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(d) Nyquist plot(left) and capacity(right) comparison for a battery with a 250 pm thick FBG
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Fig. 10 FBG sensors for solid-state battery detection!*: (a) Schematic of a Li—S pouch cell with an implanted FBG sensor (left) and
comparison of local stress distribution curves in Li—S batteries under three mechanisms (right); (b) Schematic of traditional
FBG sensors placed at different positions in a lithium metal battery; (c) Nyquist plot (left) and capacity comparison (right) of
a battery with a 30 um thick FBG; (d) Nyquist plot (left) and capacity (right) comparison of a battery with a 250 pm thick
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Testing system; (b) External temperature changes
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and current; (c) External strain changes detected by
sFBG2 along with the battery's voltage and current

3 ZwE5RE

TR TE A5 R A ] A P It R AE 75 92 2 JBL i [ 25 P
AT SR RO ][] 7 o s 2 ) R8T B FE LT 5%
N HFE SRR ISR AR HLRRS ) 22 W
FIREST, NI A& Ha it P AR K T ARAL S AL 2 I
RO T BB I 5o A AS I I P S A R
SRR AR, PIhAIRUARE . R TR
LY A S AAT s MOCET AR B AR AR R

PURRETI. A e 2 SRR ARSI, RERESCiY
S HL Y R S B o AT R R S H. TR,
ASCNFE R (R SRR A) . SRR (R R
RO NAINAR) YRFERE . IR 2T
WS GTE)3 AN T T SRR T I 6 P G 21 A S 1 ]
AR TERERE . BRI TR AL AT A% T it
R EAR AT 1R, (B [ 2 i b ] -
[ T (R e SR A M B AR AT 5 23— 2D 56 %
ALt tesh, e SR I, R ARG
LRSS A BAIRGS . RaL 7R M
JI53 A R AR R ) s N 5 22 M BRI AR A I S
AL, BRAAW S, (Bl TAIE SN S
EARE R, BN B S, S BUS
(X 73 IR B AR RFAE BAT BRI

RARWPFCT A ERBA NEE, EEWT:

DS IRERE . B IRITE L RETH
YR, XEDLRR R S i N 2 I RN 5
KRR B RE . K, NP RBUZRE S
FRIRSRNg . N, FE 620 AL i
(DEMS)ERHI R 4t W] LI AT th 3 Jy 2 5 %
i S AR PR (R BAR - AT e A B — 4 B M
E L 2% F T S SR AL A I JR BR A

E SRR IR T o ] A i 57 0 FRLAR I 5
KRG JRAT NATAE RS RBERFE, LA FBOLIA
R X W5 22 MR RETE IR . T kg T
PR S AT AL AR IR ML, SEOUEREE 55
LA AR S P R AT A5 U (oK B2 K 40 3h &
BB, IO R 5 R AR BE SR
BRI ;

JVFEMALISNE SZ T o B2 PR T 1 25 AR AN D
PSR, BT AR R S L L B
(U 2B ATLLANR) SRR I AR, Hy
JEATHE P, SCHE IS AR BUARAR . F T R S 8
PRI, RO A A =2 A AR A
S LR 5T 22 ZEFE AT o

IR B T2, 2YHEE SR
VA S L AR A — IR BR OT 55 K IO R
ARSI HE . WA RRE . AR TRES
NTEBERIREE S, RRA BRI B4 H LW
THRER)“ B RE I, SEBLERAT IR F P 5 77
T, TN I [ 28 L R AL ERE o

S 30k
[1] ZHAO Q, STALIN S, ZHAO C Z, et al. Designing solid-state
electrolytes for safe, energy-dense batteries[J]. Nat Rev Mater, 2020, 5:



.« 1466 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(6): 1456-1468

2025 4

229-252.

[2] NIU C J, LIU D Y, LOCHALA J A, et al. Balancing interfacial
reactions to achieve long cycle life in high-energy lithium metal
batteries[J]. Nat Energy, 2021, 6: 723-732.

[3] XU L, TANG S, CHENG Y, et al. Interfaces in solid-state lithium
batteries[J]. Joule, 2018, 2(10): 1991-2015.

[4] B, 7haR, Whirdy, S5 HE T b HI-ENLE A 1 S AR
R Tk R[], FERR #h 44, 2022, 50(1): 121-133.

JIA Wanging, SUN Ge, YAO Shiyu, et al. J Chin Ceram Soc, 2022,
50(1): 121-133.

[5] WANG Y Y, LAl X, CHEN Q W, et al. Progress and challenges in
ultrasonic technology for state estimation and defect detection of
lithium-ion batteries[J]. Energy Storage Mater, 2024, 69: 103430.

[6] ZHANG Y, LI Y P, GUO Z Z, et al. Health monitoring by optical fiber
sensing technology for rechargeable batteries[J]. eScience, 2024, 4(1):
100174.

[71 HUANG J Q, BOLES S T, TARASCON J M. Sensing as the key to
battery lifetime and sustainability[J]. Nat Sustain, 2022, 5: 194-204.

[8] ZAREI A, PILLA S. Laser ultrasonics for nondestructive testing of
composite materials and structures: A review[J]. Ultrasonics, 2024, 136:
107163.

[91 YANG H J, YANG L, YANG Z Y, et al. Ultrasonic detection methods
for mechanical characterization and damage diagnosis of advanced
composite materials: A review[J]. Compos Struct, 2023, 324: 117554.

[10] JODHANI J, HANDA A, GAUTAM A, et al. Ultrasonic non-destructive
evaluation of composites: A review[J]. Mater Today Proc, 2023, 78:
627-632.

[11] FORDHAM A, MILOJEVIC Z, GILES E, et al. Correlative
non-destructive techniques to investigate aging and orientation effects
in automotive Li-ion pouch cells[J]. Joule, 2023, 7(11): 2622-2652.

[12] YI M C, JIANG F C, LU L G, et al. Ultrasonic tomography study of
metal defect detection in lithium-ion battery[J]. Front Energy Res, 2021,
9: 806929.

[13] FAN Z K, BAI K R, CHEN C. Ultrasonic testing in the field of
engineering joining[J]. Int J Adv Manuf Technol, 2024, 132(9):
4135-4160.

[14] CAO P L, HAO C C, MA C, et al. Physical field simulation of the
ultrasonic radiation method: An investigation of the vessel, probe
position and power[J]. Ultrason Sonochem, 2021, 76: 105626.

[15] KERSEY A D, DAVIS M A, PATRICK H J, et al. Fiber grating
sensors[J]. J Light Technol, 1997, 15(8): 1442-1463.

[16] HILL K O, MELTZ G. Fiber Bragg grating technology fundamentals
and overview[J]. J Light Technol, 1997, 15(8): 1263-1276.

[17] OTHONOS A. Fiber Bragg gratings[J]. Rev Sci Instrum, 1997, 68(12):
4309-4341.

[18] M. M, B. ALLIL R C S, A. B, et al. A guide to fiber bragg grating
sensors[C]//Cuadrado-Laborde C. InTech, 2013.

[19] ALBERO BLANQUER L, MARCHINI F, SEITZ J R, et al. Optical
sensors for operando stress monitoring in lithium-based batteries
containing solid-state or liquid electrolytes[J]. Nat Commun, 2022,
13(1): 1153.

[20] LEE Y G, FUJIKI S, JUNG C, et al. High-energy long-cycling
all-solid-state lithium metal batteries enabled by silver-carbon
composite anodes[J]. Nat Energy, 2020, 5: 299-308.

[21] HUO H Y, HUANG K, LUO W, et al. Evaluating interfacial stability in
solid-state pouch cells via ultrasonic imaging[J]. ACS Energy Lett,
2022, 7(2): 650-658.

[22] PEI F, WU L, ZHANG Y, et al. Interfacial self-healing polymer

electrolytes for long-cycle solid-state lithium-sulfur batteries[J]. Nat
Commun, 2024, 15(1): 351.

[23] WEL Y, LIU T H, ZHOU W J, et al. Enabling all-solid-state Li metal
batteries operated at 30 °C by molecular regulation of polymer
electrolyte[J]. Adv Energy Mater, 2023, 13(10): 2203547.

[24] JIANG B W, LI F Q, HOU T Y, et al. Polymer electrolytes shielded by
2D Lig4sMng77PSs Li*-conductors for all-solid-state lithium-metal
batteries[J]. Energy Storage Mater, 2023, 56: 183-191.

[25] LI J H, LI F Q, LI D G, et al. Negatively charged laponite sheets
enhanced solid polymer electrolytes for long-cycling lithium-metal
batteries[J]. ACS Appl Mater Interfaces, 2023, 15(3): 4044-4052.

[26] WU L, PEI F, CHENG D M, et al. Flame-retardant polyurethane-based
solid-state polymer electrolytes enabled by covalent bonding for lithium
metal batteries[J]. Adv Funct Mater, 2024, 34(16): 2310084.

[27] CHENG H, CAO J B, LI F Q, et al. Inorganic-rich interphase induced
by boric oxide solid acid toward long cyclic solid-state lithium-metal
batteries[J]. Adv Funct Mater, 2024, 34(1): 2307677.

[28§l WANG H N, CHENG H, LI D G, et al. Lithiated copper
polyphthalocyanine with extended n-conjugation induces LiF-rich solid
electrolyte interphase toward long-life solid-state lithium-metal
batteries[J]. Adv Energy Mater, 2023, 13(16): 2204425.

[291HOU T Y, QIAN Y M, LI D G, et al. Electronegativity-induced
single-ion conducting polymer electrolyte for solid-state lithium
batteries[J]. Energy Environ Mater, 2023, 6(4): €12428.

[30] WANG H N, HOU T 'Y, CHENG H, et al. Bifunctional Lil additive for
poly(ethylene oxide) electrolyte with high ionic conductivity and stable
interfacial chemistry[J]. J Energy Chem, 2022, 71: 218-224.

[31] KALNAUS S, DUDNEY N J, WESTOVER A S, et al. Solid-state
batteries: The critical role of mechanics[J]. Science, 2023, 381(6664):
eabg5998.

[32] YU Y F, VERGORI E, MADDAR F, et al. Real-time monitoring of
internal structural deformation and thermal events in lithium-ion cell
via embedded distributed optical fibre[J]. J Power Sources, 2022, 521:
230957.

[33] LI K, HUANG Y, HAN G C, et al. Real-time electrochemical-strain
distribution and state-of-charge mapping via distributed optical fiber for
lithium-ion batteries[J]. J Power Sources, 2024, 624: 235526.

[34] SUN K, et al. Chemo-mechanics and morphological dynamics of Si
electrodes in all-solid-state Li-ion batteries[J]. ACS Energy Lett, 2025,
10(3): 1229-1234.

[35] SCHMIDT R D, SAKAMOTO J. In-situ, non-destructive acoustic
characterization of solid state electrolyte cells[J]. J Power Sources,
2016, 324: 126-133.

[36] MUSIAK M, LI Z S. Real time ultrasonic monitoring of solid-state
lithium-ion cells in the frequency domain[C]//2021 IEEE International
Conference on Prognostics and Health Management (ICPHM). Detroit
(Romulus), MI, USA. IEEE, 2021: 1-5.

[37] BAE D C, MANANDHAR A, KIESEL D P, et al. Monitoring the strain
evolution of lithium-ion battery electrodes using an optical fiber Bragg
grating sensor[J]. Energy Technol, 2016, 4(7): 851-855.

[38] GAFSI R, EL-SHERIF M A. Analysis of induced-birefringence effects
on fiber Bragg gratings[J]. Opt Fiber Technol, 2000, 6(3): 299-323.

[391 MIAO Z Y, LI Y P, XIAO X P, et al. Direct optical fiber monitor on
stress evolution of the sulfur-based cathodes for lithium—sulfur
batteries[J]. Energy Environ Sci, 2022, 15(5): 2029-2038.

[40] GUO J, ZHU K J, WU Q, et al. Microfiber sensor integrated inside



5 53 %4 6 3] SOHE SR HE DG AR EORAE [ S v it b i B 3 S P . 1467 -

solid-state lithium-metal batteries for reducing invasiveness[J]. J Power technologies[J]. Nat Commun, 2023, 14(1): 5251.

Sources, 2024, 599: 234231. [42] X1 JW, LI1J Z, SUN H, et al. In-situ monitoring of internal temperature
[41] MEI' W X, LIU Z, WANG C D, et al. operando monitoring of thermal and strain of solid-state battery based on optical fiber sensors[J]. Sens

runaway in commercial lithium-ion cells via advanced lab-on-fiber Actuat A Phys, 2022, 347: 113888.

Advances and Challenges in Application of Ultrasound and Optical Fiber Technologies in
Solid-State Batteries
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(1. School of Materials Science and Engineering, Huazhong University of Science and Technology, Wuhan 430074, Ching;
2. POWERCHINA RENEWABLE ENERGY CO., LTD, Beijing 100029, China)

Extended Abstract

With the increasing global demand for electric vehicles and large-scale energy storage systems, solid-state batteries (SSBs) have
emerged as a promising alternative to conventional lithium-ion batteries due to their enhanced safety and energy density. The rigid
nature of solid-state electrolytes (SSEs) allows SSBs to avoid flammable liquid electrolytes and minimize the risk of thermal runaway.
However, the complexity of solid—solid interfaces, the growth of lithium dendrites, and poor interfacial contact during battery
operation pose significant challenges to their performance and longevity. Understanding these internal phenomena in real time thus
becomes a critical research priority.

Ultrasound and optical fiber sensing technologies are increasingly recognized as effective tools for in-situ, non-destructive, and
real-time monitoring of internal battery behaviors. Compared with conventional electrochemical and spectroscopic methods, these
techniques provide unique advantages in terms of spatial resolution, penetration depth, and multiparameter detection. This review
outlines the fundamental principles, technological advancements, and practical applications of both ultrasound and optical fiber
sensors in the context of solid-state batteries.

Ultrasound technology utilizes high-frequency mechanical waves to analyze internal structural changes. Some parameters such
as acoustic impedance, attenuation, and time-of-flight (ToF) provide valuable insights into material density, elastic modulus, and
crack formation. These features allow ultrasound to dynamically evaluate gas evolution, pore formation, and interfacial degradation
within batteries. For instance, customized ultrasonic imaging systems are developed to detect gas generation rates and interfacial
contact loss in SSEs, enabling accurate assessments of degradation mechanisms. Research from our group indicates that ultrasound
can effectively distinguish between chemical passivation and physical delamination at the electrode—electrolyte interface and track the
impact of polymer cross-linking on interface uniformity during in-situ polymerization.

Optical fiber sensing, especially fiber Bragg grating (FBG) technology, offers a high sensitivity to strain and temperature,
making it well-suited for harsh battery environments. Embedded within cells, FBG sensors enable real-time monitoring of stress
evolution and thermal distribution across electrodes and interfaces. Their immunity to electromagnetic interference, compact form
factor, and low cost enhance their applicability in sealed battery systems. FBG sensors can effectively decouple strain and temperature
responses via analyzing wavelength shifts induced by mechanical or thermal stimuli. Advanced designs, such as micro-FBGs with
reduced diameters, further improve integration with battery components, minimizing interference with electrochemical performance.
Beyond mechanical and interfacial diagnostics, these sensing technologies also allow for monitoring of key physicochemical
parameters like internal temperature gradients, refractive index changes, and byproduct formation through distributed optical
networks and acoustic mapping. Recent developments on lab-on-fiber platforms, which integrate Raman scattering and near-infrared
spectroscopy with structural sensing, offer a multimodal approach for revealing degradation mechanisms and supporting real-time
diagnostics in solid-state batteries.

As emerging in-situ monitoring technologies, ultrasound and optical fiber sensing have significant advantages over conventional
battery characterization methods. Ultrasound provides a non-destructive, efficient, and cost-effective means to sensitively detect
internal pore evolution, gas generation, and electrolyte wetting, addressing limitations in penetration depth and response speed of
conventional techniques. Optical fiber sensing enables real-time monitoring of structural phase transitions, ion migration, and stress
distribution within batteries, with intense electromagnetic immunity, low cost, and flexible integration-particularly suited for
long-term in-situ monitoring of sealed battery systems. While many reviews focus on the application of these techniques in
lithium-ion batteries, their use in solid-state batteries remains relatively underexplored. This review systematically represents recent
development and application of ultrasound and optical fiber sensing technologies to solid-state batteries from three perspectives, i.e.,
interfacial behavior, mechanical properties, and physicochemical characteristics. It also summarizes relevant work conducted by our
research team and discusses future integration with intelligent battery systems, highlighting key opportunities and remaining
challenges.

Summary and prospects  Ultrasound and optical fiber sensing technologies are poised to play a transformative role in the next
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generation of battery diagnostics. Their unique ability to perform high-resolution, real-time, and multi-physics monitoring of internal
battery phenomena represents a significant advancement over conventional diagnostic approaches. These sensing techniques offer
some possibilities for tracking complex degradation mechanisms and enabling proactive battery management strategies. Despite the
notable progress achieved in recent years, several critical technical challenges persist. First, signal decoupling in complex
environments, in which multiple physical processes such as gas evolution, crack propagation, and stress accumulation occur
simultaneously, remains a considerable obstacle. Distinguishing these overlapping signals requires advanced data processing and
modeling techniques. Second, the development on integrated, multi-sensor platforms that combine ultrasound, fiber—optic, and
electrochemical sensors is still at a nascent stage. Such hybrid systems have a potential to provide more comprehensive and
cross-validated data but require further innovation in sensor compatibility and system integration. Third, translating lab-scale sensing
systems into practical applications for large-format battery packs demands further progress in miniaturization, cost-effectiveness, and
long-term operational stability under dynamic conditions. Future research efforts should focus on three pivotal areas. At the interface
level, there is a pressing need to develop multi-parameter sensing systems capable of simultaneously capturing interfacial gas release,
contact resistance changes, and local stress distribution. At the mechanical level, high-resolution ultrasonic imaging combined with
distributed optical fiber networks can enable real-time, spatially resolved tracking of crack initiation and propagation from
micro-scale to macro-scale. At the physicochemical level, integrating spectroscopic methods such as Raman or near-infrared
spectroscopy-with ultrasound and optical fiber sensing can unlock deeper insights into phase transitions, compositional changes, and
side reactions. Solid-state batteries can achieve real-time diagnostics and early fault detection via utilizing advanced sensing data
intelligence and material innovations, accelerating their path to reliable commercial deployment.
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