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Fig. 1. Macro fiber composite and electromechanical coupling mechanism: (a) Structure of macro fiber composite (MFC); (b) physic-

al diagram of MFC; (c¢) working mode of MFC; (d) the principle of MFC electro-mechanical coupling.
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Fig. 2. Representative volume element (RVE) modeling of MFC: (a) RVE modeling of MFC; (b) electric field distribution of MFC.

# 1 MFCURMARB TR RS 24,
Table 1.  Dimension parameter of RVE of MFC.

SR FHKE  FHRE  FHEEE HEARE PR 5 B FEL R e EER 1 ER 2 B e 2R g T D
PR E e L, w, H, W, H S S
WILRTE /mm 60 0.35 0.35 0.1 0.04 0.5 0.04
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Table 2.  Material parameters of piezoelectric ceramic.
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Fig. 3. Stress distribution of MFC with different fiber widths.
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Fig. 4. Potential distribution of MFC with different fiber widths.
High: 0.27 mm /(107" N-m~?2) High: 0.30 mm /(107 N-m~2) High: 0.35 mm /(107" N-m~2)

High: 0.40 mm /(107 N-m~2) High: 0.45 mm /(107 N-m~2)

Bl 5 ORIR 2R 4w B 1Y MIFC I ) 4315 P
Fig. 5. Stress distribution of MFC with different fiber heights.
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Fig. 6. Potential distribution of MFC with different fiber heights.
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Fig. 9. (a) Experimental test of MFC frequency and voltage relationship; (b) micro-vibration response of MFC.
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Abstract

Distributed sensing nodes in the internet of things (IoT) require efficient and adaptable electromechanical
transduction mechanisms for harvesting low-frequency micro-vibration energy. Macro fiber composites (MFCs),
exhibiting high piezoelectric coefficients and exceptional flexibility, constitute promising material solutions for
this purpose. However, their performance is constrained by non-uniform internal electric field distributions and
an incomplete understanding of the relationships between critical structural parameters and output
characteristics. To address these challenges, a multi-scale parameter optimization framework integrating finite
element simulation with experimental validation is proposed. A representative volume element (RVE) model is
developed to elucidate the non-uniform electric field distribution and reveal the pivotal role of the ‘electric-field
activated zone’. Building upon these insights, a comprehensive three-dimensional cantilever beam model is
constructed to systematically investigate the effects of fiber width and height on stress and electric potential
distributions. Finite element analyses indicate that an MFC energy harvester with optimal fiber dimensions of
60 mm (length)x0.35 mm (width)x0.35 mm (height) achieves enhanced output voltage while concurrently
minimizing stress concentration. Guided by these optimal parameters, a prototype MFC energy harvester is
fabricated and experimentally characterized. Under harmonic excitation at the resonant frequency of 8.9 Hz

with an acceleration amplitude of 0.5g, the prototype exhibits an open-circuit voltage of 43 V and a peak power
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density of 0.31 mW/cm? at the optimal load resistance of 2.5 M{). Excellent agreement between numerical
predictions and experimental measurements is achieved, with a resonant frequency deviation of only 1.1%. This
study establishes optimal dimensional parameters for MFC-based low-frequency micro-vibration energy

harvesting and presents a robust design methodology for high-performance, customizable energy harvesting
systems.

Width: 0.25 mm /(107 N-m~2) Width: 0.30 mm /(107 N-m~2) Width: 0.35 mm /(107 N-m~2)

—]

l Width: 0.40 mm /(107 N-m~2) Width: 0.45 mm /(107 N-m~ Width: 0.50 mm /(107 N-m~2)
Ly ' ’ B ]

Piezoelectric fiber

al solution

Epoxy
Positive electrode

— Negative electrode

52 o

50 | ' Acccltcmtifm;) m/s? 60 L — Experimental result Voltage 4 0.34 ! =

Vinax =43.0 V \7 Simulation result 48 —o- Power 5}

[ +40.32 '

40 + =

=

% 30 + % % 44 + //@\\\ © 4030 E

& & & / @ o2s B

= w0} : S wop 2 2

= > > 1026 &

10r 361 / lo2a T

o

0 ‘ ‘ L =89 Hy 32 | ‘ ‘ ‘ ‘ _ 1022 z

4 6 8 10 12 20 22 24 26 28 3.0 &~
Frequency/Hz Frequency/Hz Load resistance/MQ

Keywords: macro fiber composites, finite element analysis, energy harvesting, low-frequency vibration

DOI: 10.7498 /aps.75.20260033 CSTR: 32037.14.aps.75.20260033

100809-12


http://doi.org/10.7498/aps.75.20260033
https://cstr.cn/32037.14.aps.75.20260033
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ETH T R RS 2SRRI s B SR S H

wmEEk Aas A#H Aoh £F KE

Finite element-based parameter optimization for low—frequency micro—vibration energy harvesting using macro
fiber composites

XU Feiyue  ZHOU Jingjing ZHOU Jing WU Shan ZHU Yong ZHANG Lei

5] Fi{i% &, Citation: Acta Physica Sinica, 75, 100809 (2026) DOI: 10.7498/aps.75.20260033

CSTR: 32037.14.aps.75.20260033

TELE R View online: https:/doi.org/10.7498/aps.75.20260033

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

WAl b T B R R AR A RT3

Finite element analysis of zero magnetic field shielding for polarized neutron scattering

W) FRZEAR. 2023, 72(14): 142801  https://doi.org/10.7498/aps.72.20230559

FE B4R A PORPE REAL AR AOAT FROC TN S5 251 RE
Finite element prediction and device performance of piezoelectric fiber composite based smart sensor

YIBR2A4R. 2025, 74(5): 057701  https://doi.org/10.7498/aps.74.20241379

AR L i e X 2 VK S T 5 i Lo

Analysis of structural response characteristics of a bidirectional separated electromagnetic coil drive device

WIBEAEA. 2024, 73(13): 130201 https://doi.org/10.7498/aps.73.20240239

1o TR TR P BRI B R AU AT BROT 7
Finite element analysis of inertial migration of polymer vesicles in microtubule flow

Y2, 2022, 71(18): 188701 https://doi.org/10.7498/aps.71.20220606

A IRITITIENT A SRR TGS B OT
Study of magnetoplasmons in graphene rings with two—dimensional finite element method

YIBR2EA. 2023, 72(8): 087301 hitps://doi.org/10.7498/aps.72.20222467

ST I AR BRI S P R

Energy harvesting and thermoelectric conversion characteristics based on thermal metamaterials

PyFEEEAR. 2022, 71(20): 207304 hitps:/doi.org/10.7498/aps.71.20221061


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260033
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230559
https://doi.org/10.7498/aps.72.20230559
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241379
https://doi.org/10.7498/aps.74.20241379
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240239
https://doi.org/10.7498/aps.73.20240239
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220606
https://doi.org/10.7498/aps.71.20220606
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222467
https://doi.org/10.7498/aps.72.20222467
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221061
https://doi.org/10.7498/aps.71.20221061

	1 引　言
	2 理论模型与仿真分析
	2.1 MFC的结构与工作原理
	2.2 MFC悬臂梁能量收集理论分析
	2.3 多尺度有限元仿真分析

	3 实验验证及结果分析
	3.1 MFC样品的铁电性能分析
	3.2 MFC能量收集性能测试与对比

	4 结　论
	附　录
	参考文献

