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Embedding n-type CNT foam

(a) Schematic of the fabrication process
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Fig. 6 (a) Image of the fan-shaped leg device and its output performancel®; (b) Schematic of the Y-shaped film device®® (c) Leaf-shaped
film device and its output performancel®3 (d) Kirigami-structured device and its normalized resistance variation with the

number of stretching and twisting cycles(®!
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Fig. 9 (&) Schematic illustrations of realized zigzag-stitch, garter-stitch, and plain-weave Thermoelectric (TE) textiles and the corresponding
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power of plain-weave TE textiles for temperature differences up to 200 ‘C[®4); (b) Configuration pattern of TE fabric loops
(top), performance comparison plot of maximum power density normalized to temperature difference squared AT? (bottom)®4



% 53 H5 4 W

M S5 TMERGB BB B MRS A - 875 -

ZEWIRAFZ) 10nW (% D26 (H R TR 45 %
R, BRI REECNER . Wu 262K p B n
PR TFEMENRZD LB FENLWYIREK,
HAEH T HEREEAT R L, H8 TSR 7 )
FEAERZEIN SR . Ito ZEBME F R 24 H AR il it
CNT/R LIGEE(PEG)E A48, it % PEG HIIKE
KAz LR (1 T o A 17T 353 FR IR /S U R
R ([BMIMIPFe)E N5 44 7], SLHL T CNTIPEG £k
n BBk, BBRENLENUASRN BRI
W, T n BRI SRR Gt A
W 2 R ) e e e, BIVEE A v 2
AN, HBHHSEAE R . DU RAE A S
YR LIRS A B A R RS ) AT 2
WA, & 9b s, Sun ZEB4F| ] PEDOT:PSS
TR i 35 2 45 6 B B S HR 3 ITE RGO
AR T p BT n B 2 NBARERSYy, HbhkB
FB o AE R T AR E R S TR BRI n—p AX B 15
o FIFH 25 i HAR KB 445 e aoK i 41 4 S 40
R, B BRI R A G
(R AT 2 i i A o B R I AT
B8, TS A gEAAE s, BRI AT
CATE WA R SR 5 O S vh — 52 A B SO 3l
S, M B = 4E R R AL . AR T A FA L 4
ZVH SR AL T [ — P, X Fh = Z4E 58 sl T
N R A IR T 2, K T OARRIIR B ) TR
BHIREZWARG T, SEELT HE m SR,
7F 44 K {3 22 F o Y 70 mW/m? 64l T R 2%
AL T b A . Bl S, AR A R
190 000 X 5 XAk FE SR 1) 0.86 m2 #rL Ak}, 7E
IR T4 T 2.6 KIRLZE, 193] 7 ~200 uW )
D 5 ~20 V it R . R, %2R AT S
FrAA A R 1) Tk g2, ot H PR e mT S RE A AR
& SR G0 O P IR I A A Bk B, B Tl
A= X

3 REHFRER

AT, RERABEARERINE R W F i
AR REST AN R T AT R 5, R
BT ERIB 7. ASCAENEI B AR R 254
AL SR, IR RS RGNS
PRI I AL BT 438 IR FUdt g o SRAEAT IR
A RS Bl A S A B RS S, AR
B i A UGS S Mk R, R S e R A e
HeAkfe. SRPEI A SRR 5 1 DU UR TR A AR

PASRERRIE o X T R s A, 8 H AT LK
BB 07 B B3RS/ T 10K iR 22, 1
Rt Bk 55

X RANEAT R AR AR, AT AR LR T
J7 R B PR T R DR R . IR EAL
HRPRL, IR S OKR MUREE M B ST, A5 4%
PEROZRAERE— D, TP EeR AR, ATRAsE
Ul BLBR T 5 ORI D A48 B o T P A A rL A
e BESRAEAT AT Fg bk, TS & R e T S A ] 2
W, DR AR PR T J5 JEOK o 9 2 TR YE
AR RL DL R G U F B2 B AR il 26 75 77, H
A SRR A 88 vl S A A RT DA SEEIL 22 L2 Y i
ThaR . GEETHEBOR AT LA 2 A5 &% B 4% LCD
Bt WA RRBL ARTHARSE il 4555 B 1T .

R RREATIG T RINEERE,  HLsebr B TS
T — AR B  SRAE A S IR HL AR 1) F T A 1k
A BTt — DR o ARGEACA R 5 1H
FABH HLPH S BB R, LA 9% 2 AT R A
KRR o 21 42 L 28 (1 2 BB AR T s
[ M R R EERR L, P A A it
PUAs e e SFIEREMSE . BEAh, HETIAHLERAF
i B H RO LB L 2AR), ALK
ENIRTFE AL AR BB TS S48 ) AT DLEE T
FERERORGE S . THE A3 K BiR-ELA
Pt as 5 B REWIE VAR  KAAGIER, 1Al RES,
AR B DR AN H e L O RF B I AT i R B =y DO AE A 75
R, THERAHR AR B RGO E . IXLE
PRALI S AE TRtz A RO F i T RE AN il
ETZH . AR mIL, HiE T 20
FA LA 22 THREAE BRI S, et R g R 2> 1E
A REOR . RS S A U R AR

L& TRk

[1] ZHANG L, SHI X L, YANG Y L, et al. Flexible thermoelectric
materials and devices: From materials to applications[J]. Mater Today,
2021, 46: 62-108.

[2] BELL L E. Cooling, heating, generating power, and recovering waste
heat with thermoelectric systems[J]. Science, 2008, 321(5895):
1457-1461.

[3] SHI XL, CHEN WY, ZHANG T, et al. Fiber-based thermoelectrics for
solid, portable, and wearable electronics[J]. Energy Environ Sci, 2021,
14(2): 729-764.

[4] YAN Q Y, KANATZIDIS M G. High-performance thermoelectrics and
challenges for practical devices[J]. Nat Mater, 2022, 21(5): 503-513.

[5] ZENG C Y, CHEN K, KOZ C, et al. Kirigami-inspired organic and
inorganic film-based flexible thermoelectric devices with built-in heat
sink[J]. Nano Energy, 2024, 121: 109213.



- 876 - CRERR Th22 300

J Chin Ceram Soc, 2025, 53(4): 862-879

2025 4

[6] SUN S, SHI X L, LIU W D, et al. Cheap, large-scale, and
high-performance graphite-based flexible thermoelectric materials and
devices with supernormal industry feasibility[J]. ACS Appl Mater
Interfaces, 2022, 14(6): 8066-8075.

[7]1 LIL, TIAN B, ZHANG Z K, et al. Highly sensitive flexible heat flux
sensor based on a microhole array for ultralow to high temperatures[J].
Microsyst Nanoeng, 2023, 9: 133.

[8] CHEN W Y, SHI X L, ZOU J, et al. Thermoelectric coolers for on-chip
thermal management: Materials, design, and optimization[J]. Mater Sci
Eng R Rep, 2022, 151: 100700.

[9] HUXTABLE S T, CAHILL D G, SHENOGIN S, et al. Interfacial heat
flow in carbon nanotube suspensions[J]. Nat Mater, 2003, 2(11):
731-734.

[10] YANG S Q, QIU P F, CHEN L D, et al. Recent developments in
flexible thermoelectric devices[J]. Small Sci, 2021, 1(7): 2100005.

[11] LI H, LIU Y L, LI P C, et al. Enhanced thermoelectric performance of
carbon nanotubes/polyaniline composites by multiple interface
engineering[J]. ACS Appl Mater Interfaces, 2021, 13(5): 6650-6658.

[12] GHOSH A, VISHWAKARMA C K, BISHT P, et al. Understanding the
role of oxygen-passivated grain boundary in modulating the
thermoelectric properties of Sh,Tes thin film[J]. ACS Appl Energy
Mater, 2024, 7(12): 5107-5119.

[13] DU Y, XU J Y, PAUL B, et al. Flexible thermoelectric materials and
devices[J]. Appl Mater Today, 2018, 12: 366-388.

[14] CHEN WY, SHI X L, LI M, et al. Nanobinders advance screen-printed
flexible thermoelectrics[J]. Science, 2024, 386(6727): 1265-1271.

[15] SHI X L, ZOU J, CHEN Z G. Advanced thermoelectric design: From
materials and structures to devices[J]. Chem Rev, 2020, 120(15):
7399-7515.

[16] HONG S, GU Y, SEO J K, et al. Wearable thermoelectrics for
personalized thermoregulation[J]. Sci Adv, 2019, 5(5): eaaw0536.

[17] LIU Y J, HOU S H, WANG X D, et al. Passive radiative cooling

enables improved performance in wearable thermoelectric generators[J].

Small, 2022, 18(10): €2106875.

[18] YANG Y, HU H J, CHEN Z Y, et al. Stretchable nanolayered
thermoelectric energy harvester on complex and dynamic surfaces[J].
Nano Lett, 2020, 20(6): 4445-4453.

[19] LEE B, CHO H, PARK K T, et al. High-performance compliant
thermoelectric generators with magnetically self-assembled soft heat
conductors for self-powered wearable electronics[J]. Nat Commun,
2020, 11(1): 5948.

[20] KIM C S, LEE G S, CHOI H, et al. Structural design of a flexible
thermoelectric power generator for wearable applications[J]. Appl
Energy, 2018, 214: 131-138.

[21] YUAN J F, ZHU R. A fully self-powered wearable monitoring system
with systematically optimized flexible thermoelectric generator[J]. Appl
Energy, 2020, 271: 115250.

[22] YANG S, LI Y M, DENG L, et al. Flexible thermoelectric generator
and energy management electronics powered by body heat[J].
Microsyst Nanoeng, 2023, 9: 106.

[231 FAN W S, AN Z J, LIU F, et al. High-performance stretchable
thermoelectric generator for self-powered wearable electronics[J]. Adv
Sci, 2023, 10(12): €2206397.

[24] LEE M H, KANG Y H, KIM J, et al. Freely shapable and 3D porous
carbon nanotube foam using rapid solvent evaporation method for

flexible thermoelectric power generators[J]. Adv Energy Mater, 2019,
9(29): 1900914.

[25] WANG Y C, SHI Y G, MEI D Q, et al. Wearable thermoelectric
generator to harvest body heat for powering a miniaturized
accelerometer[J]. Appl Energy, 2018, 215: 690-698.

[26] WANG Y, YANG L, SHI X L, et al. Flexible thermoelectric materials
and generators: Challenges and innovations[J]. Adv Mater, 2019,
31(29): 1807916.

[27]MIAO L, ZHU S J, LIU C Y, et al. Comfortable wearable
thermoelectric generator with high output power[J]. Nat Commun, 2024,
15(1): 8516.

[28] EOM Y, WIJETHUNGE D, PARK H, et al. Flexible thermoelectric
power generation system based on rigid inorganic bulk materials[J].
Appl Energy, 2017, 206: 649-656.

[29] ZHOU Y, GUO Z T, HE J Q. Redesign high-performance flexible
thermoelectrics: From mathematical algorithm to artificial cracks[J].
2020, 116(4): 043904.

[30] JIN J F, HOU Y, LI C, et al. High-performance waterproof flexible
thermoelectric generators for self-powered electronics[J]. Nano Energy,
2024, 132: 110388.

[31] ZHANG Q H, DENG K F, WILKENS L, et al. Micro-thermoelectric
devices[J]. Nat Electron, 2022, 5(6): 333-347.

[32] GLATZ W, SCHWYTER E, DURRER L, et al. Bi;Tes-hased flexible micro
thermoelectric generator with optimized design[J]. J Microelectromech
Syst, 2009, 18(3): 763-772.

[33] KEE S, HAQUE M A, CORZO D, et al. Self-healing and stretchable
3D-printed organic thermoelectrics[J]. Adv Funct Mater, 2019, 29(51):
1905426.

[34] ZANG J Q, CHEN J Y, CHEN Z W, et al. Printed flexible
thermoelectric materials and devices[J]. J Mater Chem A, 2021, 9(35):
19439-19464.

[35] RUSS B, GLAUDELL A, URBAN 1] J, et al. Organic thermoelectric
materials for energy harvesting and temperature control[J]. Nat Rev
Mater, 2016, 1(10): 16050.

[36] ZHANG J, ZHANG W H, WEI H X, et al. Flexible micro
thermoelectric generators with high power density and light weight[J].
Nano Energy, 2023, 105: 108023.

[37] PARK J W, KIM C S, CHOI H, et al. A flexible micro-thermoelectric
generator sticker with trapezoidal-shaped legs for large temperature
gradient and high-power density[J]. Adv Mater Technol, 2020, 5(10):
2000486.

[38] NGUYEN HUU T, VAN T N, TAKAHITO O. Flexible thermoelectric
power generator with Y-type structure using electrochemical deposition
process[J]. Appl Energy, 2018, 210: 467-476.

[39] LET Y, QIR J, CHEN M Y, et al. Microstructurally tailored thin 3-Ag.Se
films toward commercial flexible thermoelectrics[J]. Adv Mater, 2022,
34(7): €2104786.

[40] OH J Y, LEE J H, HAN S W, et al. Chemically exfoliated transition
metal dichalcogenide nanosheet-based wearable thermoelectric
generators[J]. Energy Environ Sci, 2016, 9(5): 1696-1705.

[41] KIM N, LIENEMANN S, PETSAGKOURAKIS 1, et al. Elastic
conducting polymer composites in thermoelectric modules[J]. Nat
Commun, 2020, 11(1): 1424.

[42] HWANG S, JANG D, LEE B, et al. All direct ink writing of 3D
compliant carbon thermoelectric generators for high-energy conversion



% 53 H5 4 W

M S5 TMERGB BB B MRS A - 877 -

efficiency[J]. Adv Energy Mater, 2023, 13(23): 2204171.

[43] DING Y F, QIU Y, CAI K F, et al. High performance n-type Ag,Se film
on nylon membrane for flexible thermoelectric power generator[J]. Nat
Commun, 2019, 10(1): 841.

[44] HONG S H, LEE T C, LIU C L. All-solution-processed polythiophene/carbon
nanotube nanocomposites integrated on biocompatible silk fibroin
substrates for wearable thermoelectric generators[J]. ACS Appl Energy
Mater, 2023, 6(4): 2602-2610.

[45] HU H, WANG Y, FU C, et al. Achieving metal-like malleability and
ductility in Ag,Te1xSx inorganic thermoelectric semiconductors with
high mobility[J]. The Innovation, 2022, 3(6): 100341

[46] NAN K W, KANG S D, LI K, et al. Compliant and stretchable
thermoelectric coils for energy harvesting in miniature flexible
devices[J]. Sci Adv, 2018, 4(11): eaau5849.

[47] LIANG J S, WANG T, QIU P F, et al. Flexible thermoelectrics: From
silver chalcogenides to full-inorganic devices[J]. Energy Environ Sci,
2019, 12(10): 2983-2990.

[48] HINTERLEITNER B, KNAPP I, PONEDER M, et al. Thermoelectric
performance of a metastable thin-film Heusler alloy[J]. Nature, 2019,
576(7785): 85-90.

[49] VENKATASUBRAMANIAN R, SIIVOLA E, COLPITTS T, et al.
Thin-film thermoelectric devices with high room-temperature figures of
merit[J]. Nature, 2001, 413: 597-602.

[50]1 JIN Q, JIANG S, ZHAO Y, et al. Flexible layer-structured Bi,Tes

thermoelectric on a carbon nanotube scaffold[J]. Nat Mater, 2019, 18(1):

62-68.

[51] YANG Q Y, YANG S Q, QIU P F, et al. Flexible thermoelectrics based
on ductile semiconductors[J]. Science, 2022, 377(6608): 854—858.

[52] ZHAO P, XUE W H, ZHANG Y, et al. Plasticity in single-crystalline
MgsBi, thermoelectric material[J]. Nature, 2024, 631(8022): 777-782.

[53] DENG T T, GAO Z Q, LI Z, et al. Room-temperature exceptional
plasticity in defective Bi,Tes-based bulk thermoelectric crystals[J].
Science, 2024, 386(6726): 1112-1117.

[54] KARTHIKEYAN V, SURJADI J U, WONG J C K, et al. Wearable and
flexible thin film thermoelectric module for multi-scale energy
harvesting[J]. J Power Sources, 2020, 455: 227983.

[55] ZOU Q, SHANG H J, HUANG D X, et al. Bi,Tes-based flexible
thermoelectric generator for wearable electronics[J]. 2022, 120(2):
023903.

[56]HOU S H, LIU Y J, YIN L, et al. High performance wearable
thermoelectric generators using Ag,Se films with large carrier
mobility[J]. Nano Energy, 2021, 87: 106223.

[57]HOU S H, LIU Y J, LUO Y, et al. High-performance, thin-film
thermoelectric generator with self-healing ability for body-heat
harvesting[J]. Cell Rep Phys Sci, 2022, 3(11): 101146.

[58] LIUY, LU Y M, WANG Z X, et al. High performance Ag,Se films by a
one-pot method for a flexible thermoelectric generator[J]. J Mater
Chem A, 2022, 10(48): 25644-25651.

[59] WEI M, SHI X L, ZHENG Z H, et al. Directional thermal diffusion
realizing inorganic Sh,Tes/Te hybrid thin films with high thermoelectric
performance and flexibility[J]. Adv Funct Mater, 2022, 32(45):
2207903.

[60] AO D W, LIU W D, CHEN Y X, et al. Novel thermal diffusion
temperature engineering leading to high thermoelectric performance in
Bi, Tes-based flexible thin-films[J]. Adv Sci, 2022, 9(5): €2103547.

[61] YUAN X J, QIU P F, SUN C Y, et al. Extraordinary self-powered
Y-shaped flexible film thermoelectric device for wearables[J]. Energy
Environ Sci, 2024, 17(14): 4968-4976.

[62] LU Y, ZHOU Y, WANG W, et al. Staggered-layer-boosted flexible
Bi,Tes films with high thermoelectric performance[J]. Nat Nanotechnol,
2023, 18(11): 1281-1288.

[63] ZHOU Q, ZHU K, LI J, et al. Leaf-inspired flexible thermoelectric
generators with high temperature difference utilization ratio and output
power in ambient air[J]. Adv Sci, 2021, 8(12): 2004947.

[64] GUO Z P, YU Y D, ZHU W, et al. Kirigami-based stretchable,
deformable, ultralight thin-film thermoelectric generator for BodyNET
application[J]. Adv Energy Mater, 2022, 12(5): 2102993.

[65] CHEN C, WANG R, LI X L, et al. Structural design of nanowire
wearable stretchable thermoelectric generator[J]. Nano Lett, 2022,
22(10): 4131-4136.

[66] HANSEN T S, WEST K, HASSAGER O, et al. Highly stretchable and
conductive polymer material made from poly(3, 4-ethylenedioxythiophene)
and polyurethane elastomers[J]. Adv Funct Mater, 2007, 17(16): 3069-3073.

[67] KANG Y H, BAE E J, LEE M H, et al. Highly flexible and durable
thermoelectric power generator using CNT/PDMS foam by rapid
solvent evaporation[J]. Small, 2022, 18(5): €2106108.

[68] WANG X D, LIANG L R, LV H C, et al. Elastic aerogel thermoelectric
generator with vertical temperature-difference architecture and
compression-induced power enhancement[J]. Nano Energy, 2021, 90:
106577.

[69] WANG L M, BI H, YAO Q, et al. Three-dimensional tubular graphene/
polyaniline composites as high-performance elastic thermoelectrics[J].
Compos Sci Technol, 2017, 150: 135-140.

[70] KHAN Z U, EDBERG J, HAMEDI M M, et al. Thermoelectric
polymers and their elastic aerogels[J]. Adv Mater, 2016, 28(22): 4556-4562.

[71] LIU Y J, WANG X D, HOU S H, et al. Scalable-produced 3D elastic
thermoelectric network for body heat harvesting[J]. Nat Commun, 2023,
14(1): 3058.

[72] YAMAMOTO N, TAKAI H. Electrical power generation from a knitted
wire panel using the thermoelectric effect[J]. Electr Eng Jpn, 2002,
140(1): 16-21.

[73] KIM M K, KIM M S, LEE S, et al. Wearable thermoelectric generator
for harvesting human body heat energy[J]. Smart Mater Struct, 2014,
23(10): 105002.

[74] KIM S J, WE J H, CHO B J. A wearable thermoelectric generator
fabricated on a glass fabric[J]. Energy Environ Sci, 2014, 7(6): 1959-1965.

[75] LU Z S, ZHANG H H, MAO C P, et al. Silk fabric-based wearable
thermoelectric generator for energy harvesting from the human body[J].
Appl Energy, 2016, 164: 57-63.

[76] RYAN J D, MENGISTIE D A, GABRIELSSON R, et al. Machine-
washable PEDOT: PSS dyed silk yarns for electronic textiles[J]. ACS
Appl Mater Interfaces, 2017, 9(10): 9045-9050.

[771 DU Y, CAl K F, CHEN S, et al. Thermoelectric fabrics: Toward power
generating clothing[J]. Sci Rep, 2015, 5: 6411.

[78] JIAY H, SHEN L L, LIU J, et al. An efficient PEDOT-coated textile for
wearable thermoelectric generators and strain sensors[J]. J Mater Chem
C, 2019, 7(12): 3496-3502.

[79] ALLISON L K, ANDREW T L. A wearable all-fabric thermoelectric
generator[J]. Adv Mater Technol, 2019, 4(5): 1800615.

[80] ELMOUGHNI H M, MENON A K, WOLFE R M W, et al. A



- 878 - CHERR Zh 4D J Chin Ceram Soc, 2025, 53(4): 862-879 2025 4

textile-integrated polymer thermoelectric generator for body heat [83] ITO M, KOIZUMI T, KOJIMA H, et al. From materials to device

harvesting[J]. Adv Mater Technol, 2019, 4(7): 1800708. design of a thermoelectric fabric for wearable energy harvesters[J]. J
[81] LEE J A, ALIEV A E, BYKOVAJ S, et al. Woven-yarn thermoelectric Mater Chem A, 2017, 5(24): 12068-12072.

textiles[J]. Adv Mater, 2016, 28(25): 5038-5044. [84] SUN T T, ZHOU B Y, ZHENG Q, et al. Stretchable fabric generates
[82] WU Q, HU J L. A novel design for a wearable thermoelectric generator electric power from woven thermoelectric fibers[J]. Nat Commun, 2020,

based on 3D fabric structure[J]. Smart Mater Struct, 2017, 26(4): 045037. 11(1): 572.

Multi-Dimensional Design of Flexible Thermoelectric Devices: Performance
Optimization and Application

LIN Junyu, HUANG Yangqi, LV Jingyi, YANG Minwen, SHUAI Jing, HOU Yanglong
(School of Materials, Sun Yat-sen University, Shenzhen 518107, Guangdong, China)

Extended Abstract

Flexible thermoelectric devices with the advantages of deformability, small size, portability, stability and reliability are widely
studied, which can realize the combination of complex heat sources and maintain good thermoelectric conversion under dynamic
deformation. Compared with conventional block thermoelectric devices composing of block thermoelectric materials and rigid
components, flexible thermoelectric devices are more flexible in adapting to the geometry of the heat source and can collect more
energy. Therefore, the development of flexible thermoelectric devices as a research direction with a great application potential in the
field of thermoelectric technology has attracted much attention. Flexible thermoelectric devices can effectively adapt to the complex
surface shape of the heat source in the real scene, as well as the special conditions caused by dynamic deformation, and meet the
unique requirements of flexible electronic devices. As a result, flexible thermoelectric devices have a great potential for some
applications, such as versatility, power for small portable devices and sensor applications.

In this review, the performance evaluation indexes of flexible thermoelectric devices are introduced, and the key performance,
interface factors and the important influence of flexible stability indexes on flexible thermoelectric devices are summarized. This
review represents the existing relevant research and summarizes the progress in three areas, i.e., flexible substrate devices,
low-dimensional flexible devices, and fiber thermoelectric devices. Flexible substrate device is a typical form with the superior output
performance. In contrast to the application limitations imposed by the immutability of bulk thermoelectric materials, the flexible
substrate device is initially flexible through a flexible design that combines flexible components with rigid thermoelectric legs. The
flexibility and wearability of substrate devices are significantly enhanced via optimizing the adaptability of flexible components and
employing systematic designs. Also, some studies focus on special application scenarios, and deeply explore the flexible endowing
methods for such devices to achieve optimization and innovation of preparation methods. The advent of low-dimensional flexible
devices effectively overcomes the inherent limitations of flexible substrates in improving flexibility, which is reflected in improving
the applicability of flexible devices in complex, small and dynamic environments. The different application for different heat flow
directions are clarified through the in-depth investigation of the design of external and internal heat flow transfer. In the case of thin
films for out-of-plane heat flow transfer, although it is difficult to maintain the temperature difference in the film thickness direction,
the films are thin and easy to process, thus having an advantage in small and micro-integrated applications. In the case of thin films
for in-plane heat flow transfer, the direction of heat flow is designed to propagate in the in-plane direction, and the temperature
difference can be maintained in a large lateral range for efficient conversion of heat energy. In the domain of fiber thermoelectric
devices, there exist applications that depend directly on structural flexibility. These applications involve the coating or integration of
thermoelectric materials directly onto a fiber substrate with highly deformable properties. There are examples of thermoelectric
materials prepared in fiber form and optimized for thermoelectric efficiency by virtue of a unique textile architecture that combines
the advantages of material flexibility and structural flexibility. These flexible thermoelectric materials retain a high degree of
flexibility and permeability, and have the advantage of manufacturing cost-effective and reliable high-volume products through
industrial processes at room temperature. This property makes the material show a great application potential in flexible electronic
devices.

This review systematically summarizes the related research progress and points out the synergistic enhancement of flexibility,
stability, and output performance during the preparation and design optimization process. This provides a useful reference and
guidance for the preparation and design optimization of flexible thermoelectric devices.

Summary and prospects Although flexible thermoelectric technology has made remarkable progress in waste heat power
generation, wearable devices and smart textiles, having a great application potential, there are still a series of problems in practical
application. Therefore, a more systematic and comprehensive study is needed. The output of flexible substrate thermoelectric devices
depends on the heat harvesting area and temperature gradient, and can produce power densities ranging from a few microwatts per
square centimeter to a few milliwatts per square centimeter. However, the interface thermal resistance of low-dimensional flexible
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devices will lead to a low conversion efficiency, and its preparation technology is still limited to a large-scale application. Major
challenges for fiber thermoelectric devices include building larger temperature gradients in the direction of heat flow, designing
scalable architectures, improving mechanical stability, and enhancing comfort. In addition, the development of advanced preparation
technologies such as magnetron sputtering and pulsed laser deposition will also achieve a large-scale production. Also, the
combination of boost and energy storage technologies, such as efficient DC-DC converters and new energy storage systems, will
effectively solve the problem of low output voltage of thermoelectric devices, so that they can directly drive low-power sensors or
communication modules. Finally, with the further development of interface stability and flexible design of flexible substrate
thermoelectric devices, flexible thermoelectric devices will be more widely used in wearable technology, smart textiles and some
related fields.

Keywords flexible thermoelectric devices; thermoelectric films; thermoelectric textiles; thermoelectric materials; thermoelectric
performance



