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Resonant dual-channel mass detection method based on mode localization

Li Dongfa Yang Wei Tang Peiyuan Li Lei

(College of Transportation and Vehicle Engineering, Shandong University of Technology, Zibo 255049, China)

Abstract: Cross-sensitivity inevitably degrades the detection performance of multi-channel mass sensors and thus restricts their practical

‘

deployment in industrial environments. To suppress this parasitic effect, we herein propose a symmetric “mountain-shaped” resonant
beam architecture founded on the principle of mode localization. Firstly, the resonant beam structure is theoretically analyzed and the
dynamic equation is established. Then, the specific dimensions and the first three mode shapes are determined by COMSOL finite
element software simulation. Secondly, the influence of adding adsorption mass on different resonant beams on the first three frequencies
and amplitudes is verified by experiments. Then, the amplitude ratio is used as the output signal to achieve single-mass detection of the
first three modes. On this basis, a dual-mass detection scheme is further designed and experimentally verified. The results show that the
mass detection range of 0~ 16, 0~4, and 0~3 mg can be achieved at the first three frequencies, respectively. By exploiting the
disparate modal shapes of the second and third eigenmodes, a decoupled resonant sensing paradigm for dual-channel mass determination
is established. The synergistic exploitation of the second- and third-order eigenfrequency pairs effectively nullifies the deleterious
influence of cross-sensitivity on dual-channel measurements, thereby enhancing the robustness and reliability of the proposed
methodology. These findings furnish a rigorous theoretical basis for the subsequent design and optimization of high-performance mass

SEensors.
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Fig.2 The first six modes of resonant beam structure

L 2 AN IR 25 A AR5 1 BB AS A 4R 78 R RS R
1.2 F1 3 [FAESR S, 5 2 BB IR IRE | 5 IR G
2.3 MRS, A 3 BRI IR 1 ORYR B, R 2
FEHRFE 3 AR, 5 4 B2 bl %%4&@5}1@3,,1
b 3 ARIE IR AR R A T RS L, 55 5 FIES 6 Birdic 2y
FRS R G A5 M R T B S, ASE AR AR IR T
15 B 45 ¥ 1Y A = B [543 45 3 43 I O 23.5.35.3 Al
39.6 Hz, 2 FRFR, S8 ils IR 45 A4 i o 1 46 10 o B
ﬁﬁxﬁﬁz WSS AE A SE B A5

TR G2 A b R FH B A W] % FH PZT-5H R F
K’J%Hﬂi TTOR BN Jrfin i, 26 1 AR R AR S, o L,
FOREIREE 1 KB, L, FmiEiRE 2 KA, L, £R
IR 3 K EE, L, FoRIBEIREE 4 WK, h, ZRiER
%E@mfi,w}%m SIREMIREE L, R T KL,
h, FR R TGS , w, R R R

x1 HESY

Table 1 Model parameter (mm)

L, L, L, L, hy, wy, L h w

P P

66 66 61 110 4 0.3 16 4 0.4

)




5113

TR R A B R 200 1 o R T 1 .59 -

2 SCIGHR

2.1 SEEEit

ARG UL et A R ST AT I S AR 3 TR
ARSIV & 4555 L4 4% (RIGOL DG812) (T3
TR A BOCH L B g NI 2R 4 ( NI-USB-6341) it
BHL, SRR (55 & AR A I (5 S e BT R
N I EREE YIS O ON =L i R AN
P AR B AT 2 A IR R 45 4 & A 4R B, [R) Bt
IO B AR BRI i B AR5 S B B R, R
WREINE 3(a) Fis .,

HL i NERZE R KR AL R A

(a) SZHAMAE
(a) Experimental flow chart

(b) LI %
(b) Experimental setup diagram

K3 SRR
Fig.3 Experimental platform diagram
TEPRAE 1.2 A0 3 1 AR 200 — X N35 Skl
WA R, T W B BT 42 0.5 mg Y B % Bk 5T ik
B, PRI S0 R FH Bl R ke I3 A Ry R o 5, €] 4

Bi7s

~_~-

R b

B4 R s A

Fig. 4  Adsorption mass diagram

TESER A v 8 e B e e Jo o B 2 1 1) i

AT, G G AR O BT R S |

FESCI R, SN 120 VA 9K 2l H R A 38 e 5 A
A5 14 VB i 245 A4 i = B 181 A A3 43 0 ol 24.0,35.2 A
39.0 Hz, 3XEEHA 5 22 1 {5 FL 43 AT 00 25 R AE 1E i ik 22
S, 3K T BE AR T4 R A S B o i 2ok AR v KR R 2
FEHEL R R R 22 BT 380
2.2 R PR E X Bh A e B B9 B M

R T ARG W B 5 R R VR 25 ) A R L IR S 1Y)
RO, FESCHGH X AR TR 3 it W SR i, A
DT = B [ 4G 4003 e AR IR ARk, &l 5 .6 B

24.0

a3l o WIRE
- EIRG2
- HRR3 \\
228+
0 2 4 6 8 10 12
AN /mg
(a) ANFI SR RN BT X — B A% ) B
(a) Diagram of the influence of the applied mass

of different resonant beams on the first order
frequency

3461 - EIREL
- ERE2
344+ IR

0 1 2 3 4 5
I B /mg
(b) 7 [V R 2 it om 5 %o — A S R fr) 5 i)
(b) Diagram of the influence of the applied mass
of different resonant beams on the second order
frequency

o EIREEL
3781 o R
o EIREE3

0 1 2 3 4 5
AN E/mg
(c) AR 2t i 5256 = S () 2l
(c) Diagram of the influence of the applied mass
of different resonant beams on the third order
frequency

PS5 AT S R B i X T = AR B4 52
Fig.5 The influence of the applied mass of different

resonant beams on the first three frequencies



- 60 - LSRR R e o

39 &

H1 5(a) AT, ZEISHR G2 2 b i o vl B 3 1), — By
WA A Iy B2, X RIEIRGE 2 X T — B Y
WARASACAR F Rk Fh BT S (b) ATRT, WS B I AR X B
FRIGRER , S5 RRW] W PRTE 1 b At B 5 B 03
AR, MR GE 3 A9 W B 5T 1 6 — B AR 14 3
WAL/, LS () TR, WA R S X = B AR ) 5
Wi, FEXAIAE AL T IR G 3 b A i BB i = i iR
PR SR di Ay o 3 TRV AR 1 g R JBT o X = B A 4 15
AT

1.75 4 - EIREE
N A IR
1401, - JEIRIES
A
= ‘:\ H$Z:24.0 Hz
£ 1.05F |
ER RSN
Eorof "\ an
A \\\‘
RN
035 SR -
AL - e ~ A -
0.00 - f - I_—i__:t:’*:—_}:{‘ )
o 5 10 15 20
RN /mg

(a) — P FRARATER T 7S (7] 185 A1 2t o 42 o W £ A 522
(a) The influence of the applied mass of different resonant
beams on the amplitude at the first order resonance

frequency
1.00} 4 - IR
' A EIRE2
\ -+ EIRE3
075+
= N \A\ AjiZ:35.2 Hz
E N
E050F  a
& A A
LN . N
025+ ~ TA A
l‘i \th:“\i‘
e T
0‘00 1 L 1 L
0 1 4 5

2 3
PRI B /mg
(b) R LRI T A S IR G I T X I E R
(b) The influence of the applied mass of different resonant

beams on the amplitude at the second order resonance

frequency
0.8F4 - EIRRL
N - BRI
N - JEIRRE3
0.61 A
c #i#:39.0 Hz
£
Eoaft. ™
® A s
02t A ~
~A_ A ~A__,
‘A.,*_<A7 TA- A _4
00bA -4 —a--a-a a4 2 2-2--2
0 1 2 3 4 5
PRI B /mg

() ZB AR T A R SR I 5 B W L A 3205
(c) The influence of the applied mass of different resonant
beams on the amplitude at the third order resonance
frequency

FL6 AR IR G2 St i 5 X6 iy = 57 9 W 14 520
Fig. 6 The influence of the applied mass of different resonant

beams on the amplitude of the first three orders

Pl 6 S TERT =B T, X5 3 AR I 4IRS Jon v B o

HE RIS, WERE 6 W LUK B, TCie e —
TR it g B o, A FRIN BT St (R 15 0 , i e 44 5
PN X — G ] I PR B n o o A B - B0R
8 IR A i 25 B S8, T 17T | IR M s 0

& 6(a) T, fE—Fr i 24. 0 Hz 3K 3h F i TR 42
2 PRI A, 5k 38 T IRZE 3 BRI A, X/,
M 6(b) RIAE B4R 35.2 Hz WBREN T, IR 2 1
FIHR IR A, I8 8 Bk, MR 3 MR A, KR B/
B 6(c) HE—F W, 7E 39.0 Hz 09 =K Wi R IK S0, i
PR 3 MIHRIE A, WA MR 1 WIS KA 4R,

3 EIRBERNTTE

3.1 BEERERN

I RBIFET , W B IR X VIR 5 F B T = B s A
RS R IR A A I ol = S DR Y G R X A
TR AR SRS T A S T A, FE— A
R EIGEIRGE 2 N B DAPRBR R AR o S
B, T LB S G 00 1 B 1 AR Ak, B HE AE B AR
TFREBGERE 1 S, 7 =B R T B BOR R 3
PRI A ARAS SN T - PR i s N 7 BoR

M 7(a) AT FE— B IR IR B T, LR 2 0
K ek, RIRIE L A, /A, FLAL /A B N S8, 52
B R WA HRIE Lo 1. 16 F1 1. 94, FilE BN B
SR, 3% AN HR 1 Eb 38 52 IR 1 K R g, A
0~ 16 mg 53 Bl PN S R AR AR A b, i 2t
SEEEE AT M B, B e T 4R Il IE Y P R AR
R*VHob R (H¥:00 1 Bl A R R B, ik m,
A/A, LG NZR v, RIERT A/A, PG v, 1
BRI AL/A, WHRIE AR LT o B2 R, A,/4,
UE LR B E R B R M 0. 987, BEAR T A, /A, $4Hh
LR R, R, SR AL /A, 18 R S B0k Rt o
e PRGN RABRE | T AL /A, VUG 000 5 A A A

R IKE T (B 7(h)) , PUEIREE 1 kel oo
fFo R, DL A /A, MRS SH 20K R
MZRMESCR LSS s Al SR, 4L A /A,
YEN % S H WA IR IR EL N 1,45, 7F 0~4 mg (5
Y P BN R AR, T LA & AR R
T BN AL i Ze R 2 2 WX T B o o B hy
R,

FEZBRIRSN R (F 7(c) ), DABIREE 3 0 A
MICrE, T =R IREh T I IRE | AR AR,
Rt HREREFR IR L A, /A, FE M S8, LR s 1 i
7N IR PRI R 1,86, 7E 0~3 mg A& IE BN , %4k
W Eb S s M MR B O HLS RT3 R Sl A B, — A
SRR A 5 A 0 R A e v, LA HAS U S B A e



5113

TR R AL B PR UG 3 o B AR I T 1 - 61 -

3.0 L ¥,=0.0326x+1.9428 Miz240Hz . °

R*=0987 2.
L % _e-97 "
24 PABRRSESL
A3 -
E@ 1.8F
% . i
B | B _e---9- - -0 2 -9
1-2fe-o-= 77y o A4,
B - A4,
0.6} y22—0.0178x+1.1547 -~ Fitedy,
R“=0.998 - - Fitted y,
0.0 1 1 1 1 X ]
0 5 10 15 20

RN B /mg
(a) WEIRZ2ME I T R R I L
(a) The resonant beam 2 is used as the amplitude
ratio diagram of the detecting beam

250,
Se--0-0 _o. . #E:35.2 Hz
oo
20 ,=0.1085x+1.4413 % -
R*=0.996
w157 '\m@\e 1
= B S -
1o} -0,
e~ A,/4, :
051 % A/4;
- - Fitted y, of 4,/4, E
0.0 1 1 1 1 l 1 1
0 1 2 3 4 5
AN i /mg
(b) WEHRZE VI AR B2 f) R i L
(b) The resonant beam 1 is used as the amplitude
ratio diagram of the detecting beam
2
3] 11=0.2958x+1.8506 P
R?=0.998 ., 4
. s
5241 A4
Jcn—:% @~ @ °
6k
#1%:39.0 Hz
0.8+ -9 Ay/4,
- - Titted y, of 45/4,
0'0 L L L 1 -
0 1 2 3 4 5

IR A /mg
(c) WEHRGE3ME RG22 i) 4 i@ EL
(c) The resonant beam 3 is used as the amplitude
ratio diagram of the detecting beam

BT = AR i AR Rl PR 22
VB I 22 4 41 Wi L 11
Fig.7 In the first three frequencies, different resonant
beams are selected as the detection beams to

obtain the amplitude ratio diagram

BN, BT A PRI H LA 2R R P e R R T
0. 98, B LR 1 it i Jot et -5 PR i b 22 18] 5 38 s W]
& 2 ST B O A 0 R R AR TR
m=(10) B,
AA
5= Am
Ao AA FORWIIGHRIE L SN Am BTt 8h 2 )5 14k
MR L2 22 5 Am FR IR R Lt i i4 5 i

(10)

FR2 HI=ZMERETHREE
Table 2 Sensitivity at the first three frequencies(g™")

— K =y
A,/A, Ay /A, A,/A, Ay /A,
17.8 32.6 108. 5 295. 8

M 2 A, — RIS T, LIPRIR EL A,/A, 1ER
i AN R R R, O ELRE A RS BB B, 1R
S KA ARSI SR R TR i X 2 PR Ay R B AR A X AR B
I RDIE | N L T
3.2 WiEBEREHRN

AHRGE B AETR R BT AT 58, I8 H 5 S wi o
— [ R SIS AR S A A TIR AT, FE— B ARl
T, RBLLLE R G 2 1E A I SR st HAS I S R A R )
2o SR, T PR 2 it fin W B I 25 B 3 RE e R 3 4
YRR, WX 5 BIRES, R BENEIREE 1 X =By
ARG R T VIR G 3 e 9 A5 R K 5 i b LA
LA AT, ST s K B, e B e B AR R R
TERGE 1 AT A I, [ I 7R AR 2 3 1 488 i g B S
L 7E IR T R IR 3 A TR, IR IR 1
R B R A SR U S R R R O 4, X R e
B e PR bl 2 45 A I 5% 2 ] (R A BT, AR AR T
Wi B o - it 2k AN ) 8 T

B 8(a) N B 35.2 Hz BKEN T, I59R 22 1 1
g B R, TR AE IR 2 3 AR E R m, B m,
}0.5.1.5.2.5 mg, I HAGEIR T 1 FHERZE 2 iR
. 455 6(b) AT ISR P RIRIE A, F1 A, #8RES A
I 3G KRN, R, B m, B3SO, B0 46 IR R
VIS X RONFE IR 2 3 LI i B A R
KA rEC, I 8(b) il UL, 78 =B 39. 0 Hz 3K
SR TEEIRE 1 LR E 2 R m, BUm, M 0.5.1.5,
2.5 mg, [IEPRYE 3 e BT A, I FLA ISR 2 2 A
IHIRAL 3 HUHRIE . 25518 6(c) P, IR AVIRIE A, AN
A, ALER B 2 T 0 5 22 (9 34 KT/, RIS, m, (R /X
MR EASAAS = AT A 5

FESEBR IV F 7 5t e, 2030 T8 A5 8% o — A 30 3 4
Ty 2 ) ARG I S8 38 s, B se SR B 75 B O
B AR G R X o LS AT S AR ORI AR
AR ER AR H 1 LT T ASHI 5 T BB A R e 38 R B
JE 0 HE B, A B X T O e R A T R A R R
H-PRIF LR £, &l 9 B

(&1 9 Sy 2 ot 5 G 7 8 114 S B A HE , Bl 9 (a) TIT
U6 B AR T B IR 1 R &, DR R H
A /A, VEREH SEA TR 7(b) rTA ZEIEPRZE 3 1t i [
FERE m, B YRIE L A, /A, IhZESZ R ma = A= 3 3l (BATS
SN R, T BAE 0~4 mg 10BN B A LR, Bt
4 mg Je AT F22, FIAHLE i 2 A= B A8 L, E9(b)



- 62 - B & 5 g R %39 &
0.92 -® m=0.5mg 4, Bha o . y=-0.1085x+1.4413
@ -4 m=0.5mg 4, TOseo =T R2-0.996
N 1.2+ <9 :
0.69 Fa ¥, -> m=1.5mg 4, ,4[/,42 ‘-‘\\-
g A -> m=1.5mg 4, 13 o) FF352Hz Tee=9
= 0.46 Lata s - m=2.5mg4, = - m=0mg
E AL \o\\ > m=25mgA4, & 06| ~* m=0.5mg
\}\\\\i\:\"‘ $i#:35.2 Hz > m=1.5mg
023 >*\fi"°\:i: 3= 03} m=2.5 mg
RO G i - - Fitted
0'00 1 1 1 1 1 1 OO 1 1 1 1 i 1 1
0 1 2 3 4 5 0 1 2 3 4 5

AN f:/mg
(a) ZPr AR 3R E S, RN AR RIEAZ
(a) At the second-order frequency, the mass of resonant
beam 3 is fixed, and the mass disturbance of resonant
beam 1 affects the overall amplitude

0.8 Fa -» m&0.5mg 4,
% - m=0.5mg A,
06k \\a -» mF=1.5mg 4,
= bt - m=1.5mg A,
= A > m=
= o4l® . mE2.5mg 4,
= AN N -o m=2.5mg A,
= » A\ .
N N $i%:39.0 Hz
02 . e
». oo
~"~>~-*_ oo
0.0 L 1 1 L - —»
0 1 2 3 4 5
RN /mg

(b) ZRHE T L E e R, 3R B RIE R
(b) At the third order frequency, the mass of resonant
beam 1 is fixed, and the mass disturbance of resonant

beam 3 affects the overall amplitude

P8 A T S St I it B i o iR M 11452
Fig. 8 The effect of mass perturbation on
amplitude when there is a fixed mass

R =BT BRI 2 455 8 7 (¢) FTAL A8 m, 224k
i IR EL AL /A, BT A B30, A1 Sl IR 1 ok
T 5 e o ) AR W LU R TS, 72 0~ 3 mg IWHA 2R
PERAR T 3 mg JRERIH R, Z8 LRI, fE B iR
TRABIREE 1R A, =R T LR 3 K
VI B, LIIRIELL A, /A, F A /A, VE R a] SC3 w4
Yy i) B A s DAE IR FE SR Y, R — 3 T A I R S
AR 2R W A G AR 2 5 AR AT 9 I,
ARSI H B IR A5 AL RS DU 7 12 REAE AT 80 S 58 SR
T 1 1 B, S92 B UG T o A S A

4 & i

AR SCHRIEBE SR P 254, $ T —Fh 3 TS )
AR A A 2OUGH T SR A Oy ik, e i R 2
JRRAL IS 3h ) 2 BHAS RERY | o FL i AR A, R
COMSOL fij Eitt— 251 2 BE SR 25/ A RS 4R 38
T SEISHREIT T AEAN AT G2 il o W R o A8 % D
PRI 500 ZERT = BT, 43 5% B S5 1 A 0 324 7
THFFE, ARIR LUAE 0 B A S8, AR5 7 Rl
B RUT A Iy 2, FL L S BRI, S g R

AR /mg
(a) ZW R TR E R, 105 R R
(a) Amplitude ratio graph for the second mode with
resonant beam 1 undergoingmass perturbation and
resonant beam 3 having fixed mass

350 y=0.2958x+1.8506 e
R=0998 A7
28} \ o7 44,
- " $17%:39.0 Hz
Z2lp -9 0
_FE_ y = =& m=0 m;
S Fosn
Lal - m#0.5mg
> mFl.5Smg
o7l mE2.5 mg
- - Fitted
0.0~ : . ' 5
0 1 2 3 4 >
AN /mg

(b) BT LR ERE, 33EMNRERIRIE
(b) Amplitude ratio graph for the third mode with
resonant beam 3 undergoingmass perturbation and

resonant beam | having fixed mass

PO A7 [ ot T 48 i B 5 X 0 0 L P2 )
Fig.9 The influence of increasing adsorption mass under
a fixed mass on the amplitude ratio

R, R LR | IR, = priR
DA IRGE 3 ARG 2% , 2R FHAS [ O 9 R L A i tH 25
S BUUU) S5 R A S ARSI 5 S 58 SR U R, UE
T OUGHE T AN 7 SR A AT AT e (EAEAS I 2 A RE T T
HARBTIRAWIIE, 5 SR 5 T8 i R A AR [
X AR 384 ARG 0 3 ) [ R — 2B RS

S 3k
(1] ZFR, S, TR, % R EARTEIR T = <

NI RSBt BN RTINS E U /NN LT F TR =2 A P R |
BRI, 2019, 35(4) : 162-172.

QIN X L, GAO J, WANG Y M, et al. Current status,
challenges, and future prospects of sensor technology in the
field of ambient air monitoring and pollution control [ J].
Environmental Monitoring in China, 2019, 35 (4).
162-172.

NIRANJAN A, GUPTA P, RAIJORIVA M. Piezoelectric
MEMS micro-cantilever biosensor for detection of SARS-
CoV2 [ C]. 2021
Communication, Control and
(ICCISe). IEEE, 2021,1.1-5.
VErmak, SRR, Bk, IR MEMS JE1& e
BB S0 ) ], PEREOR 51, 2019(12) : 5-11.

(2]

International ~ Conference on

Information  Sciences

[3]



5113

TR R AL B PR UG 3 o B AR I T 1 - 63 -

[4]

[5]

[6]

(7]

[8]

(9]

[10]

[11]

(12]

[13]

[14]

XU GB, HUH L, XUZH F, et al. Design and analysis
of resonant MEMS pressure sensor [ J].
Technique and Sensor, 2019 (12) . 5-11.

LIUS Y, WANG D F, YANG J, et al. A Gradient-

asymmetrically localized

Instrument

three-beam array for mass
sensing with warning[ J]. TEEE Sensors Journal, 2022,
22(20) : 19259-19266.

GAO R J, HUANG Y, WEN X, et al. Method to further
improve sensitivity for high-order vibration mode mass
sensors with stepped cantilevers [ J]. IEEE Sensors
Journal, 2017, 17(14) . 4405-4411.

XIA C, WANG D F, ONO T, et al. A mass multi-warning
scheme based on one-to-three internal resonance [ J ].
Mechanical 2020,
142, 106784.

XD, £ 506, X R, A5, B TR R Ak 0 T 3 =X
F H SRSl AL SR AR A T[T ] RS O,
2022, 44(6) . 877-884.

LIU H B, WANG F G LIU CH, et al.

adjustable piezoelectric driven resonant mass sensor based

Systems and Signal Processing,

Design of

on mode localization[ J]. Piezoelectrics & Acoustooptics,
2022, 44(6) ; 877-884.

XIONG L, TANG L. On the Sensitivity analysis of mode-
localized sensors based on weakly coupled resonators[ J].
Journal of Vibration Engineering & Technologies, 2023,
11, 793-807.

MEESALA V C, HAJJ] M R, ABDEL-RAHMAN E.
Bifurcation-based MEMS mass sensors[ J]. International
Journal of Mechanical Sciences, 2020, 180; 105705.

LI L, LIU H B, ZHANG W M. Design and experiment of
mass warning resonant sensor induced by modal coupling[ J].
IEEE Sensors Journal, 2022, 22(12) ; 11562-11574.

LI L, LIU H B, LI D F, et al. Theoretical analysis and
experiment of multi-modal coupled vibration of piezo-
driven Il-shaped resonator[ J]. Mechanical Systems and
Signal Processing, 2023, 192 110223.
RABENIMANANA T, WALTER V, KACEM N, et al.
Mass sensor using mode localization in two weakly
coupled MEMS cantilevers with different lengths: Design
and experimental model validation [ J ]. Sensors and
Actuators A Physical, 2019, 295(15) . 643-652.
HONG J, LI X D, ZHOU D, et al.

1II-vibration

Localization in

coupled systems; Part characteristics
analysis in a mode-localized four cantilever array with and
without mass perturbation [ C ]. 2018 Symposium on
Design, Test, Integration & Packaging of MEMS and
MOEMS (DTIP). IEEE, 2018.

JEITR. 3 Rl G Rt Ay 512 B 2 JOUAE o f v

PRI ITEAFFE[ D], PEBH AR R, 2023.

ZHOU X, Research on the identification method of mass
position of multiple particles by resonant microstructures[ D].
Shenyang: Northeastern University ,2023.
XIA C, WANG D F, SONG J, et al.

identification and successive detection of multiple traces

[15]

Synchronous

with tunable coupling oscillators[ J]. Mechanical Systems

and Signal Processing, 2022, 166. 108395.

[16] MEESALA V, HAJJ M R, ABDEL-RAHMAN E.
Bifurcation-based MEMS mass sensors [ J ]. International
Journal of Mechanical Sciences, 2022, 180( 15) : 105705.

[17] ZHAOJ, SUN R J, KACEM N, et al. Multi-channel

mass sensing based on multiple internal resonances in
three electrostatically coupled resonators[ J]. Nonlinear
Dynamics, 2023, 111, 18861-18884.

ENAMI W, YABUNO H, YAMAMOTO Y, et al Mode

shift detection of coupled resonators through parametric

(18]

resonance and its application to mass sensing [ J].

Nonlinear Dynamics, 2022, 110; 117-129.

[19] WANG D F, ZHOU D, LIU S Y, et al. Localized trio
cantilevers for identifying different mass perturbations[ J].
Microsystem Technologies, 2019, 25: 2993-3003.

[20] X453, A& THE BRI A AR 14 e R AT JX

REHLHIBEE[ D], KA AR, 2023.
LIU SH Y, Research on high-sensitive mass sensing

mechanism based on localization characteristics of coupled

resonators| D|. Changchun: Jilin University,2023.

EEE N

FREK, 2022 4FF 1% B T2 Be AR A
A2, 2025 AF F L ZR B TR 2E R A5 A
i, E BT S5 [ O MEMS &R AR
wit.

E-mail ; lidongfal@ 163. com

Li Dongfa received his B. Sc.

from Luoyang Institute of Science and Technology in 2022 and

degree

M. Sc. degree from Shandong University of Technology in 2025.
His main research interest includes the design of MEMS sensors.

FEE(HAFIEHR) 2013 4T E AR
K RAF 207, 2017 4F F R EEK 23K
P2, SO IR BT R R B0, £
BWFFETT 6] R AR LR Ak 3 Fl MEMS 14 4
l it

E-mail: lleisnowflake@ sdut. edu. com

Li Lei ( Corresponding author) received his B. Sc. degree
from China Agricultural University in 2013 and Ph. D. degree
from Tianjin University in 2017. He is now an associate professor
research

at Shandong University of Technology. His main

interests include nonlinear vibration and MEMS sensor design.



