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Life prediction method for MEMS sensors integrating physics of

failure and virtual testing
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(AVIC Changcheng Institute of Metrology Measurement, Beijing 100095, China)

Abstract: Aiming at the problems of high acceleration test cost and the lack of systematic modeling and uncertainty
quantification in existing virtual methods for the life verification of high-reliability MEMS sensor complete machines, this
paper proposes a virtual assessment framework based on Physics of Failure (PoF). This method obtains local stress
through multi-scale digital prototyping and thermal-vibration coupling simulation, and constructs a modular PoF model li-
brary to predict the life of key failure modes of critical devices. To quantify the uncertainty in manufacturing processes
and service environments, a physical source-driven hybrid probability distribution modeling strategy is introduced. On
this basis, a two-level competitive failure model consisting of "intra-device multi-mode fusion" and "inter-device first-pas-
sage failure" is established to realize the prediction of the Time-to-Failure (TTF) of the complete machine. Taking the
MPU9250 as an example for verification, the independently conducted thermal -vibration combined physical test shows

that the digital prototype has satisfactory accuracy (case temperature deviation shall not exceed + 0.2°C, modal error <
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5%), the predicted TTF of the complete machine is 12 721 h, and the weak link is accurately identified. The results show

that the proposed method can effectively reduce the dependence on physical tests and improve the efficiency and credibil -

ity of life assessment.

Key words: PoF; virtual testing; micro-electro-mechanical systems; parameter uncertainty; life assessment; multi-

physics simulation; multi-mode fusion; competing failure mechanism
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Multi-scale finite element modeling parameters and mesh refinement strategy

Tab. 1

based on the measured bill of materials
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(a) Thermal simulation cloud map (b) Random displacement results of each component

under random vibration load
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Fig.2 Simulation results
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Tab.2  Comparison of simulated and measured shell temperatures of key components of MPU9250
45, °C
A B HA IRE I FTFER WO EIRE BIERERE  BIEER2E
ATMEGA328P-AU QFP 26 32.7 34.4 32.9 +0.2
ITG3200/3205 LCC 26 31.6 35.7 31.8 +0.2
HMC5883L LCC 26 30.8 34.6 31.0 +0.2
ADXL345 BGA 26 30.3 30.0 30.2 -0.1
KB33 SOT 26 28.8 29.3 28.9 +0.1
ATMEGA328P-AU QFP 75 83.3 82.4 83.1 -0.2
ITG3200/3205 LCC 75 83.6 83.7 83.5 -0.1
HMC5883L LCC 75 81.6 82.6 81.8 +0.2
ADXL345 BGA 75 77.2 78.0 773 +0.1
KB33 SOT-23-5 75 76.9 773 77.0 +0.1
IR KA b i 22 +4.1
BIEJG T3 g X222 0.14
A3 MPU9250 4% &% 25 7 7~ B [ A1 93 & f bk
Tab.3  Comparison of the first six natural frequencies of the MP9250 sensor
M BCSHRBURE  SEINBIR He WA EBIR He BIEE TSR/ He  WIRIRE/% BIFEIRE /%
1 AR 218 192 216 -12.0 -0.9
2 bapzp il 342 301 338 -12.0 -1.2
3 Jry BB AR AL I 485 427 462 -12.0 —4.7
4 B RT3 620 546 608 -12.0 -1.9
5 e s i 780 686 765 -12.0 -1.9
6 ReEiik g 910 801 895 -12.0 -1.6
NS -12.0 -4.7
(e AT SRR Ay R Z,
2.2.1 PoF#:A) 556 155 Hir A we 4t ITG3200/3205 & KB33: NZN e, &
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PEITRAL, EASECON Ay, i TOUIN () B B I e R H 3
HMC5883L(LCC) : WM TCH E 2 — k97 2.2.2 FRATHEA
B, i ASECN Ay, RSEHL TR RN R T Y B PoF
ATMEGA328P-AU(QFP): KI[RIARZ MG Ardiise”, MRHE T i 5 IR ol e v AN e 1 7 2 1Y
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Tab.4  Input fluctuation parameters
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Tab.5  Single-point failure time samples of five high-risk components (first 10 Monte Carlo samples shown)

$45: h
ITG3200/3205 ADXL345 ATMECA 328P-AU HMCS883L KB33 Fa g
= RhBEERY Eii)iFi ey Bk
—BrEE Bl —BrEaE BRHNGESIE —BrEE AREVRERE —BrEE OEEE —BEE kbl
HE s RS EAM E-BE AL E-BriyE EmAEE iR EmEd fRehnE
RUEEL KRB R OFRRAN JiEEL SERRA REERL OFRRR RAORR SRR
11018 25632 17 524 26 849 41 161 53497 167883 172356 173491 212660
11 066 26 686 17 804 27077 42382 54009 168606 181661 179944 242687
11092 26788 17 940 27347 42760 54226 169017 192809 188288 243581
11115 26 870 17983 27 488 42786 54 812 174506 193262 200947 248095
11167 27193 17 995 27882 42846 55184 175272 193423 205117 252654
11176 27288 18 024 27918 42876 56 662 177177 197516 208573 254778
11177 27390 18 025 27950 43298 56 829 177816 197666 ~ 208699 261794
11180 271762 18 028 27994 43353 56 925 178339 201062 209061 268 045
11197 27803 18 043 28 031 43599 57 830 179905 202438 210957 273258
11220 27857 18 070 28 099 44130 57 890 181042 204313 211847 274844
BEXT L —BRPF RN R 2 Z MO R LB (i Bl B R D aE ek .

P 55 5 RS o7 ) BITR oL, HARBGHEME “H kK
R I, MR — A AR e IR B H TR A i R

X} F Monte Carlo fj AR B0 B —LFEAS j, 45
PRI SR R B 8] ¢, PRI PN 5 2R U X i 1Y)
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Tab.6 Equivalent life samples of five high-risk components (first 10 Monte Carlo samples shown)

A5 h
ITE3200/3205 LADXL345 ATMEGA 328P—AU EMC?SSSL KB33 £ JE 28
—HFEIRIX — bt — A 1t
11018 17 524 41 161 167 880 173 490
11 066 17 804 42 382 168 610 179 940
11 092 17 940 42 760 169 020 188 290
11115 17 983 42 786 174 510 200 950
11 167 17 995 42 846 175 270 205 120
11176 18 024 42 876 177 180 208 570
11177 18 025 43 298 177 820 208 700
11 180 18 028 43 353 178 340 209 060
11 197 18 043 43599 179 910 210 960
11220 18 070 44130 181 040 211 850

23 FAHEMENENEFG TR
23.1 B EF 5T iRA)

HRAJE 5 4> 355 1 45 38 5 A FE A (5 % 1000 2
FAAEA) , R AKRURAITHE G a5, IE
BLOWBUES . SBEU =SB0 R I 5 R g
A, I 1F Kolmogorov-Smirnov (K-S ) A6 56 ( i 2
PEAKF-a = 0. 05) AT /i

RO A A A5 R AR T o, AR
(ADXL345. ITG3200, HMCS883L. ATMEGA328
P, KB33) H U R B A ) i AR ROE A0, I
H, w BRI IE, o R RS 4R
2%

232 FEALTTF##4
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Tab.7 Fitting results of single-point failure distribution

e E GBS IE = K-S KRBt p (6
ADXL345 = #lifin it XEOEZS 7 (w, 07) = (9.45,0.06) 0.9
ITG3200/3205 = Ak 24 XBAEA 53 (. o) = (9.95,0.07) 0.49
HMC5883L = Al 131 ABOEA S (1, o) = (10.98,0.13) 0.33
atmega328p b JH 7% XEOES 5340 (1, ) = (1239, 0.13) 0.62
KB33 Fa /R % XPEOER 3 (w, o) = (12.64,0.18) 0.13
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Fig.3 Convergence verification analysis results
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