2024 ,Vol. 38,No. 3 www.mater-rep.com

AFRAEERRRREGEARAR
ESE X P B S b, T

DT TR SR S TR P 710048
2 PR TR RS SR B P M50 | P 710048
3 PSR TR S SRR ERL, P14 710048

AR S

ML AT F L& 05 A, LAk RS A A R b — A5 & LS 2 ik R AR A 2, ¢F e ARt IR A% 30 B AF A B AL 00 T 2 R
WA BT e R F BADRZL BT RRAR W KR A LRA MR —RARBL PG T R, AR — TR AR B 7 £ 09
WA AL ZLEMT EL A fom o R R ER B RNAILE R AR, LR T ER L4 Ao e fomb of Yrad ) & o5 ik Hht
DA AT F R UG T A YRR B B AR R P T @ lE 6 AL S PR AT L R R R RA R RATT RE,

KR YRR BN ESLE MBAE BEFE TFR
hESES . TB34  XEFRIREG:A

Research Progress of Wearable Fiber-based Energy Conversion Devices
WANG Haoyu', LIU Zhe"*™ | HE Sijia', ZHANG Jian’, HANG Gege’, WEI Ying’, WANG Xiuchen®* ™

1 School of Textile Science and Engineering, Xi’ an Polytechnic University, Xi’ an 710048, China
2 Key Laboratory of Functional Textile Material and Product, Ministry of Education, Xi’ an Polytechnic University, Xi’ an 710048, China
3 School of Apparel and Art Design, Xi’ an Polytechnic University, Xi’an 710048, China

T raditional chemical energy sources have defects such as low energy density and poor applicability, which make them difficult to meet the

needs of power and flexible design of today’ s electronic devices. These problems severely limit the development of smart wearable devices,
so there is an urgent need to develop a flexible and efficient wearable energy supply system. Optical fiber-based energy conversion devices have
attracted more and more attention in the field of flexible wearable devices due to their excellent integration and macroscopic tunability, and are ex-
pected to become an effective solution to the new generation of energy supply problems. In order to further deepen the understanding of fiber-
based energy conversion schemes, this paper mainly reviews the latest research and application progress of piezoelectric, thermoelectric and
magnetoelectric fiber-based energy conversion devices. The preparation methods, performance analysis and wearable applications of piezoelec-
tric, thermoelectric and magnetoelectric fibers are emphasized. Finally, we put forward the problems and challenges in the application of fiber-
based energy conversion devices, also look forward to its future development trend.
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Fig.1 SEM micrographs and mean diameter of PVDF samples with different diameters ( (a) 30+,(b) 30-,(c¢) 60+, (d) 60-) (94 — represents voltage
polarity) ; (e) SEM image of PVDF 30+ cross section' ') ; (f) TEM image of PVDF 30+ ') ; (g) SEM image of PVDF 60+ cross section' ') ; (h) TEM image
of PVDF 60+ 1, (i) dy; piezoelectric coefficient of single PVDF fiber! ') ; (j) schematic diagram of 3D electrospinning wall structure and its packaging

process'2°" ; SEM images of (k) straight wall and (1) toppled wall on paper substrate! 2! ; (m) flexible display of assembled devices
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B2 (a.b) PVDF-TFE ZF4ERE k1Y SEM 122 5 (¢.d) PVDF-TeFE £F4E 31 14 SEM &, J P QR AR EF L IRAG R IR 2T 5 (o) IR A4 1Y
AL R AR 2 2T 5 (0) i £ fL PVDF-TiFE 4K £FAEREIRI 2 5 (o) 23 AR TR B B A0SR0 it Ab FHL S OO b B PR S5 L T3 5 () B READ 4%
SRR SR R AU IR I A ST R G R E B (TR R )

Fig.2 (a,b) SEM images of PVDF-TrFE fiber cross section'?); (c¢,d) SEM images of PVDF-TIFE fiber surface, the insets represent low magnification images
21 (e) simulated voltage and volume strain of different fiber! ) ; (f) the cross section of oil modified porous PVDF-TrFE nanofibers 2/ ;
(g) the concentrations of olive oil of SPPN sensor output voltage and current' 2! ; (h) actual photos of smart gait sensing cushion and scheme diagram of foot
[23]

of the nanofibers!?

pressure distribution statistical system
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B3 (a)l Y2 T AN PLT X PVDF-PZT G0 & - 445 G HLIR K B ARIE BLI /R BRI 205 (b o) PZT-PVDF 40K 52 & £F 41y TEM 12
(d) GRS L7 (o) bR 2 FMLEE AL /R BRI D270 5 () SR AR AR 1 SEM JEIE27) 5 (o) RITAF 414 SEM 12705 (h) AR 4y SEM [ (i
P N MR LT 4 Y R OR BRI L2705 (1) ANIR)JREBE 9 PZT/PVDF % B ML B R D7) (§) IR PZT B0k & & 89 PZT/PVDF % A ML v 277
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Fig.3 (a) Schematic of crystallinity mechanism and B phase formation of PVDF-PZT nanocomposite fibers by electrospinning process and adding PZTI®), (b,
¢) the TEM images of PZT-PVDF nanocomposite fibers'?®) ; (d) folding performance display of fiber membrane'?”) ; (&) schematic structure of the PENGs'?"/ |

(£) SEM image of the fiber film cross section >’} ; (g) surface fibers'?”V; (h) internal fibers ( the inset;the enlarged view of one single fiber) ") ; (i) output
voltages of fiber-based PENGs with different film thicknesses'?”) ; (j) output voltages of fiber-based PENGs with various PZT contents'?); (k) output voltage

contrasts between the fiber-based PENGs and cast film-based PENGs!?]
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Fig.4 (a) NFES process and driver system setting'?®! ; (b) self-generating fabric based on PVDF/BT,, piezoelectric fibers braiding!?®) ; (¢) the combination
of PVDF/BT |, piezoelectric fabric and clothing!®) ; (d) generated voltage from joint bending during walking and running!?) and (e) charging 10 pF capacitor
during 25 steps of PVDF/BT,, (29, () optical microscope image of double fiber coil ( ( 1) highly twisted fibers, ( I ) PVDF, (1l ) PVDF/BT, (IV) PVDE/
tGO/BT, (V) ) PVDE/tGO) ) ; (g) output voltage for single and double fiber coil structure after 100% strain at frequency of 1 Hz[*); (h) photograph of
woven piezoelectric sensor based on PVDF/rGO coils during lifting weight,and (i,j) the generated voltage associated with lifting weight of 1 kg and 5 kg in dif-

ferent positions 3]
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Fig.5 (a) Schematic diagram of CNTF prepared by electrostatic spraying!®’ ; (b) ultra-depth-of-field microscope images of CNTF*) ; (¢) low and (d) high

magnification SEM of CNTF cross section!*’

; (e) schematic diagram of thermoelectric device construction **); (f) optical photograph of film- and CNTF-based

TEGs ,the TEG-1 was assembled by CNTFs and the TEG-2 was composed with CNTs film %! ; () comparison of open circuit voltage of CNT film and CNT fiber

[40] ,

[40] .

under different temperature difference'*’ ; (h) output power of CNT films under different temperature difference'*’’ ; (i) preparation of CNT fibers by wet spin-

ning and assembly diagram of thermoelectric devices'*!

; (j) OM images of mixed solution of carbon nanotubes and hydrochloric acid at different tempera-

417,

tres™); (k) photograph of the CNT fiber woven on a leather substrate to produce the TEG with 40 PN pairs'*"); (1) comparison of indoor and outdoor output

voltage of thermoelectric generator!*!)
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Fig.6 (a) Schematics of the solution-based dedoping method using aqueous PEI solution'*® ; after treatment with (0—100 ¢/L.) PEI solution, (b) the integral
intensity of N1s peak, (inset) the position distribution of N1s peak type, (¢) conductivity, (d) Seebeck coefficient and (e) power factor *) ; (f) thermoelectric
embroidery fabric and fiber toughness display!“’; (g) IPA processing diagram!“’ ; SEM images of the PEDOT PSS fibers (h) before and (i) after H,S0,
treatment' ") ; (j) a magnified SEM image of the PEDOT; PSS fiber in the square box area of (i) #"!; WAXS patterns of (k) untreated and (1) H,80,-treated
PEDOT: PSS fibers, (m) schematic diagram of the chain packing alignment of PEDOT in the PEDOT ;PSS fiberl”! ; (n) maximum output power density as a

function of AT
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B 7 (a)fi%85%/PEDOT: PSS &AMl AR EIE ) ; (b) A 8 M/ PEDOT PSS #h & BUHLURRE 7 (o) A = 4F P-N G54 1 £ e 231476 R ]
TR RE R B 1) (d) PEDOT:PSS/PVA/Te-NWs & 421 4 5 £ 7w 2 1R P00, 848 EG AL B (e g h) R (£) J5 #Y PEDOT: PSS/PVA/Te-
NWs 5 &L 4E 1 SEM [EI500; (i) Bk 2£ DR (ECD) HAR B4 LB ALY (038 CNT LM R P 5 () il 4 1B e 22 s bLE AP JE Ik L i3t/ o1
(T RO R

Fig.7 (a) Schematic illustration for the preparation of the graphene/PEDOT ;PSS hybrid fiber'*! ; (b) graphene/PEDOT PSS thermoelectric generator sche-
matic*); (¢) output properties of the fiber device with three pairs of P-N legs at different temperature gradients'**); (d) schematic preparation of ternary PE-
DOT: PSS/PVA/Te-NWs composite fibers'>) ; SEM images of PEDOT: PSS/PVA, /Te-NWs;s,, fibers (e,g,h) before and () after EG post-treatment at

150 °C 17, (i) schematic description of the inorganic chalcogenide-coated CNT yarn by electrochemical deposition (ECD) technique'>"; (j) the demonstra-

tion of thermoelectric generator prepared on human skin>"!

T - R 2 K S BT A 4 B A BE LA D1 ) i SRR g X
FARJgHRE ™ A b R TR R RO T
LRAERDRHI LA PERE Y ARG A AR R ) A M RE R
FRL 2T A AR B 48k i 1) S B AL 2 0 i) AR UL 9% g 5 L 3R A
PGSR SR VELT e AR I S AT e 2 D 4 AR A
42 . Hyewon % R N SRRV L AN LT U IF 455 B O7
IR T — B e H v S o PR 1 1) SRR P 2 (L
el 8a ) | B I ¥ 2 48 2R BT i SU L S (L
Kl 8b) SRS A (ULIET 8c) il & 1 REHL A AL AR . IR
AT LAM A G2 Sl h e g B, G o 5 i v B e o i
Fenl k3] 3.7 VOILIE 8d) , tEAh BRAGGEI & s T LT 4EST,
RIS 77 R H AU R 1 DL B iy H 2 P RE 1 44 0K 2T 4
TN VLT A R R A JB e T ) | A S P O A
HAREM R,

EIRRE AR BOR RE S i RS Sl £ A AT UL A
Ty EHOA W 1A B R s 5 I o, R O AN B

— RS R I8 AR ) RO B AP e e I e i A
FAELF YAk, HRTRETEST 4E 0 5 2 R I R B YA 4
F YRR R A R FIURT , 33 Ry 12 i 4 19 £ 2 BB 5
JiE 2 FL 3 1 M UL 5 W VA T, PRI e DA FH T AT 2 4
B, W, Lin 255V HGE T —FBURLR 252 07 ik (LB 9a) ,
HRDASRIR IR G W A0 28 v 8 BE R M AR I O =0k 58 il 2L &%
O RE S TR A R A P B AT 2 T i
FT FH ) 4 P A 1 W R A 1 B RORD = R RE M 2 2 (I
K 9b) , Hrh & 20 mg 408l ( Nb,Fe,, B) 0L (4 = Bl Mk 20
LRAETE 25 [T L 2R B ) A 28 T A A A =2 43.9 WV I
HL R DRIt = RO P 20 2 R A A2 e i o W A4 sl 4 (L
K 9c) ., [AI4F, Wang 45 % HBURL I 95 20369 & T —Fhoa]
TERRYE Bl 30458 sl b o 08 3 T4 %) i Fh & L R (DL T
9d.e) ., FTYRLLAYTE L AR AT L i TR R B K, Fe k]
PISRAE 14.3 v BB i R DL & 96 mW B4 D6 (L i+ 1)
e R SRR A L (DL 9f)
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B8 (a)FHAEEL MR T LRI RSP ; (b) Hid & AL R B 55 (o) SR AR AT R RE B IR R GRS (D) R
e 8 U P B A RT3 (2 o) BT PR DR DL P R 1 He e ) (P O R )
Fig.8 (a) Manufacturing process of the conductive composite yarns and the display of its finished product'*) ; (b)composition diagram of magnetoelectric gene-

rator' ™ ; (¢) diagram of the wearable electromagnetic energy harvesting system through human walking[3>' ; (d) comparison of charging waveforms and charging

results of different rectifier circuits at the same frequency (2 Hz) (5

B9 (a)BRITGIL T LamEE  (b) alhrifiny [ fh i R LOt% MR ML E R B 5 (¢) NbyFey, B LR 7E A% AU 1 R 8
(d) T AL ke AL B 10T 5 () T L IR S LML AN IS TR R Bl £ 07 v o ) PR D0 5 () T vk R 4 & v ML ARl vl 2 sl i 1o 0 (ol
FROEIE)

Fig.9 (a) Schematic illustration of particle flow spinning ( PFS) method of generating stretchable Nb,Fe , B magnetic yarns:®!; (b) optical photo of stretc-

[58

hable self-powered sensing yarn and schematic diagram'®’ ; () application of Nb,Fe , B yarn in sensing field ! ; (d) electromagnetic clothing generator sche-

matic diagram'®!; (e) output voltage of electromagnetic apparel generator under different temperature and acid-alkali conditions'®’; (f) application of

electromagnetic apparel generator in microelectronic device field ®]
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FBECD SLAEAURRI 45 14 5 dfb 2= P RE , 76 220 T 48 il
Pk BB R B B R A3, i T R
WA R AR ML T oA T ke, A SCR B T2 1
RE 4B A 25 8800 FH 25 05 T A 48 1 304 f R R A G
FBECD RyffF Tt i , Xt b it A 1 A g n s

(1) JEE A (IR MR LM (PVDF) %) FEEE 20
HUBC M A Ak 22 R e Mgk 32 N FBECD MWF5T, 4R 1M,
I i RS AT B A F 3 3R o RN L BUIR 55 R
B i R T A PR e 2T 40U P i — 45 K R, TR TG
PLUE AR (ANAR TR 9 ( Ba, TiO, ) 45) | Ho 5 1 v S8 5 WA 1L
LA ) R R AR LA B N R AR, TR R AR B i
P e A5, AR MR N7 FH A8 28 P il e S5 4 b, A I Y
Py iR i B 2% T2 AR R P W R B o 2 SR A AL
P4k b A P H A2 A 27 4 HE EL 4 BT L Pk RE
G TRI A, B — 52 A ZE 0 I A

(2) LG TCHL AR L AL (ANl Ak 4T ) FAR BT 38 i 1Y)
R MERE  EIN TP 25 | BUAR e A5 R B ol AR XE I FH T 3R Pk
AU, SEEN TR L, G LSRR S EA S
PMEAC B R BE R AR AR R o, AR AT 14 22 M A A
Kz—, BIRAVLSHE RS YR RETE T IEHL S
TRMR AR R AT Z2 M50 T R 1 B 25 i A LA
FRMFLZME, HATCA BRI ERR @it %5 AL
5 TEHLAAHL AR AT AR A5 7] s L 2 AR M R AL 2 1 1
A, X — AR T AN TR REWERE L
HL T BE S AT I N R

(3) 5# HH FBECD M H, #6H FBECD HAA W H Y
WA A T3 R LA R 1] B BOACIC B, 2 — AR & e
W REVR AL IR . SRAT, SR A% e B T BRI 75 )y 24
8 5 5 B R R M 2 A ELA WG E 25 S A R M 22 REPE AL
L5 I 75 S e, T 25 T %) 8 T R R o A R A T R
SR FIFH IR A 0 6 25 0 R 0K P Oy 2 W o L A M L v
BUBZE M I RE LD e E W — A3 & R 1wl

25 LA FBECD BRI S (A ML 2 0 1k 0 e 2 BB 7 2
AR B BRI & R T Rl AR S — b LA R
TR B R B AT LUK AR JE] B 4 BB R R A e Wi
FEEEAS R RN SRR A TR R L SR, AH L 1 ThT A8 R 4 2
#rF , FBECD Y& J& H AT I I /7 2 0% o i R 14 ) B 5 Bk
fif, (1)FBECD R4 M B AR T i GE IR 5 B g 14,
LR R E— AN EE A R R B AT 2R 4
B2 Fh EL AT e L 3 R SR AR 0 K R ek 5 A, M L
T4 8 d i, o SR IS, U S 8O e AR R R £
THRETZEATAE P B L, [] At 355 P H AR A7 A — 52 32 1 B TR 14 R
W, SECLTERER 2E . UL, A R B A S 3R 0 3 P A
Mk, DASCSEIAA 5 Z R A 502 A, & FBECD i [] 41
23 FATAFAE RIAZ O ) 8, (2) FBECD 75 A f 6 e rp i £
VS et R R B L, 0 T AR E Mk, T DU i R Ak
FBECDAY N EREEAE SR, N4 BRI B S 2800 1Y PN AU 254y
RAARR A 5 P 08 BEL B 0 4710 1 i AL, 2 i 0 2 BB e e 1k

KTt i DUl B2 O EA T SC B, SR i, % F FBECD
il AT AER T, DA BB TRk PR A R 0 R A
Bo g2 I IT K& BE T FBECD 19 7 2 Ak B B H R I
EECARHE S TR M BF S E A, (3) FBECD [ RUBEAL i &
A—A Bk, FAT FBECD B #8488 38 6 2 JHOK ¢, i —
ARG 2 S B (1 P RE ARG R B, O AR DR [ R
—J7 I fE AR OC Tl AL 22 565 IR LA AT T2 &K
HOPRE BTl a6 07 %, 93— 07 TN EEAE A ARHRE S R o R
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