ATRLR
L BERE LRI SRR U AR RS R



%5 FETHF 1 I RIR B/ N AL TG 2R TOUR 1 AR AR IR AR i - 45 -
dB(E Field) o 5 B O S TG 25 SR B SRR RFID oS A

88.000 0
83 866 7
79.733.3
75 600 0
71.466 7
67.3333
63.200 0
59.066 7
549333
50.800 0
46.666 7
425333
38.400 0
34.2667
30.1333
26.000 0

K10 AR i o0 A

Fig. 10  Electric field distribution on the surface of the sensor

BE WG RER I IRATR AR W& 11 (b) FiR, bEE W

BTN, IR PR A% B 8 IR RS 3, SRR 2544 i FF 11 58

JE g WA IR R R W 11 () in B ¢

BRGNS PRI [] = A0 )7 T A | (E X T 4R A0 3R 11 52

MR TSE L FIw
5

——27.0 mm--27.6 mm

—-26.0 mm—+-26.6 mm

g -3 -**27,2mm“*27,8n}P - -5 =+726.2 mm *-26.8 mm, ..
ﬁ_ll 274 m _).(:»‘“’:, P 33\2_13 555,204 m A
19 PN e K21
Bogp K29
= = ,
=35 / -37 v
iy *\/ HA A
43 45 ‘
883 993 903 913 923 933 885 895 905 915 925 935
Hi#/MHz Hi#/MHz
(a) e R EEL (b) f& 128 95 B

(a) Sensor length (b)Sensor length W
—-1.82 mm-+-2.42 mm
-+-2.02 mm-=-2.62 mm
boo2.22 mm o
S33533

513 15346 /dB

—4 - )
585 893 901 909 917 925 933
Hi#E/MHz

(c) SRRIGFF M 52 g
(c) Opening width g of the SRR

K11 L SEOHE A ISR 5 1)
Fig. 11  Effect of geometric parameters on the

resonant frequency of the sensor

2.2 RS- BEHESN

H T HFSS H fE &b 34 e 17 37 05 B [n] 8T, JC 7k Ak 34 )
TR TR) A PRI SR ) COMSOL 22 4 337 05 BL 34 P i
JIF BRI G 545 AR 1 RFS 5 1 A8 4L
ZIEIMER , 76 COMSOL H gl 7 (i B AL Q] 12 fir
7, AL HE AR UC L2 AR AR A 6061 R A, AR AR K R
100 mm, &8 80 mm, {4 JEAF FIAS AR E T 4 BBl Bk A4 1)

P B A S

A TR AR R B A A3 R A 2% 1, A% s S AR AR =2 1] Ry
PRAE S e LT A 7E COMSOL [E144 ) % 4 31
Gy AR SRR AT 12 43 BT, 4 5 M0 I 460 ) A0 14 1 — i
BB A EE AR, 5 — vt ¥ ) faf %, LAR AR 7 1] 0
HBBE Sy BIEST 6 = 0°.60°,120°,150° 3t 4 4 5
B BEASJ7 18] B R B O 0~ 1 250 pe, B KON
250 pe, 3k 6 R AL,

BT
AA4aaaaggs

HALAC R 2
* 2k,

%ﬁ\»

SRR
R TNA
Tk

IF 52 £ 3K

Bl 12 COMSOL“ J3-ff ¥y iy A A
Fig. 12 COMSOL “force-magnetic” coupling simulation model

7 LI A T AR 1 £ B R £ 25 1) PR AN AE
0 I R A e B 7 SR B LT 52 B AR 7 1w, g2
SRR 5 B S A ) S A R GRS, 7 R A
Befis o XA BRI , A5 3 T A% R A
AN TR 75 1) FAS [ 2R /I Bz A8 7T #) T 9 458 % il £k, 4 &
13(a) ~ (d) Fron . 5 HARR M, AN R 77 18 i A2 A%
SRS B IS IRIT AR 6 2 LA B9 30 T/, I ELE PR AT
AR R/NEAR LR G A, X R W BT i AL A% kg
HA KA LR T5 1) B AZ R RE T

-22 x
~0pe 750 e 7 -21 “0pe 750 pe
@ ogfe, 250 pe 1000 pe 7 m 7250 pe v 1000 pe ¥
I TR 500 e 1250 pgy = -231 e 500 pe 1250 pg?
% o6l N /8. ' i
g R Y g—zs ’ 7
E-28 RN /# @_27

-30 : )
900 905 910 915 920 925 900 905 910 915 920 925
$i%/MHz S %/ MHz
(a) 0° (b) 60°

—~0pe 750 pue
w250 pe 1000 pe 7
500 pe-+-1 250 pe

i

-28 ! -29 )
904 908 912 916 920 924 903 907 911 915 919 923
$i%/MHz HZ/MHz
(@) 120° (d) 150°
(& 13 OR[RI 1 A [R) /NG 28 T fg [l J0 4 1T 4

Fig. 13 Return loss curves under strains of

different directions and magnitudes



- 46 - B IR SRR R

39 &

T 3 P A R TR O B 2 1 < e AR A X B 1Y
TR TR RN AR ST B8R 10 RES, 25 R 3k
2R, W3 2 A T ) AR R AR AR 1Y RFS AR A
(1), JFR e/ Z e i R A A5 3 1% Jddis v AR B2 AN
F, B 7 1) %R I A K, AN K, 43 R - 1. 669 Al
-0. 876 kHz/pe, 25T AL A A B Ty 10 B 1Y
RE S TSR LA RBUE DAL ISR I L4
AR AL 43R T AURSR B, 5 B R0 9 By 1) L B4 g

ARHR IR S 0 Y LA JBE | DR I A% RS 9 1 IR 01 3 1)
AR Bl B T5 ) b F) R IR B A R T 53 B2 77 1) 4
TSR, SR 7 e AR, A2 R B2 7 i) By H
THAR R AR O B3, FEGEIRIUR A9 AL f i 3R
EAh AL JERASTEA JBE J5 1) b i 4 R HL 377500 i T 98 B2
(ISR 22 NR 77D S S W B R S L IR N |
0 SRR s TR S B T ) B R ABORE BT BT R A I
o R R

x2 AEFEEESIENERNERBE

Table 2 RFS caused by strain in different directions

RIS/ e RFS/MHz( 6=0°) RFS/MHz(6=60°) RFS/MHz( 6=120°) RFS/MHz( 6= 150°)
250 -0.586 0 -0.0859 -0.3329 -0.7319
500 -0.799 1 -0.793 0 -0.799 9 -0.967 0
750 -1.162 0 -1.4210 ~1.4450 -1.365 0
1000 -1.680 0 -1.7210 ~1.508 0 -1.6039
1250 -2.2970 -1.9629 ~1.960 0 -2.226 0
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Fig. 14 Sensor fabrication process flow
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Fig. 16 Tensile specimens in different directions
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Fig. 18 Interrogation power curves of the sensor under

different strain magnitudes and directions
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Fig. 19 Tensile specimens of the strain sensor array
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Table 3 Experimental measurement results of strain magnitude and direction

FifpaRfir/ JOE7AE i JOEAE 7 i) $ i AE /N JEAE T i [ N AE I/ INARRS N7 AE 7 i £t X6f
kN A/ pe WAE/(°) T/ e A/ (°) RE/ % PR/ (°)
1 148 60 140. 26 66. 44 -5.23 6. 44
1 149 95 136. 65 102. 02 -8.29 7.02
1 146 135 153. 44 125.75 5.10 -9.25
3 450 60 429.78 67. 40 -4.49 7.40
3 447 95 464. 18 100. 71 3.84 5.71
3 445 135 432.37 127.29 -2.84 -7.71
5 738 60 755. 01 64. 64 2.30 4.64
5 742 95 718.26 88.00 -3.20 -7.00
5 738 135 721.34 138.29 -2.26 3.29
7 1034 60 1015. 15 56. 16 -1.82 -3.84
7 1032 95 1065. 11 101. 39 3.21 -6.39
7 1028 135 1011. 83 130. 94 -1.57 -4.06
=4 SEFMRERTHRNAEITE
Table 4 Comparison of strain detection methods for metallic structures
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