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Optimal Design of Omnidirectional Tilt Sensors Based on Magnetic-Gravity
Coupled Pendulous Equilibrium
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Abstract: To address the issues of limited measurement directions and complex structures in existing
magnetic-effect tilt sensors, a suspended, gravity-balanced omnidirectional inclinometer was proposed
based on a magneto-gravitational coupling design. Finite element simulations were used to determine the
optimized engineering parameters for the permanent magnet dimensions and the detection air gap. Under
small perturbations, the natural restoring process was analyzed to evaluate the influences of ball material
properties and contact surface geometry on the contact behavior, which guided the optimization of the
spherical crown concave structures and ball material selection. Calibration experiments were conducted to
verify the accuracy of the simulation models. Through systematic characterization, mapping models were
established between the X, Y -axis magnetic field signals and displacement, and between displacement and
inclination angle. Additionally, an analytical model was constructed between the Z-axis magnetic field and
the inclination angle. The combination of these models enabled simultaneous estimation of inclination angle
0 and azimuth angle ¢. To fully exploit the response characteristics of each magnetic field component
across different tilt angle ranges, a segmented tilt angle calculation strategy was proposed. Validation ex-
periments show that within the measurement range of —20° to 20°, the maximum tilt angle error under vari-
ous azimuth angles does not exceed 0. 3°.

Key words: tilt sensor; omnidirectional tilt measurement; four-spherical-crown concave pair;
magnetic-gravitational coupling
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Fig.1 Structural model of the sensor
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Fig.3 Simulation results under the condition of 2 mm

diameter permanent magnet and 3 mm air gap

1 #1128 405G 2 1A 4 s

HE— 25 53 #r K B AR R

5 I AR B4 BB ) RO < 3 2 K R A TE R ) X
B S AL ) RV it J3E 5 1R A R Y AR A G

0.01

—o—4 mm S [
—o— 5 mmS i

—o—2 mm< i
——3 mm%%

R 9 P 43 BB T
(=)

_001 2-o o+ 1 1 1 1
=30 20 -10 0 10 20 30
15 F0/(°)
(2)E 21 mm
b%
A
I
R
::d
i
,]2
i)
B
15i 4 0/(°)
(b)EAZ2 mm
0.02
2 y
L
5 00 e
S o)
B
% -0.01}
=
-0.02 . . . . - |
730 20 -10 0 10 20 30
15i£a0/(°)
(0)E A3 mm
B4 AAERKEEEARSETEMURB SHAM

Fig.4 B response versus tilt angle for different

permanent magnet diameters under different gap

conditions
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Fig.5 Measurement principle of inclination sensor
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Fig.9 Calibration results in X direction and Y direction
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Tab.3 Related indicators of the calibration results in X

direction and Y direction

S LR/ | mAEYE/ | B/ RGP/
7 % % (uT+C)H

X 2.7646 1.8179 1.6406 147.85

Y 2.6891 1.7168 1.4823 150.78
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Fig.12 Maximum errors of validation experiment

G DX SR S R R T o A O PR 3
ZH B0 S B AE — 20°~20° W Bl Y AN 5] J7 032 £ 30
AR O i R 22 AN A 0,37, A AR IR A
AE % 52 B 4 [o] 150 I 2 EL3& P T — JBORS JE 250K

5 %t

A5 1 A7 R OT 5 HAR S A AR it .l

+ 562 -

b A R TTRE A5 B 48 s IR R R ST R 0T i R
N7 56 B HE S OC R . LR A M R RE L ) 2 B
KRG B MAM KM EN 523800 T
Aol B TRARMGMA .

PR g G A SL B KW L 7E £ 2038 BN X Y O
W EA ROk (<<2.8%), EHEMEIRE
SRR 2 MR T 1.9% B 1.7 % . R U 4
IKFN 147.85 uT/ () A1 150.78 wT/(°) , Rk 24 4
Rbf, P8y X Y W ES 50085 .
P 55 i B I B S AR L T SEEAB AR 0 5 AR o
09 R 20 @ BT . Z J7 ) 6 3 52 X Bk AR Ze vk a9 , 3d
H 2 A AR B.S 0M M mERIAA, &
ST B0 R AT R | g 45 A R ) i 3 40 1 A AR [l
65T ey DX ) 17 e R B L v A 0 ) 1
et 4 Be A0 A AR WG . SR IR SE I R B L AL R
WAE L2 AT AL AT I B R R R 22 N Ot
0.3, 38 FH T — BORE B A4 A0 0 8 R0 W 37 5

S5 0k :

(L] BRFS, BB . — P b b 58 S (AR} Ay B2 4G TN 28 8 1Y 1%
TSI R EE AR, 2021, 34(10) : 1279-1284.
CHEN Song, LYU Yuxiang. Design and Implementation
of an Overall Tilt Angle Detection Device for Transmission
Tower [J]. Chinese Journal of Sensors and Actuators,
2021, 34(10): 1279-1284.

[2] PEIH, ZHANG F, ZHANG S. Development of a Novel
Hall Element Inclinometer for Slope Displacement Monitor-
ing[ J]. Measurement, 2021, 181: 109636.

(3] BRIGEE, £ RUER A8 45 5L Ty S T8 1Y % T T 1T 722

A Ji A W 5 sk LT]. bR R R (A RRE R
2024, 55(1): 151-161.
CHEN Xiaobin, WANG Fengdong. WU Mengli, et al.
An All-round Monitoring Method for Tunnels Deformation
Based on Tilt Inversion[ J]. Journal of Central South Uni-
versity(Science and Technology), 2024, 55(1): 151-161.

[4] OZIOKO O, NASSAR H, DAHIYA R. 3D Printed Inter-
digitated Capacitor Based Tilt Sensor[J]. TEEE Sensors
Journal, 2021, 21(23): 26252-26260.

[5] DU X. CHEN Q. Dual-laser Goniometer: a Flexible Opti-
cal Angular Sensor for Joint Angle Measurement[ J]. IEEE
Transactions on Industrial Electronics, 2020, 68(7): 6328-
6338.

[6] ISMAIL N N, SHARBIRIN A S, SA’AD M S M, et al.
Novel 3D-printed Biaxial Tilt Sensor Based on Fiber Bragg
Grating Sensing Approach[J]. Sensors and Actuators A :
Physical, 2021, 330: 112864.

C71 Ttk J R B BE . — b e R R 1 6 21 e
AL RLT ). S 2Adi. 2022, 42(7): 5161,

XING Xinkui, KUANG Kabin, QIN Heying, et al. Novel
Fiber Bragg Grating Tilt Sensor with High Sensitivity[ J].
Acta Optica Sinica, 2022, 42(7): 51-61.

(8] M kAR, AL, Z8 v 45 . T b UUZ e A £ 02 3% A% Sk 2
WEEELT]. T EAL T2 2023, 34(4): 431-439.

YANG lJisen, FU Hang, QIN Ziyang, et al. Research on
Complementary Double-layer Time-grid Angular Displace-
ment Sensor[ J]. China Mechanical Engineering, 2023, 34



ol - B TR Ak T - 114 1 M6 A A% TR AL AL B —— L

W it &

(4):431-439.

[9] ks, B sk KAE, 55 . S5 S BAMT Mg E X

XU it b A O A e AP LT ] EHLBK TR, 2023, 34
(19): 2296-2303.
YANG Jisen, ZHOU Run, ZHANG Tianheng, et al. Re-
search on Magnetic Field Compensated Double-layer Time-
grating Angular Displacement Sensors under Structural Pa-
rameter Constraints [J]. China Mechanical Engineering.,
2023, 34(19): 2296-2303.

L1070 sk SO XSO B A A 4 RS 22 23 HL BELE AR 1% i
Bt [T R S RS, 2019, 38(9): 90-92.
ZHANG Wenzhao, LIU Zhizhuang, ZHAO Quanyou,
et al. Design of Tilt Angle Sensor with Liquid Pendulum
Differential Resistance [J]. Transducer and Microsystem
Technologies, 2019, 38(9): 90-92.

[11] HATTT,DANGD T, VUQT, etal. A Robust Two-
axis Tilt Angle Sensor Based on Air/Liquid Two-phase Di-
electric Capacitive Sensing Structure[ J]. IETE Journal of
Research, 2020, 66(5) : 685-696.

[12] RAO K, LIU H, WEI X, et al. A High-resolution Area-
change-based Capacitive MEMS Accelerometer for Tilt
Sensing[ C]//2020 IEEE International Symposium on Iner-
tial Sensors and Systems (INERTIAL). Hiroshima.
2020: 1-4.

[13] KUMAR A S A, GEORGE B, MUKHOPADHYAY S
C. Technologies and Applications of Angle Sensors: a Re-
view[ J]. TEEE Sensors Journal, 2020, 21(6) : 7195-7206.

[14] OZTURK Y, YARICI I. Research on a Novel Magnetic
Tilt Sensor Designed Using Hall Elements and Ferrofluid
[J]. Journal of Electrical Engineering. 2019, 70(5) : 406-
411.

[15] SU S, LI D, TAN N, et al. The Study of a Novel Tilt
Sensor Using Magnetic Fluid and Its Detection Mechanism
[J]. IEEE Sensors Journal, 2017, 17(15) : 4708-4715.

[16] tacoif  BEAS X0 L 45— ey S SR P VR M A A%
TEAR I LT, AR S, 2022, 43(2) :10-16.
ZHAO Xinyu, YAO Jie, LIU Jiameng, et al. Study on a
Magnetic Fluid Inclination Sensor with High Sensitivity
[J]. Chinese Journal of Scientific Instrument. 2022, 43
(2):10-16.

[17] #pie, DhuRae A e, 4 . RE MW MR 42 05 Sr 800 1% s Y
WFFELT]. s 5706, 2018, 40(3) : 395-399.

GUO Bing. MA Xiaoyan, YANG Xiaorui, et al. Research
on Omni-directional Tilt Sensor of Magnetic Fluid [J].
Piezoelectrics & Acoustooptics, 2018, 40(3): 395-399.

[18] LM, ZIE [, 255 75, 55 . WURHE B &A1 T b sl X A

T O R R A P RE R S [T B A, 2014
(1): 59-64.
QIU Ming, LI Zhengguo. LI Yingchun, et al. Effect of Lin-
er Modification on the Tribological Properties of Self-lubri-
cating Spherical Plain Bearings under Tilting Oscillation
[J]. Tribology, 2014(1): 59-64.

[19] ZHAO C L, ZHANG S M, XIE T, et al. A Novel Whis-
ker Sensor with Variable Detection Range for Object Posi-
tioning [J]. Review of Scientific Instruments, 2022, 93
(3):035007.

(mE ERH)

EEBA: 2480, 9, 2001 4F A B WFSE A . IR 5E 7 1) 4% IR
2B LA R I & A B4k . E-mail: 2420604765@qq. com,
Y& GRGER) 197248 S8 i, BF 5T 1) S HLAK %

H &A1k, E-mail: 1011059800@qq. com

A5

FAREL L U L GF W - R A P A A 4 1 A A%
TR AL BT, P E AL TR . 2026.37(3) :555-563.

WANG Zhongkai, XIE Tao, WANG Hongliang et al. Optimal De-
sign of Omnidirectional Tilt Sensors Based on Magnetic-Gravity
Coupled Pendulous Equilibrium [J]. China Mechanical Engineer-

ing,2026,37(3) :555-563.

(E#EES554T0)

WEN Donghui, XU Xinqi, ZHENG Zijun. Research on
Shear Characteristics of LHP Flow Fields[J]. China Me-
chanical Engineering, 2021, 32(18) . 2203-2210.

[13] KADIVAR M., AZARHOUSHANG B.
and Material Removal Mechanisms of Loose Abrasive Ma-
chining [M] // Tribology and Fundamentals of Abrasive
Machining Processes (3rd ed). Amsterdam: Elsevier,
2022:507-536.

[14] AhRUE, EHRE . £, 5. Je oo OGN 2 i i ik
Bl R OG R AR ST L] i R 5 HLIR . 2022(6) -
11-17.

FU Zhenfeng, WANG Zhenzhong. WANG Biao, et al.
Hydrodynamic Effect Polishing Characteristics of Ultra-

12-kinematics

smooth Surfaces of Optical Components[ J]. Manufacturing
Technology & Machine Tool, 2022(6): 11-17.

(157 G . AR 7524 S5 R ot TR A9 2R M i s R 9 6 n I
FIESATFELD]. BUI : WL Tl K%, 2023,
FU Yuantao. Research on Surface Morphology in Linear
Hydrodynamic Polishing Process by Using Cylindrical Roll~
er with Composite Structures [D]. Hangzhou: Zhejiang
University of Technology, 2023.

(16 e, SCARME, FLILA 45 . 2Rt s 98 't in 1 A9 i
G vERE e (0], | HLBR TR . 2023, 34(11) : 1306-
1314.
FU Yuantao, WEN Donghui, KONG Fanzhi, et al. Re-
search on Characteristics of Flow Fields during LHP Pro-
cesses[ J]. China Mechanical Engineering. 2023, 34(11) :
1306-1314.

(171 AEELIC . LMW sl Al m L ik s AR 9E D 1. bt
M WL Tl K2 2019.
XUE Kaiyuan. Study on the Dynamic Pressure Characteris-
tics of Linear Hydrodynamic Pressure Polishing[ D]. Hang-
zhou: Zhejiang University of Technology. 2019.

(| ERIH)

YEB B A - A sz ek, 40, 2000 44 BB GE A . BIF9E 5 1) g i RG
T, E-mail:464714686@qq. com. X & # GEEEH).H,
1974 4F A, B8 W L 0P 5T AR S 0l . BT 50 U ) b RS 5 n 1
E-mail: wendh@zjut. edu. cn,

A5

ARULE L SCARME LU 55 JE T 5 A S5 MOt T BB 4 I 26
PSR TLI]. P ALK T . 2026, 37(3) : 546-554.
YU Hongjiao, WEN Donghui, KONG Fanzhi, et al. Linear Hydro-
dynamic Polishing of Copper Substrates Based on Composite
Structure Polishing Tools [J]. China Mechanical Engineering,
2026,37(3) :546-554.

+ 563 -



