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Research on magnetorheological three-directional vibration isolator
for complex vibration condition
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Abstract: Magnetorheological materials possess excellent intelligent magnetic-control characteristics, offering
broad prospects for isolators in complex vibration fields. Currently, most magnetorheological isolators are limited
to unidirectional vibration isolation function, with limited research on three-directional vibration isolation
applications. Addressing this gap, this paper combines theoretical calculation, dynamic simulation, and finite
element analysis to design a magnetorheological three-directional vibration isolator. This isolator, developed for
airborne complex vibration conditions, integrates traditional rubber and intelligent magnetorheological fluid
materials. A three-directional vibration isolation system is constructed for experimental validation. The
experimental results show that the attenuation efficiency for vertical and lateral random vibration reaches 93.93%
and 96.01% respectively, demonstrating excellent vibration isolation performance. The design method proposed in
this paper for magnetorheological vibration isolators holds significance guiding value and can be extended and
applied to other vibration isolators tailored to specific requirements.
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Fig. 1 Characteristic transmissibility of vibration isolation system
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Fig.2 Schematic diagram of single vibration isolator system
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Fig. 4 System dynamics simulation model
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Table 1 Acceleration RMS value and vibration isolation efficiency of the system under dynamic simulation
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Fig.5 System response PSD under dynamic simulation
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Fig. 6 Vibration isolator structure
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Fig. 7 Magnetic circuit optimization results
AL G SRR, ML LR AL 42 K 6.3 mm, BEJE S 2 mm A, BHE 1 BH 2 3 18 4b MRF () F- 35 B 88 5 58 i ik
BB RAE N 478.72 mT, iy MUBA A2 1 G S 45 4 B 2 A B AR 4 0 0 9 RS o e 28 MIRF = o] B R 4 32 221 R
SN 2 FroR  Hob R PRSI 3 BT 1) Y AR A D 500

#*2 MRFEBRIRSFEZEGHRT

Table 2 Critical dimensions of MRF vibration isolator
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Fig. 8 Simulation results of static displacement deformation of isolator under 20 N
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Fig.9 Simulation results of vibration isolator’s stiffness
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Fig. 10 3D simulation model of vibration isolation system
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Fig. 11 3D maximum deformation of system

B 1125 R R W TR 45 72 PSD AL T, 248 25 G2 I 4I I Ot Hit 180 1 [ e R 46 00 (62 8% O 1.22 mm, A i) iz K 48
XS 29 0.65 mm, 4R Bl {3 8% i {45 550/ HAE A AL TARAT R Z N R DA 22 3 B IR 4% I 400K, BRI T & F
A . P12 53R 3 AR R #E d 19 1 5 2URR IR A8 40 %0 40 RE B T A9 = 1 BE ML IR Sl e R 2 ) Gk #)
90% L L, W Z 48 B o R AF p9 PR AR v AE L U W1 BRIk 28 G B0 i AT bk



10 TR K F F IR %47 %

10°- 10° -
—— T HPSDER —— FEMPSD¥
10} ” ==+ FE[A PSDIE KL 10 | —-—- FEMPSDIE L
- \ -
10 20 \- 10 2| /ﬁ
—_ X —
N 3 % N E \
g 100 N £ 107 N\
R N &
2 10 i 2 10 S
£ L L Sl
1071 ’\-:i L \'\‘\.
101 A 101 S
107 1 b 1 | 107 1 ™ 1
10! 10 10° 10 10 10°
SR /Hz S /Hz
(a) T[]0 PSD (b) BRI N PSD

12 ARTFETRIRFES WL PSD

Fig. 12 Isolation system response PSD under finite element simulation
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Table 3 Acceleration RMS value and vibration isolation efficiency of the system under finite element simulation

J5 1] il RMS/g i i RMS/g b 4R 2R %
e ] 4.530 0.227 94.98
| 3.520 0.124 96.48
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Fig. 13 Parts and assembly of vibration isolator
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Fig. 14 Loading methods for static stiffness testing of three-directional vibration isolator
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Fig. 15 Statics test results of vibration isolator
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Table 4 Comparison of static stiffness simulation and actual test results
EgE| i [] Wi £ /(N-mm ™) A [ PR 2 /% A 17 I /(N-mm ™) T 1R 22 /%
(RS 140.69 130.72
-5.73 -3.05
3 148.75 134.71
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Fig. 16 Vertical sweep experimental system for isolator
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Fig. 17 Vertical frequency characteristic curve under different loads
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Table 5 Vertical identification parameters of vibration isolator with 30 kg load under different currents

SRR B/ R e/

HL /A RN R /MHz (L FHLE bt A 4% /Hz
(kN-m™) (N-s'm™)
0.0 10.66 12.922 0.039 7 10.70 135.53 159.94
0.5 10.94 11.681 0.043 7 10.95 141.95 180.31
1.0 12.31 7.559 0.067 6 12.36 180.56 314.29
1.5 13.73 8.432 0.060 5 13.79 224.81 315.02
2.0 15.49 9.269 0.054 7 15.55 286.05 320.40
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Fig. 18 Isolation control experimental system
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Fig. 19 Vibration control effect under different frequency excitations
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Fig. 20 Three-directional random vibration test system
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Fig.21 Control box physical object and interface
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Fig. 22 System random vibration test results
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Table 6 Random vibration response attenuation results of isolation system

J7 1] i RMS/g Wi i RMS/g b 4R 3R /%
[ ] 4.577 0.278 93.93
1 1) 3.505 0.140 96.01

5 & it

1) 3 DA —Ff g 1 52 2 41 2l 00 00 R It A8 — 1) B AR #8500 H R s R h T e T MR Y
Rl A8 = 1o B R 2 12 B B A 1T T = B R O B — S SRR S

2) %X 45 2 Bk B b5 38 o 3 ) 2% 43 A KA BROT 43 A 4 O AR BT R R 1 AR 1 S 8 A R OF
BOUE T AT AT, S8 BT ER AR S  n R R R R G . A5 R AR B Y e R R A ) B
G PERE L BT B B IR R g B A& L S 0o bR PR PR e, e T 1) SR ) b0 Bk B R A A B T
93.93% F1196.01% , 3L 1 {5 45 3 &5 17 S & G et A &k

3)3CH B AEAR R H AR EER , $ P 5 v AT RE TR AR i B AR AR S 2 R O vk, SR AR b
Il B 4% 2 M PR R R e 1T & .

5% 3t

[ 1] Hoque M E, Mizuno T, Ishino Y, et al. A 3-DOF modular vibration isolation system using zero-power magnetic suspension
with adjustable negative stiffness[C]//2010 11th IEEE International Workshop on Advanced Motion Control (AMC). Nagaoka,
Japan. IEEE, 2010: 661-666.

(2] At PRsh e 5 IR EOR M. JE5 [ B Tl e, 2006.

Zhu S J. Vibration theory and vibration isolation[M]. Beijing: National Defense Industry Press, 2006.(in Chinese)

[ 3] Zhou M K, Xiong X, Chen L L, et al. Note: a three-dimension active vibration isolator for precision atom gravimeters[J].
Review of Scientific Instruments, 2015, 86(4): 046108.

[ 4] Yang Y, Pan G, Yin S P, et al. Verification of vibration isolation effectiveness of the underwater vehicle power plant[J]. Journal
of Marine Science and Engineering, 2021, 9(4): 382.

[ 5] EF, sk %, X 58, % HLEOCE M AT M G AR [I]. 20405 806 TR, 2012, 41(10): 2799-2804.

Wang P, Zhang G Y, Liu J Y, et al. Irrotational displacement vibration isolation on airborne optoelectronic pod[J]. Infrared and
Laser Engineering, 2012, 41(10): 2799-2804.(in Chinese)

[ 6 ] Sheng T, Liu G B, Bian X C, et al. Development of a three-directional vibration isolator for buildings subject to metro-and
earthquake-induced vibrations[J]. Engineering Structures, 2022, 252: 113576.

[ 7] Lee C M, Goverdovskiy V N, Sotenko A V. Helicopter vibration isolation: design approach and test results[J]. Journal of Sound
and Vibration, 2016, 366: 15-26.

[ 8] Kwon S C,JoM S, Oh H U. Experimental validation of fly-wheel passive launch and on-orbit vibration isolation system by
using a superelastic SMA mesh washer isolator[J]. International Journal of Aerospace Engineering, 2017: 5496053.

[ 9] TRARRR, BB, MR, & IR AR IR R 48 = M IR S A% BB Rr PEIF 52 (0], AR AL 22 R, 2019, 41(21): 77-80.

Zhang S S, Shang C, Dai J, et al. Research on three directional vibration transmission characteristics of raft isolation system[J].
Ship Science and Technology, 2019, 41(21): 77-80.(in Chinese)

[10] Zhu S'Y, Yang J Z, Cai C B, et al. Application of dynamic vibration absorbers in designing a vibration isolation track at low-
frequency domain[J]. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 2017,
231(5): 546-557.

[11] Xie X L, Diao J C, Xu Y L, et al. Performance of a low-frequency hybrid vibration isolation platform for vibration-sensitive

devices[J]. Journal of Low Frequency Noise, Vibration and Active Control, 2018, 37(4): 1164-1175.



% 8 M E2C,5F AN A LRI IANEAE=ZREBFR 17

[12]

[13]

[14]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Qin C, Xu Z B, Xia M Y, et al. Design and optimization of the micro-vibration isolation system for large space telescope[J].
Journal of Sound Vibration, 2020, 482: 115461.

XTI, /N, MR dn, 55 . JE T SQP Y /N RS R 28 B 4 51 3 AL AL BETH[D]. HUAR LT 5 13, 2022(8): 223-228.

Liu Y H, Sheng X Z, Qi M Y, et al. Optimum design of isolation spring with small size and large bearing capacity based on
sequential quadratic programming[J]. Machinery Design & Manufacture, 2022(8): 223-228.(in Chinese)

R, BT A R = 1] A B ARBE IR 5 B AT AR [D]. AR Tk, 2021, 68(2): 114-118.

Zhao M M, Duan Y X. Development of a three-dimensional equal stiffness rubber shock absorber[J]. China Rubber Industry,
2021, 68(2): 114-118.(in Chinese)

Cao X B, Wei C, Liang J Q, et al. Design and dynamic analysis of metal rubber isolators between satellite and carrier rocket
system[J]. Mechanical Sciences, 2019, 10(1): 71-78.

Kotonski V, Kracht K, York E, et al. Protecting three-dimensional museum collections during transport: engineering and
evaluation of transport crates featuring wire-rope isolators for improved vibration mitigation[J]. Studies in Conservation, 2022,
67(supl): 130-139.

Hoque M E, Takasaki M, Ishino Y, et al. Design of a mode-based controller for 3-DOF vibration isolation system[C]/IEEE
Conference on Robotics, Automation and Mechatronics. Singapore. IEEE, 2005: 478-483.

Zhu M, Yu M, Qi S, et al. Investigations on response time of magnetorheological elastomer under compression mode[J]. Smart
Material Structures, 2018, 27(5): 055017.

Zhu M, Qi S, Xie Y P, et al. Transient responses of magnetorheological elastomer and isolator under shear mode[J]. Smart
Material Structures, 2019, 28(4): 044002.

Xing Z W, Yu M, Sun S S, et al. A hybrid magnetorheological elastomer-fluid (MRE-F) isolation mount: development and
experimental validation[J]. Smart Materials and Structures, 2016, 25(1): 015026.

Ali A, Salem A M H, Muthalif A G A, et al. Development of a performance-enhanced hybrid magnetorheological elastomer-
fluid for semi-active vibration isolation: static and dynamic experimental characterization[J]. Materials, 2022, 15(9): 3238.

Zhu M, Fu J, Li W, et al. Design and co-optimization of a laminated isolation bearing based on magnetorheological
elastomer[J]. Mechanical Systems and Signal Processing, 2021, 159: 107843.

Fh A N IR A ] ] 2R Tk W A e A SR, o T b A A P e B 2 WU S T O T AR I B i A RUSE: GBYT
3452.3—2005[S]. At 50 o E Aw e AL, 2011,

General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, Standardization
Administration of the People’s Republic of China. Housing dimensions for O-ring elastomer seals in hydraulic and pneumatic
applications: GB/T 3452.3—2005[S]. Beijing: Standards Press of China, 2011. (in Chinese)

WHE . SRR Z AR 8 2 E S A R I M. L st B A, 2003.

Ou J P. Structural vibration control: active, semi-active and intelligent control[M]. Beijing: Science Press, 2003.(in Chinese)

(% HB%)



