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Abstract: To measure micro-masses effectively, a three degrees-of-freedom (3-DoF) mode localized
weakly coupled resonator micro-mass sensor was proposed in this study. The equations of motion of three
resonators were established, the system equations of mass disturbance were obtained, and a MATLAB/
SIMULINK model of a 3-DoF coupled resonance system was established. The study determined that the
variation in amplitude ratio has the highest normalized sensitivity compared with the variation in amplitude
and frequency shift. The sensor was designed and fabricated using micro-electromechanical system
(MEMS) technologies, and a mass measurement system was also developed. Experimental results reveal

that the normalized sensitivity of the change in voltage amplitude ratio is approximately four times the
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change in amplitude. In addition, approximately two orders of magnitude of resonant frequency shift oc-

curred, and the minimum detectable mass is 2 ng. Simulation and experimental results prove that the 3-

DoF mode localized weakly coupled resonator can effectively measure micro-masses and thus has good

prospects for bio-sensing applications.

Key words: micro-balance; 3-DoF; mode localization; weakly coupled; resonator

1 3 =

L AE R UL R 48 (Micro-electro-me-
chanical System, MEMS ) i# #ig #&% 1 09 #ff 5% 1 Lz
MR H K . MEMS ik &8 3228 H TAZ B0 H
i 2 MEMS 38 i #5019 A5 28057 1 Fi 2 45 [
A BRRE M AT LA el A AE N A IR R 2 00 18 AR A
8, DT K A0 6 Ml B 1 Ay A% i 1 B it 49 AN
71 FVE L S B D, 0] D iR A AT B
U IR A A AT LA 0 N g AN
L Hoh MEMS B8 4 2 o B 1 AT DL AR A
& A T8 = A 3 BER Y O A, MEMS i
P a P I B2 1 s, ] DL 48] dn 5k T SA
il 25 1) e H T PP R R A R R A
FIAR 27 A% B 1 1 FH v 3 A o5 A% J% 08 3T 4R
FeAGH) 7T MO . IR AR 4 T R
Pras 2 A H SR &F o B E RO IR A A5 A
VBT AR DT SRS A S R e, R
FFH BE T AR % 00 a0 aT D o S (R 0 H S IR A
BTG 2 B A BRI, 3 B 2, 5 TR Ak, B
A AE R TR R S B B T
TRE ORI Y R R A B R R X AR G Y 1 E R
K ABEIATZ A BENAE S . 2 A HEM G
Pras B0 U4 T e R U . BT
P Bl A S VR 0 5ok AT 2 H bR BN R A
H bR %50, AT DLSR FH 22 43 o, 6 7 vk 40 ik e 7 e
HL R A AT LS 0 48 9 2 06 1 3 T T 4% i iz
Wity HBSTE TR aS st 2 4, il i al
B, WA T AR S Y B O R
FEAR M o 2 A BB R 4 A 55 88 608 IR 4% 15
— Ak R R R (PR 1] S O A% 5 AR 20 I (A
FOAE i s B e, LA A 0 SRR R B LTI
i HL R 5 AT DA S AT 4R 0 R 8 R R H Lk
SUTE T 5 2% (0 42 10 f B R T R D01 7 e AL A A
52 B I R 22 0 S e RS B AR AR
B . 7RI QA PREE T TAE 23 M K b 5% i

AGMTERE, g A WAL R R . T
iR A S A A oA A ) B A% S R ] Dy ThT 2 22 K
7B R . 5SROI AR D U
HRE B Y B o BT R AR AL AR AR L A A
H RE R A T IR A B R 8 A B 2 SR AR A AR
REPE N DR R 2 2 R g K= RO 3T
9% 3 & ge b — R E XN B9 A AR Bl RE
FET RAERMA LA . AR, B Al AR
7 ORI R R A IR R AR R e A AL
T o 3R 7 1] DA TR] I S 3 R O R R
G g SERA R o AT T — B = A R
FIWIRAS R, X R EM SR, 71 =
WEE TAERS, 550 A i Z MEMS i Ik 4%
FH LG, FERI BE S A RO 3R T O 3B R
TEAR ] B W RE D Bl 15 B0 T, 18 4R % 18 6 1L A9 A2 1k
WA R T 3 IR 45 01 % 14 22 Ak, 2 W8 IR 45 R £ L
J2 — A X A G Sl SRR A w0
ARSCUL = i B G IR A 8 R AR O AL
i, BIFFE T U ) i B R LS vk o %5
T2 BB T A R I R T R L e S B R AR/ Jo
AR . A SCE OB 3-DOF B35 JR WAL S 45 1k
PR TAE = P AT BRI IR T R
Gip H A I TR AR BE 1 5E R
A T B A

2 ZawARERIBEIEIRE

3t

2.1 THEJRHE
= HE RS R AR A RS il PR A% T DL
- AR RGOk R, B LU T = A
FERN A i PR 0 TAEJE . g dras 3 32 25k
BB AR B, IR AT A T B4 = B R
I IR A &R g8 TR i Bl b iz g oy # AT DLk
N



AN SER

55 2 3] B A4, 4E . = A S A A T R SRR ) AR SRR AR 299
M, X, (£)+ b6, X, (1) + (K, +K)X,(1)— K.X,(£)=F,(¢)
M, X, (1)+ b,X,(1)+ (K, + 2K.) X, (1)— K. (X, (1)+ X,(1))=F, (1) , (1)
(M +AM)X, () +F b, X, (£)FH(Ks - KX (8)— K. X, (t)=F4(¢t)

Ao My, ML D M, 5056 BT 4R 25 1 IR 2% 2 PR A%, FE R 2 /0 S A AR TR IR g R 0 A

AR IR 48 3 WA 2UT i L K, K, AL K AR 3R 45 4R
i 1A BN, AM AR R R 2, K AR R G NI
B2, b0, 0,81 b, 53 MR RIS RGP B e R %L,
X, XM X, REBH RS WAL F L F,, Fyor 5
Rt AR AR A% 1 OB IR A 2 SR &8 3B A ).
TSR A 1ORE IR A8 3 B e KAk,
P fEMe b Bt T = A A R e

M,
1 b2
iy
bl
BT = Al A TR f 3R G0 0 0 35 - I & - PH Je A AL
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onator system
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Fig. 2 Layout of 3-DOF resonator
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Fig. 3 Interface circuit of 3-DOF resonator

3 GARERERSN

3.1 HEZRSH

AR B e 7 AR (1) BEAT 05 2L, &5 2R AN 15T 4
(a) Bz, Al LAYE 2 b UL %€ 31 [ AH AL 285 0 s A AL
A AR A -5 B A 16 BEAR G 5 i P B A9 S AL
Wi 1 L 72 AR X B i B S in P 4(b) B .

x10%

1.3235 .
Out-of phase

In-phase

1.3230

13225

1.3220

1.3215

Resonance frequency/Hz

1.3210

1.3205 .
-2 -1 0 1 2
Am/m %1073

(a) HFAL B e ) il 26

(a) Eigenvalue loci veering curve

w
(=]

Out-of phase
=== [n-phase

Amplitude ratio
(=) W K W

W

0 —
-2 -1 0 1 2
Am/m x10-3

(b)) 1 B HE AR B 4 412 5
(b) Amplitude ratio vs. mass perturbation
P 4w TSR = A RS R A RS
Fig. 4 Response of 3-DoF mode localized weak coupled

resonator to mass perturbations

Xof 4 i A B (L b A2 ko R iR AT R AR
fbi 34 A8 bR EAT AR . A (4) T 5 R (E
FE AR AR, 4R MR A8 b A C Rl PR 45 R FS 284k 1Y
H — A REEE sk, Sac Fl ses0 HHT AR, A, Fofl
M 43 550 kg A it fin 4G Bl BsF 0 (B BG4 R L RS iR A
FMBTE,AM N B8, 76 = B b A A
PREF R GE M, R E L AR Ak 55 i e A2 £ R B 451



o5 2 1

MR A AE A B A

A P 2B ) e AL R 301

AR AR P BA o i B H — A6 RO, W8 5 R,
FE 2N A b Sy R (L LU 4 1 38 4 00 A ) A A
AN Bl A E 2 LE

Sar —

Sac — s (4)

”f:aAM
M

ik 51K S ) AR AR TR Y FHLE &
BRI (D E# S, T MATLAB/SIMULINK 45
FLRERY AR 6 i s o AR Y 32 AL AR R AR 43
TR 5 BT 40 H A AL R 4y, 0 B 4R 4 O HL % DT
A AR FL B RN F - TR R R AR S L R T
AT H AW = A W R G RE 7

——Amplitude change
12 } ——Amplitude ratio change
—&—Resonance frequency shift change

Output metric

/

051152
x10~

0 0.1 0203040506 070809 1
Am/m x1073

PS5 = S S 8 R 4% 5 = RO [ i AR T
5 — Ak R A
Fig. 5 Normalized sensitivity of 3-DOF weakly coupled

resonator in terms of three different output metrics

hZ e TR, BT TG IR RS RS
Z R Z e, = H R E RS RSN m
N, HH B I = H W SR AR TR 2 R g
T T AEYERE . B 7(a) A1 7(b) 4y B A AR 45 1
FIVES B 2% 3 0 430 2 e 1, G v 3B R 2% 2 B i A
20 ng #) 100 ng, LA 20 ng 2 34 (%) 5T 2 9 201 ; iR
SHtEHI 10 ng 3 50 ng, LA 10 ng b (1) i 4 5

== Capacitive sensing & amplifications

____________

\_____,
Resonator2

! Capacitive sensing & amplifications

K6 MATLAB/SIMULINK fjj B
Fig. 6 MATLAB/SIMULINK simulation model

3.2 ZWERSWH
S8 R FH B M 4 K TR AR S R e B Bl SR,
R BT AAE , &) T8 4E i H 2 B 7 v f/i o .

TEIE AR 1 B A B AR A 10 pm 9K £ 5 mg/
L B i A 299 KR - 95 TR, 0 Ik 9 o 9 e R oK
P ol BT 0 i o e X 3 R A 1 T o R



302 P

29 %

~—Resonator | Out-of-phase
~—Resonator 1 10ng & 20 ngdm
~— Resonator 1 20 ng & 40 ng 4 m

Resonator 1 30 ng & 60 ngd m
~—Resonator 1 40 ng & 80 ng 4 m
——Resonator 1 50 ng & 100 ng o m

Mutual-phase

—_ =
N B

Amplitude/V
il
AN o O

In-phase

i

126 128 130 132 134 136 138
Frequency/Hz x10*

(a) #HRA 1

(a) Resonator 1

= =2
S
—

(=]
(=]

1.5
—— Resonator 3
—— Resonator 3 10ng & 20ng dm Out-of-phase
—— Resonator 320 ng & 40 ng d m
Resonator 3 30 ng & 60 ng d m
—— Resonator 3 40 ng & 80 ng d m
% 1O Resonator 3 50 ng & 100 ng d m Mutual-phase
el
=
=
g
< 05 In-phase
L I, A il ‘l
0.0 \

126 128 130 132 134 136 138
Frequency/Hz x10*

(b) i IRAs 3
(b) Resonator 3
7 AR o R 22 5 B 8l 2 1] YOG B
Fig. 7 Relationship of frequency responses with multi

given mass perturbations in MATLAB/SIMU-
LINK simulation

173 B B AR A IR a0 ik, O A4 01 H %
W 7 IR A 1ORE IR 2% 3 A9 R I, AH B Y R S8
LA 0] % B R R g A AR . R BT R 2 i
BRAT 1 A XT38 A0 R AL 4R 7 Ak D IR
H AT ThrE . B 8(a) A 8(b) 4l i /m T =
HH BE RS A I R R GAE 3R B P 3h T m il iR A
1 RS4R3 0 A0 A8 e N o 3 22 3 IR AR N A A
W)k 180,85 F1125 ng.

KO 2t 1 oS o 2 40 3 TS 1 IR AR RS Ak
W 0 RS 5 L L 1% 722 A 3R Bl U — ke B R 4 3 1Y
A Horh PR R AR A RIS IR AR IR S R 2 TR
R AR 04 I A O 2, T R LR I R A L
M3MIRIEZ o AT LA o i A L 28 Ak ™
A B IH — Ak R BB R R AR R AR AR 4 FE L K
SRS AL A B WA B S AR S g s L AR
AR AR Ry R R 25 7. 3%, AR R SO AR

0.03

= Resonator |

0.025} = Resonator 14180 ng dm
- Resonator [++85 ng d m
—— Resonator [+++125 ng d m

|

|
|

=
=]
)

0.01

Amplitude/V
o
2
i

0.005

1928 129 130 131 132 133 134
Frequency/Hz x10*

(a) s 1

(a) Resonator 1

%1073

2.5

= Resonator 3

—— Resonator 3+180 ng o m
~——— Resonator 3++85 ng d m
—— Resonator 3+++125 ng dm

(3]

Amplitude/V

1.28 129 130 131 132 133 1.34
Frequency/Hz x10*

(b) PR3
(b) Resonator 3
FE8 = [ 1 EEHE A I IR 2 G0 00 4503 0 R 512 4 45 R
Fig. 8 Frequency response of 3-DOF weakly coupled

resonator

= Theoretical amplitude ratio change

35 = Actual amplitude ratio change

: @ Theoretical frequency shift

3 ©Actual frequency shift
PTheoretical amplitude change

-2 25 PActual amplitude change
by 2
=
£ 1.5
= Y
®} s *
1
> -4 B
0.5 >
0 9 d &
0.01  0.02 0.03 0.04 0.05 0.06
Am/m

PO BRI AN S50 R B

Fig. 9 Theoretical and experimental sensitivity diagram

RABER BRI N 12. 100, IR AE L A8 A o R BEE
MR 220 67. 300, I 45 A5 FL 45 R I Ik
(L LU AR D R R A 22 R | B AR T i T
DR 25 T MR T ZE R XS R, DA e A b AT
Jot B I P 3 A R BHLJE R RS R Y R SE T fE



%2 MR A AE A B A

A R R N A AR 303

TR DA E H R s b py KB &5,
I TR 22 DL R AR 5 R A L B P i M 7

R 5 5 HC A 52 9 B a2 R s B R 5 R Y
ML MR 7 AH A0 M S 2 R I | A 1) AR I 7 R
T 355 W 75 AR B SR P . 2 4 MATLAB
AR AL PG| A LS M S (R, AT LB B R A
RIREE RGN R R KPR, R
Bl AR RAUE T LAER = B 1 BE RS Ry R4k
T A 199 A /DN AT ARG 5 (BN 2 ng o

ASCHESE T 6T = [ iy B2 R & AL 55 4

SH Wk

[1] YANZM, HAOY C, L W M. A mode-localized
Lorentz force magnetometer with 1. 6t /~/Hz Reso-
lution [C]J. 20th International Conference on Solid-
state Sensors, Berlin, Germany: Actuators and mi-
crosystems & Euro sensors, 2019:1815-1818.

[2] CLELAND A N, ROUKES M L.
scale mechanical electrometer [J]. Nature, 1998,
392(6672): 160-162.

[3] CHRISTENSEN D L, AHN C H, HONG V A,

et al.. Hermetically encapsulated differential reso-

A nanometre-

nant accelerometer [C]. 2013 Transducers & Euro-

sensors XXVII: The 17th International Conference

on Solid-State Sensors, Actuators and Microsystems

(TRANSDUCERS & EUROSENSORS XXVII).

Barcelona: IEEE, 2013: 606-609.

(4] A4k, 36707, LAY, F . /DB EERUE R =0
FEim s S ae X [T] bF HE R,
2016, 24(8): 1927-1933.

ZHAO J, SHI Q, XIA G M, et al.. Implementa-

tion and measurement of a miniaturized silicon reso-

nant accelerometer [J]. Optics and Precision Engi-
neering, 2016, 24(8): 1927-1933. (in Chinese)

(5] AR, & ach . BTSRRI Y SO B 8
FETHRF R BE R [T]. FAL 5 424, 2018, 17(6) : 16-
22,93.

KANG H, CHANG H L. Research progress of A
novel MEMS accelerometer based on mode localiza-
tion[J]. Navigation and Control, 2018, 17(6): 16-
22,93. (in Chinese)

A I AR U AL R A B0 A O )y AR
I T BT AR 7 % D5 HA R R
B, i (L LU % 28 A 5 mT LR R A 5 A W ik i b
Je A AFTE B P8 Bh (R L A2 AR (B AT AR R I3
PR R AY B P sh i . SR AR R B
J W L L A Al 7 A i U — A R AU O 21. 7, LR
PR AL A B9 0 — AL R 5. 4, IR AR AL Ak
(U — Ak R AR Sl 0,09, 46 A d5 /N B Ry 2
ngo P, 1% = A b B AR 85 ol DUE Oy i i
) A SR A ST B A i A O e A A I
W R AR R A AR UM A
&R BAL R I IR A% 59 00 5, 10T EL ik AT LA T IR

BB A B R

[6] dkAw B . TS Ja A 10 Y 55 05 5 18 4 =X0hm 2 i
G AR BURHLE T 5E (D). m % Tk X5,
2017.
ZHANG H M. Research on the acceleration sensing
mechanism based on mode localization of the weakly
coupled resonators [D]. Xi'an: Northwestern Poly-
technical University, 2017. (in Chinese)
[7] KANG H, YANG J, CHANG H L. A closed-loop
accelerometer based on three degree-of-freedom
weakly coupled resonator with self-elimination of
feedthrough signal [J]. IEEE Sensors Journal,
2018, 18(10): 3960-3967.
[8] KANG H, YANG J, CHANG H L. A mode-local-
ized accelerometer based on four degree-of-freedom
weakly coupled resonators [C]. 2018 IEEE Micro
Electro Mechanical Systems (MEMS). Belfast:
IEEE, 2018: 960-963.
[9] CHENF, LI X X, KRAFT M. Electromechanical
sigma - delta modulators force feedback interfaces
for capacitive MEMS inertial sensors: a review [J].
IEEE Sensors Journal, 2016, 16(17): 6476-6495.
[10] % &3%, #&, LB, F. T @ -0 006 4
114 e BROHL AR PE R 0 BB PR R AN [T]. 6 5 4% %%
IA2, 2015, 23(9): 2540-2545.
WU ZH Q, YANG L, XIA G M, et al.. Force
feedback close-loop detection of silicon microma-
chined gyroscope based on bandpass sigma delta
modulator [J]. Optics and Precision Engineering,
2015, 23(9): 2540-2545. (in Chinese)

[11] ZHAO CH, PANDIT M, SOBREVIELA G, et

al.. On the optimization of resonant MEMS sen-



304 e KEE TR 5 20 %

sors utilizing vibration mode localization [J]. Appl. sensor based on 3-DOF mode localized coupled res-
Phys. Lett. 2018, 112(19): 194103. onator under atmospheric pressure[J]. Sensors and
[12] WANG Y, ZHAO C, WANG C, e/ al.. A mass Actuators A : Physical, 2018, 279: 254-262.
fEE @It

T HEAE(1965— ), B LT MA L H
2, 1988 4F T B T K 2 3k i 2 &
227, 1995 4F F 3K I Tall K 2 345 4
27, 2005 48 F 1 AR ol K 2 3Rk A5
(L e o VAN N IR (s
AR I AR LA % 02 I e
500k 0y W #E 5 RHEE LAE . E-
mail:1024968198@qq. com

B&EEN975—), 5, WA
+, BIEAZ L 2004 4F T AR Tl KR53k
A 2247, 2010 4F F 11 28 3 K 2
ARAT W 2 L, BT N R L TR A
M5, 32 2 FHONL L AR 5807 Y
W% . E-mail:shawqj@126. com




