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Design and detection performance analysis of resonant-
coupled cantilever beam force sensor

Wang Faguang Yang Wei Li Dongfa Liu Chen Liu Hanbiao Li Lei

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

Abstract: The detection performance of resonant force sensor depends on the geometry dimensions, structure configuration and sensing
mechanism of the resonant sensitive element. At present, the method of improving the detection performance by simply reducing the size
has been in the bottleneck period. In order to study and develop a novel resonant force sensor, coordinate the contradiction between
nonlinear vibration and resonant structure detection performance, explore a more sensitive sensing mechanism and improve its detection
performance, a piezoelectric driven resonant magnetically coupled cantilever force sensor is proposed. Firstly, the design and theoretical
modeling of the structure of the magnetically coupled cantilever beam are carried out. The influence of the external pressure on the
vibration characteristics of the magnetically coupled cantilever beam structure is analyzed theoretically. With the increase of the
pressure, the distance between the magnetically coupled cantilever beams decreases and the resonance frequency increases. Secondly,
the experiment verifies the advantages of the bifurcation jump dynamic behavior, which increases the maximum amplitude by 2. 8 times
compared with the resonance of a single resonant beam. Then, two pressure detection schemes based on the bifurcation jump
characteristics and frequency doubling response are studied, and the pressure detection is realized by using the critical frequency of the
bifurcation jump and the high order response frequency when the mode is coupled. The sensitivity and linearity are analyzed. The
experimental results show that the amplitude change of the detection scheme based on the bifurcation jump characteristic is obvious,
which is about 5 times that of the detection scheme based on the frequency doubling characteristic, and it is easy to detect and overcome

the adverse effects of nonlinear factors. The detection scheme based on frequency doubling response has high output sensitivity, which is
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about 4 times that of the detection scheme based on bifurcation jump, and large signal-to-noise ratio, which provides a certain reference

value for designing resonant force sensors with different detection principles.

Keywords : magnetic coupling cantilever beam; piezoelectric actuation; modal coupling; bifurcated jump; frequency doubling response;

pressure detection
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Fig. 1 Structure diagram of magnetically coupled resonant beam
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Fig.2 A two-degree-of-freedom magnetically coupled

resonant beam structure lumped parameter model
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Table 1 Magnetic coupling cantilever beam

structure system parameters (mm)
L Ly h h, b d
70 70 0.3 0.5 4 17.5

T IR R S i A i 7K SF 7 [ B AL RS w,tand),
HE/NTFIERPRRE [, 5 0, ~0, It X% &3 H 5 1Y
A, N 7 ~-i,r~-(d+u, -u, -s)i,M, =
(=1)'MV, j ARAR(3) fh i 2 3k 2 i 78 8 4 K T
B =YL b, BB ) F,, 6T 9
ik

3u,M M, V.V,  6u,M M,V V,

Foner = (d =" m(d-g) (2TEY
15, M, M, V, V, L 30u,M MLV, Y, 3
m(d =gy e Tw) Ty ()
(6)
L (6) RARK (1) ALfiiFE .
i, + e, +@u, —pu, —p,(u, —u,)’ -
pi(uy —u)’ =0 (7)
iy, + eyt + @yuy, —pouy, +pg(uy, —u)’ +
pe(uy, —u,)? = Feos( Q) (8)
S, p = 6,%1141]!421/11/2’}02 _ ISMOM,MZV,VZ’p3 i
m,m(d —s)’ m,w(d -s)°
30u,M, M, V.V, 6, M MV, V,
- mm(d-s)’ P ) myw(d —s)’ Ps B
1SuM MLV, V,s  30u,M, MV, V,
mym(d —s)° Po =7 myw(d —s)"

8 3 SR A P R ) A5 LA 50 28 8 T 79 I [0 A 03



552 1 R R S B AR R S R R A3 A 193 -
PIES, G
k. ko Gu MM,V V, . FBX
w = |—+p = [—+— (9) - oo L3 PR U8
™ m mm(d =) ~.2l 1 |83 100
ky + k, N o M M,V V, (10) ;5 " ! ! (ON©)
w = _— = _— _— - -
2 m, Ps m, mym(d-s)’ | |m 660 660

i (9) FN(10) 7 H7 AT AL, M 5 i R 4 A vh
R 1SRN &y, by AIRASGEAE TR T4 R B s B
s A0, R RGES R o i 8, TR I 2R G i P Y 3] A7 41 4
R by ky s A% SARBUIRAEE IVE T B 8, # 30
BEEY s HER, AR IR M ShHI ] s HK G &
TR AR /N | R R ARG 18R 8T R A AR BE O
LIESETE SR DN

2 SRIGIR

2.1 SEEEit

TEARA R BT T HA 1 2 WIHRI S R4 &
T RREERY AN IESE T T o 7 R BRI G Y s A R B B
AR AT A R0 1) FH A3 A1 A0 17 P AP AT 2 K 2, e A48T G A
PIFP GRS X AR IR AR BT 7 2, X ALR T 4% B
RSB RLRRIE HEAT T 438, 6 LG T R R R R Iy 8
FRVR A, SR AN () G T i B P A1 =X 7 A S it T
—EMNSEME,

AL T I 4 R T A A T A R R A
FEZ 0 S 30 I 5, BB AT LA 8  TRBUR
i B RS Je B O B AR IR NT B SR A R
LabVIEW F1 b7 AILAL AR, SCE0R6 B AN &1 5 R, ik Ak
TSR G A R, 85 PZT-5H JK H, Fy 2647 H1 9K
g, MR A5 5 &R O (5 5 G 1 B R
TR A W 5 5 K 5 A% 38 25 vl Fr, 3R 3l 98 AR ik
By, ARSI ) FH 7 R AR S B TR 5 VAT T ) 35 A Ao
A7 R ) R P T B it o — s R/INER R T SO R A%
SRS I A B R e NT s 2L,
2.2 EFHE@BRSERNNERESEERIRINSE
R

1) RERRG B A M 1 53 20 B BR B 1244 T R

TR R S5 ) ) T VPR A i) g A A A ) 2%
= AR B SR B — B 25 AR S, L 3 RS % L il
JE 12 RER, EIRENH R 40 V, JEANARE 1t A
SR B 5% 2 [ 201 235 440 1 i VP BB A5 451 %6 43 314 18..90
F137.76 Hz, B AT S A B 2 I0 40 85 Bk BRAT 0, W&l 6
Fim

MIK S L 160 VOB, f A B P 7E 37.80 ~
38.58 Hz XA & A4 T RS HE A, B0 72 B BR AT O, 2
Feik 0.78 Hz, K7 /R THRSIHLE 160 V, #3453
S1°h 18. 90 37. 76 F137. 86 Hz IR HHA ki 42 () sk [5]

oL

& — 1"5@%&J
“// %
L] o 0

e —

BRdd

K4 REAREFE RS I 5

Fig. 4 Magnetic coupling array beam test platform

K5 AR a FES B 5 Se g ke B K

Fig.5 Test platform experimental equipment diagram

02 r
R
01 b {EHIR -
£
E 0
=
%
-0.1 F
B HLE 40 V
02 1 1 1 1 1
0 10 20 30 40 50
B# Mz

Bl 6 ARSI IR IE [ $051 5 56 26

Fig. 6  Forward sweep test curve of coupled resonant beam

RTIpRE o FEL I 8 (g 0 PR el P T A0, > AR 14—
W [ A A 0 AT el I AR B Y e R R B 2 Sk
0. 4 mm, &5 551 52 14 IR MR ¢ 30T 1L/ (42 A 4R i, X
HT T L IR e i i M A, TP S B TR R i K 1 A4 1]
BEAR/IN RIS R B, o IR AE i [T A 3 AR Ak
WRZI°A 0. 4 mm , R ) SR AFATUAS: I 52 75 [#6 A7 930 b
BRI R AR, AELARR ARG N0 2 7 — 0 I 431 3R ALk ) i i B



- 194 - LSRR R e o

38 &

T NF— B IR A R B (4 4R 1, AR TR S R R, 24
TR R B R AR R Ky 37. 86 Hz I, i T4 B R 4%
T S P TR e I (VS 234 o s o (118 iU
PAEEATIR S RVE R T 2 A SRR . A = AT
T, = AR 5 B B e R A 3ok A ARSI B, 5 RAIR
AR PR IR B ER , HR R AT 35 1.1 mm, A1 AR IR 2
FEIRI B KR IR 5 T 2. 8 4%, JE 4378 Bk R s A6 )
PPRIE AR B 00 0 A, AR SCBETE T A 43 7 Bk BR s i
W S AR HEAT RSN %) TR B B A Al

0.5 SR 0.48
------- R
é E 032 L. R
0 E
® 1®0.16

0
0 01 02 03 04 10 20 30 40 50
3R /Hz
(a) BEBH AR A18.90 HzHF ¥y i 358 P A0 450 1
(a) Time domain diagram and spectrum diagram when the
driving frequency is 18.90 Hz

) 01 02 03 04 10 20 30

! 50
I 18] /s B#E/Hz
(b) TXB)Z H37.76 HzRe iy e 32k A 43 [
(b) Time domain diagram and spectrum diagram when the
driving frequency is 37.76 Hz
0 01 02 03 04 10 20 40 50

30
i 17 /s Bi#E/Hz
() BRBNHBZR H37.86 HzIht iy i 458, A g5 st 1

(c) Time domain diagram and spectrum diagram when the
driving frequency is 37.86 Hz

Bl 7 SRBIHLE 160 VAR5 18.90,37. 76 A
37. 86 Ha A £ 80 B A0 ot ok Pl A i 4]

Fig.7 Time domain diagram and spectrum diagram of the
magnetically coupled cantilever beam with driving voltage of
160 V and driving frequency of 18.90, 37.76
and 37. 86 Hz respectively

2) BK Bl F3 %643 25 B BRI 4 4 52

J T IR SN % RE A B TR 7 R ERAT N 5
M, T AN R SR Sl L T R A R R LSRR S X (AT
W8 i, ME AT, 20K sl i K it 80 V I, Ffi %
FL R ) 38 RS SR A5 DX (][] s o) R A, B A 4 23
SR BRI T I A0 3 2 0/ DN T 2 B ) I R 3
S N i s et 3 N O R (SRR E S o NP 87 L WA AN

F 80 V i AEASHE G I LR R R MR BR 1) X (B A — e
(ELIX A], 17 S0/ IS , AN F T SAG 5 249K 2 it Fead A, B
KBy 3k KA B A A AR A 4R o Y [R] s T BE A B
Hof AR v 3 J12447 0, 1 200 V SRS HL R R RERE A&
T O B i 3 199 [) 3 4 DX e Bt 25 0 o 4R 3 S5 4 7
N IRIEAR AR E . O T F{5 5 K0, 75 2276 80 ~
200 V HL R 22 [ A3 K /0N (4 3R 2 o I A S S 56
B, R A 5 220 R B 160 VLRI IR S Iy kAT
IR,

30 p

25 F

'S “ L} I
36 37 38 39 40
5% /Hz
P8 B Iy R A A R ERA T O B R
Fig. 8 Effect of driving force on bifurcation jumping

behavior of coupled cantilever beam

3) 005 B BRI (A% IR A T BEAIF 5T

FEURSHL R 160 V B AN R R ) T RERS A 1S PR 2 —
IS RATR AR LN ] 9 FroR , A0 R AR 2SI B 4R o i g
i o A PE AN 10 s, B9 AT, 2 ANR R Ty R A
AR, WERR G I R 1 — B i IR AT R A W B i %
It ELRA R 7 R — B iR A0 AR K 5 B A AT 45
R—F, W10 w7, SRS RN 160V, BRI
37.5 Hz B N3 37. 80 Hz I, REFE G S ¥R 22 19—y
RSN BB S R A R iR Bl AT SR A e A G B A
T EAT SR B, ARSI G i P R S ARG I, B
HNFUE T RGO RERE B T IR B R A ik e K R R 2 B Y
Iy IR AL | 43 25 B I SR K, I HL LI Bt
ARARIA G LT I AR Y ARRS B K, HLA A R AU
FT 1 A3 A0S e B TR A, DA 43 0 Bk R 1 1 B
BRAE A e IR T AR KA RN R, R
FEFT38 N I R R BE AR /N R Ty 3R MR A SR IE K,
RS DX 38l 1) A D B 1) ] st T L S 3

B 11 R THR G B R G BES AEAN R R S 4
T DA — B i PR AT o 7 Bk BR AT I A0 A L I A
R B FE AR LA S AR A B A R AE Ik, th BT
T, LA A R A B SRR S g AR B A X R
% s DA— B B AR AR fh i IR AR AL /N, X5 S A



2 IR AR SR B AR R BT 5 A P RE 23 A - 195 -
0.6 193 ~439.6
B PR A
oN 2an  B24N o THiRME
£ 18N 1921 A iR {392
12N
o4k E’ 06N s y=0.262x+38.436
g Lo % 19.1 } R=0.9556 11388 EN
= Y ¥
= B, B =
B X160 V E laga &
02F X R
|
189 y0.139x37842 |00
0 . L . L . ' R=0.996 9
185 19.0 19.5 20.0 1 1
PZ/Hz 18.8 0 ) 5 3 437,6
B . k 71/N
O IR T A A B — B R A5 w7 ‘
Fig. 9 Change of first-order resonant frequency of coupled 1T ST 2 BRI RHE & 0B A AR
TS 3% y
cantilever beam under different pressures il AR T B L i 2
Fig. 11 The fitting curve of output frequency and

15
12 }
£
£09
= y ; 2.4
06 ) / 1.8
/ / //’ 1.2
03 7 .o / 06 <
/ Y
0 . Lo/ 0o &
375 38.0 38.5 39.0
. . 39.5
BiFE/Hz

P10 NI 0 R o B 20 22 BRI By R AU 41 it 2
Fig. 10 Amplitude-frequency characteristic curve of
coupled cantilever beam with bifurcation jump under

different pressures

DA £ SR T g, DRI, 2585 18 T 8 50 IR R R
INIF A ISR, LA 43 72 R BRI 1Y) TR I SR A0 A Ay i
AT LT 25 5 G B S 1 8 A e T RS O R i 2k
2.3 ETEMSFENEBEEERERBIEMR

R TR N SERAR A R e 1 AR R, 5 AR S
T3 2 WRIBR N ) S 96 WE AT X6 LA BT, 3t T R AR A A
PEIEAT He 76 U 0%) AR 52 i R 254 (T S B 2y | e 4
PRGN, AR 1 2 R B AR 4 R R S 56 it
PR B R R L, R A 5 K A 4 7 A ) I 5% 380
T RS | SO A S A SR DN {1 4% A g 2
PRIE, 7 100 V 345 R JG A AL e 7 AR A G 9 — vk
WEPRATR R 18. 0 Hz, 4532 0 UG IR AT %0 36. 0 Hz,,

B 12(a) MitEim 1.2 N FEF0E,100 V #0ah R T &
AR YR B %) B ok PR AT ] A AR O i A il
T, AT B A B R AR BT B B IR SR 2 A AR sh A1,
FETEPTFPIIR B 4) , BB A A . SHZRAE N 1 &

pressure of a magnetically coupled cantilever

sensor based on bifurcation jump

S T R4 PR ok L A 4675 21 g 0 R — YIS TR A R
9 18. 4 Hz, “IKIEWAR N 36. 8 Hz, (RAGE b iR AT 1
BN 1 2 2, KA R, BT S S
VR, T 12(b) AN 1.8 N R Syt 40 9 & 4k
R AR A st S R AT R A, DT RTA IH s i A % — Uk
TR AN UGB I R 2 51 18.6.37.2 Hz, 5T
1.2 N B EE, — USRI 0. 2 Hz, U I
NN 0. 4 Hz WA 00 2 f5 26 R . B 12(c) Wi
T 2.4 N 7Bt v A% R T I8t iR A 1 s Sk 1) R i At
B, — U U o i & AR 7E 18.8.37. 6 Hz, i A A
FEJTEBE TN, 5 A G2 4% 3y vh — U IR Y A 38 4y
S AN 0. 2.0. 4 Hz,

Bifi 5 R 3N, ] 12 v AT e A B S T iR e
PRV AT 3R R (358 58 /N R N, — I S B AR Ak
W 1 s 2, TS (TR IR AR, 5SS L
2.5 ZeAy B T AR EL  (EL Il e S 4 R KT 2
RT3, AL 12 W], R & B v, Y
ARATT I e AR A AR LU JE 1 ¢ 2 B IR LR
Sy | FR A T U A 2y, R P R T D iR 18 A3 A R
P, T — 22 3 [P R R G N SR A0 R v R UK Y
Pifi

P13 R T 35 A 00 ) 17 Fr) R R 15 kR R AL IR A
TUGEIEAIR SRS MA R ML, 45EE 11 AT,
PAFP R Ry 22 88 5 B b I G Mk B, (HL 3 T35 45
PR I REAR A B AL R G A9 R 5 % 2 0 2 Bk
BRI (e AR R Y 3~5 5, EHFERSIBIET,
FET 0 00 R BRI (AR AT SRR ) T i i 2 5 A
PRI A DAL A U IR IR A 4~ 5 A%, IR IR A2 AL B
JNEH ., B2 Z R B 5, XA BRI,



- 196 - LSRR R e o

38 &

0.6 0.3
36.8 Hz
=]

; 0.3 E 0.2
3 s 18.4 Hz
® 0 0.1
-0.3 ) 0 J

0 01 02 03 04 05 10 20 30 40 50

I [A)/s B /Hz
(a) MEANFE 771.2 NI 7 S5 A I 3o, P 0 i )
(a) Time domain diagram and spectrum diagram of high frequency beam
under pressure of 1.2 N

0.6 0.3
37.2 Hz
=]
; 0.3 E 0.2
i s 18.6 Hz
® 0 01
-0.3

0 01 02 03 04 05 010 20 30 40 50
I [A)/s B /Hz
(b) HEANFE 71,8 N 5 RGE ) i 358 0 0 Sk I
(b) Time domain diagram and spectrum diagram of high frequency beam
under pressure of 1.8 N

0.6 03
37.6Hz,
é 03 £02 18.8 Hz
= £
E 0 l}%O.I
-0

.30 01 02 03 04 0..5 0]0 20 30 40 50
G R /Hz
() MM FE /724 N e 55022 () i 4, P 3 % P

(c) Time domain diagram and spectrum diagram of high frequency beam
under pressure of 2.4 N

Bl 12 SRR 100 V, ARRE ST
A LI B 1) Al P A ]
Fig. 12 The driving voltage is 100 V, the time domain
diagram and amplitude frequency diagram of high-frequency

beam vibration under different pressures

385
—— ZIRIBHEIE
[— — S&HERA
g o
T 375} '
4
B
kS
= ,
"ﬁ 36.5F S
1=0.648x+35.961 9
L o R2=0.981 05
355 1 1 L L 1
0 1 2 3

P13 TR L P A R TR AL I
AR S TR A R M
Fig. 13 The fitting relationship between harmonic frequency
and pressure of a magnetically coupled cantilever

sensor based on frequency doubling response
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