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Application and research progress in flexible wearable intelligent
materials for 24 h physical behavior monitoring

GUO Jia', TANG lJiakai', HOU Shaoqging',ZHANG Dong®,CAO Chunmei"

(1 Division of Sports Science and Physical Education, Tsinghua University , Beijing 100084, China;
2 Institute of Artificial Intelligence in Sports, Capital University of Physical Education and Sports, Beijing 100091, China)

Abstract: Modern lifestyles are associated with significant public health concerns, including sedentary
behavior and sleep disorders. Flexible wearable intelligent materials, characterized by excellent
biocompatibility and continuous signal acquisition capabilities, are becoming a pivotal technology for the
precise 24 h monitoring of physical behaviors (e.g., activity, sedentariness, and sleep). This review aims
to dissect the current research landscape in this field, from theoretical foundations to engineering
applications. It first explores the use of flexible electronic interfaces in physical activity monitoring,
highlighting how material innovations have enabled the expansion from macroscopic biomechanical sensing
to microscopic metabolite tracking. The role of these materials in identifying sedentary behaviors is then
analyzed, focusing on high-sensitivity designs for capturing postural transitions and assessing physiological
load. For sleep health, the discussion centers on unobtrusive material systems for long-term monitoring of
respiratory and sleep rhythms. Furthermore, to support the extended operation of such wearable devices,
this review synthesizes advanced self-powering and energy storage solutions, such as triboelectric
nanogenerators, photovoltaics, and biofuel cells. Persistent challenges are identified, including the lack of
standardized validation, limited battery life, and insufficient understanding of the complex correlations
between behavior and physiology. Future progress is expected to depend on the convergence of material
innovation, multimodal sensor fusion, optimized artificial intelligence algorithms, and large-scale clinical
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trials, ultimately contributing to a comprehensive smart health management ecosystem.

Key words: wearable device ; physical activity ; sedentary behavior;sleep ; health

Bt BB A AW A, AT A 36 07 Uk 2 T TR
ZVAE A RIS AR G B AN R | o A AL 2R 5 K |
I e fick 24— 2R 97 o LA B ) L A 35 Bl - A Ay
o - MR B 24 h B AT by 55 N A Al B 2 DDA O
CIET 1) AT AT AF e BE AR A R 4k S 47 38 B A4 T3 908
gy, N A BBAT 23 U P AR SE R G ok
TUTHTSE IR 3 2% 5 0 B MR 5T 65 14— A5 N 3 %) B4 AR

o Ages 5-17

Ages 3-4
+ strengthening

« =180 min daily activity
+ =60 min MVPA daily
+ =3 days/week bone/
muscle strengthening

‘Evidence-Based Benefits

Sleep onset latency |
Total sleep time 1

Circadian disruption

II = =60 min MVPA daily

« Diverse aerobic activities ~ «
+ =3 days/week vigorous

AR SRS X — R BRAERE PR, LLPETH A b
KPS H AR AT EF SRR R A o AR A R
AT T X A E AR A T IO 2 A M, DA
WEBRTT YR JEBSE T EE SRRl 10 JUHAE 24 h B iAAT
S M 75T, AT 2 A o RE A6 3 Sk LA AR B AT
i LS R T Bl A > B IR | A7 R ik A%
G W T BT R A4 (R [ 12 AR | F2 0 2 A5 T

Ages=65

30-60 min

* Same as adults
* Move more if limited

BT W73 8- A M 47 -ER AR 5 24 h B IRAT 0 5 AR R 1) 5
Fig.1 Relation of “physical activity-sedentary behavior-sleep pattern” 24 h physical behavior and human health

TR B PR3 S W D) = AR DN B T A T
L R GER AN BT o X 2R e A3 PR FRABCR (M
PEoi , HL# Ll N 51 E T4 E B AR (A i
AR ), —E R LA T 2l RO R T
H R e BEAOh  ZIEHAR UMY 2 IR, XL
FUS S MAMARTE A AR T 2 RKAT A RHIE . JEHAE
FREE NS 000 B g < s o ) 22 S IR AL, A [
B R AR IO IE T+ 32 R, e R 9 A
B Mtk , B 5 O AE 1 Al 2 s A
XTSI A I A v ) A I LA DG R S

AR, PR T 5 AN TR RERHA R R M S itk
PEFEHES) T — AT B A A . AR
AT LA S A 5 A A A T DA AR Y S R o R A
BHTE AN RARET o X BB RE 5 LR S 5 b
Wi, i REAE AT TP TR AR T S B X AR B
75 S I SE FoE RTRIR A . T, R
B I 25 5 i 1 A A ST 2 P A
T BE , T O SR S RIS B RS LAY 24 h
B AL R WIS E T IS B A

BT M AR R TR A TR AR & 24 h



B4t He

TE 1] 24 P U7y Wi D00 07 P 40 SR P T 2 SR8 R A T 5 i e 15

SR D ) b B K REAE JH , 28 G0 Mt B 288 i X
fi A= i VA AIE A S 00 R B R 4 B S BSR4 IR AL
i, LA R AR T3 36 3l A A AT g 5 R = R A AT A
U b R PR RS, 5 7R A S ok A B 1] R B T 2
R YR BT 5 i PRI S A 2 A0 BEE S HE, D 9 T
DNARBEREKF- B v [ AR T Bk

1 24h BT AENREEERE

24 h BRI B W 1E AE D S50 2 W A 1 A
SRIRME”, B AR R S B B 4 %o 67 3 vk 5 2 4 bk, S
R B ) A5 I DR Sk 152 2 12 SR I e 1 o
Hir.

R A 1 sl 5 A A TR G Y 3 b ] 2R
R A A A R R Y U T
AU HE AR IR BRI R SRS s RN AR
P ALFE < S CRTATD) ™ RS e 2
SNSRI NN = S SN Rl $S 30
SEOTT o 7 B AR N 403, 32 IR 2N AR B IR A
sy EOW B IR IS X SR A R
FHAE 85 HIRS R A R S R AR R A
e, XEEZIRA (B ERALERE T A S, M T2
PEA R AR 2 DT BC W 258 3 o AR 1 s o S
7 T ) TR 3

R K500 T e AN e WL AN [R] L E R & 2
B S e PR vy da ch N (=R ARTIUINSE s BT INE 0 R o
JULTA 9% 557 55 5 T ) 43 A, BB RIS TE S B+
1 R <1 (T SN EA W 7/ e S - SIS 41
Ji B R 3 o 2% A L M R R R EE AR W LA
SR H A 1 S s W, B K T N AR AL
JEAFY B RR YT S AR s T AL O
DN B = R 3 o ) e ) A R A o AR iE Bl
A= PR 28 (CAnprfh HLE 25 il ) SEt i R i fE
5 N AT AR AT 18 3 A B DA R3S AR
DL B A BEAE AR AR AR WD , ¥ B R 27 2, 005 B
PG 0 RRAR AR AR OB 8 A X R A DG
P EE TN S AR S AR WA AT AR L RER
BT

AT IR FH SR, 22 ] 2F 88 2 i A4 B IE
MR —ZE M 2 e A 2R R, H 7 T IRIE R
ST AL M, SE 5 SRR 1 S A WA A M
R o FEFMERLR)Z T I, RIWE AL (PT) R X R —
FR 2, B (PET) .SEBS LI & Ecoflex ,PDMS %t
PERBA Rz i 0w Hd ) PLS PET HA R
I i FARRUE TR T A A 38 1 4 3R T A A

B LA BB RO H S5 40 5 T SEBS  Ecoflex 5
PDMS Hh T AR 33 A A1 R g %) m Bz A, o A
FHL PR W R 2R RS A BE 2 SUE T, AT (8
MRS B RTEIG A1020 FEAR IS BT T, M Xene
(4N Ti,C,T,) K EA & S E RS AR 1e 57 L
SRR Bl TR B R R S AR O A A i 0t
TR ANK A A 20 ML ARz B TR AR R
J1'5 M2 A R M FL A RE (A PZT) g 3
iF S5 B S I A ) 2EAE T ) L S Y R AU
e A BT In,O, S ALY F AR 1 2 1 i A
B DLW B PR ) RE AL L, BEAS A R LI R
R 4 10 e R M ARG HE R BR S B WA T
1A, WP 2% K BE I (1 PVA/PAAmM ., B i /PAAm ) B%
AR, E A w0, BENS A R T R R G B AR
E PR I R AR AR R ) R XU 0 [ st 4 Bt
LA 3 A B TS AR A AT T ST T
IR 5T SR A SR EE R
Filfl )71, PDMS  Ecoflex . SEBS LA K £ F 2% PU i
I TR ER i S a2 TR 4 AR 2R B A R
(LA ok 22 5 Rz 1Pk S 45 ¥ B B B2 ) RE 8 1 R IE
o [ U B 1% [T e 2 Bz Bk i As sl fh 22

2 MR I ROR X B A& ap R AE A AT A
MERRIE S REEAR

TER ARV BHRAT I Z 00, & e ihis F kvl
L AR TE I 0 % (heart rate, HR) | I 4010 A1
(blood oxygen saturation, SpO,) . /> Hi, (electrocardio-
gram, ECG) ., )l # (electromyography, EMG) . iii H,
(electroencephalogram , EEG ) 55 & fith A iy A B A5 5 1)
HESL  JCIAL W T Y BT R (1] 2074 ik e fE S
VPR PR DI RRAR B % O F6 R AR T A R SE
DI RGE IR RS 12 3h RGN TARIRAS 2
TR ARG~ I/ R 1 151 2 S A9 R
AR R AR AR5 A M LA S T S
BEHS SpO,/ Bk F8 W I LA K G IR S AR 345 T g
THRGA
21 FUBRMBEEYEESEN
2.1.1 L fE S I

HR JE VAR A RTE B 5 Az i o AR R L0 148
TP AR O AR BRAE AR . FEUIRAS TR B9 HR AT LU e
BLAAR FE A A IEHPR A B AR 0o 238 ] DAPEA 78 [ 00 I 71
o SRS R 7 i S A A 2l W D ) BE A A2 Bl 1 e
JEUE.OAVRESY . BT, iz 3R A HR W 3=
Bl i ECG FOG HL 28 BUK I (photoplethysmogra-



16 BT R

2026 4= 6 H

wrate varjs,
= b7
veart ratg 4

w
3 | zE
o B | 7] Q o
a o ( L=y o >
o o e 52
Z % » S

S % basic W S A ped

K: ) £

& (RS £ |

S " )

ion g\eC =S

Pl 2 etk AT SR LA 1 SERH A B A o ) DGR R T 44480

Fig.2 Key technology of flexible wearable devices

in basic vital signs!¥7+4-4!

phy, PPG) PRI AR SZH . ECG Ji s e I A kAR
FR G B A B 5, RS ARAIE HIR O W1 3 RO HIE &5 44
AL A S B . 54 Ag/AgCLEER Bl 7 51 i
Bkt B, HIRA G B s &y = A B8, 53
A N MRS E SR R A
T LI, AR A58 48 1 FL 2R AR T S ARAE F G
FREPAE 7 BT B 28 1 T R o E 5> T H )2 T, Lin 86
TER (3,4- L —HWEW ) - R LR R (PEDOT :
PSS) M Z Hg | A ZERERE SN kB 4% , il 1 18 9 AL
I ARAS T A7 FCB £ (7 MPa) 578 L 55 (102 S/cm)
(2R €0 A , % F AR T SE B R i S,
SRR M R - AR 18 B BH (100 Hz Bif 48.2 kQ+em?)
IFE EMG \ECG J EEG {55 R4 h R B AL (IR Mge 75
HREMKDFE S 50X 2B T R v
B, Yang S5 £ T 22 R E A/ R (SF/PPy) B4
AW R, R 22 R 7R T PR T (5 i A
AR B 5 R R B T o A T v R AR G W I PR
B AE R WE I e g BB B (] R, 2321 P B R Gl 2o
PORMEIHT 5 G5 1A IR IR] , SEB T v R L 1) Bk A
Kot i A5 SR, fEHIE T2 5ot Jrim , Park
SR P 4 T B ] 5 AR ) 2 ) SR T I e / R 2
(PI/PEG) ) FEALIR W) , 0 38 A 53 B 15 3 1 2 AL 454
T T R B S B Ag/AgCl S HL M 45 5 i I 4]
VT AR 3090 MR A R4S T AT RE PR R E 1Y
BT, ik B2 L 3878 SV (heart rate variability
HRV) /#1285 T Jht . 7EdR R ah ) 54 1

Kim S8 IF & 15T ROl i s R 4t il b
JEREEACA 4.1 pm A TEHLEME B GEER S5 206 LED
SRR AR L L S T R N A il 42 (2.4 mm)
il JFC R 08 WU B 148 F i R 4 A 4 A el R S 1Y
WX FERFAE I TE
2.1.2 AW G

Bk HR 1 SpO, %A= R IE 4N , EMG #1 EEG %54
Yy A 5 0 S WU AT AL IR 55 R e 2 R )R T
S B RRS R EEA G E . EMGR2H S
WG] & LA 4 B AL PTG S, B 2
Tz dhFRE I GRITAL FE s R S, SR
1M, A G 3 0 WU 5 32328 s s T4, JUHZ I 2005
S5 R AR FIFHPTAE L . BT XX —[A) 8T, Park
G R T B RAFRAP A S AR 7 22 9 B R
T TR RBE NG S5 R 2 R A M E& T3
IR AC R Rl A 100 0 1A AR e A K3 T T SRk
J¥ie 4 B P B L 7E 7 2 TUART J5 T, SR T e LA i
T R 8% TR Bz JoR TV A8 - A e A e 2 M, DA O e
WUHLAR 5 Bt . Zhang 4194 IE T —Flvi 5 8 0] 38
545 S/cm, 7E 30 % H J1 i A8 B B AR AR AL R 5.5 % Y
Al EEARANE S R G T Hbk , 738 RS A5 AT 3R
ARG R A5 T, Fa T RE 4 T+ 7E 44
JETE VR 5 (R ) 5 R I 4% T R I
A R R B B TR M B L A M S R - T
P R A% AL A 5 ) T R Rl BT Bl o 33X A
LEIEA, W BE B BEAR T 32 sh P 9 AR . IE4h,
Zhang %550 52 Jz ik v < oot B 1 - R IR R R A 45
()i 2, TF i — o i e b 2k . HO O R
WP i) B8 1E 5% U TR L I 5 e Stk £ A LA B
X ol HL () Ak LA T e S L e R R R A R
T 5 AN ASC A R I A 5 ] PN PR R AT I L R
TR, A Rl A I 3T 2R ARk e 1 AR A WA L AT
MR T RGEME S AME . T K S A R g
ZURY) , TS T L S5E 355 0 A2 ) F
HLA FERE TR AV IE B . AT EMG, EEG figi% H %
S e H X A 28 2R 8 1 B, A B IR 43 350 DA £ e DA
AR SR, G S IREAR, 5 22 sl
5 FLURG e B Rz JR BT (4 5% i), o3k R - F bl B T )
e M 72RO M e AR R T R
Mk, 2T X EEG AR FE S BAT W5 T SE iR
FE R R R AR AT ELPk R (i AR 24 h 22 W rh
IS A AE N BEIR SRS SRS T b 5.
2.2 RFHRLS I E/EKE S

SpO, 2 1ML 7 A A ML2T 3 A 5 BT 45 A il 21 &
IR LR, BB T I 4R o 5 485 4RU e 0 A L B G



B4t He

TE 1] 24 P U7y Wi D00 07 P 40 SR P T 2 SR8 R A T 5 i e 17

Fo FEARET SpO.Rete i W NARIFIRE R 55 0 1A
ARG RGO . 76 BRI 2 i A8 o W SpO, AT L)
S B PPA SRR SRR 57 A 0 R BT W Sp O,
A LLHS Bl 00 B A5 A B B R A () RO SR M
SpO. W A 5% H A, © MU 2834 B TR A 2 SO0
PERMRE PR R T I 4 L e B R 2R R A PR T
Felici 55 1 /L 3 pm JE 1 B & W) & 6 4 (or
ganic light-emitting diode , OLED) 545 #LG i #8045
(organic photodiode, OPD ) A £E R, SEIE T JoIE A A IfiL
S5 BRI B X Ha A% S i SR ARE A D AE ]
B, Lee BN 42 T — IR A R Bt o %,
HoR I TEHL A MO R GIR, LA G A DL
HL AR OB E S g 2 R T2 4R
B, 38 A OPD By W WoRs I 5 S T2 , A 80 i
T EHREG DTT 7E BEE AR K 2l D AR ) [R5 T
X SpO. 15 S HIHEE 1 . Kang %5518 1 )8 % 57
FTLs I SR e &2, B TR B A 5 A kg ke
N SR G W) D' H et AR S B T A v P PR R B,
FEF IR 35 %] T 1.00X 10" Jones, £ <<5 V AL HL R
TR AT S A R A A R TR . I Ah , Polat S5
VAR TN B R R IR, S B A S R4
PR32 N - R A S il o S A i S 5
T SCREVE SR T IE IR0 TS AR, S o i i
AL 7Rl fE

FERE TG MRS B 5 PR R e MU 1T, Lee 55556
T HAL 250 pm W —4EZ WL T, & 2L
LOLPIRN G A ROGEF gE R A iz S R MO
PRI E5 45 6, F o] 2 S A0 W DU s e, SR L vy
ik gl R T T MR TR B L R T LA S5 8 4R
Ao Jinno SEUVER XA ML R PR AR e MO, 3 2o
FIAR O WG O A BB Z I B3] B s F 45
g, B RS T R B R AR, BRI T B TR ARG
XA AOK 90 RE FE 1 H B2 R 0 2B L BB AR A
KA E o WA, S 7382 K7 W75 5K, Lai
G T —Fh I T AT e B RS 2R
TR ZA IR LB T A G TS e S5 A
SERE PRI LA M FRE o 1B S RHA RN E A it
HL, A B o DR ECA A R G | e 8 25 A Y 55 A AT
Shy ) FEE R BE AR L) R B AR W L R G4 TR R
P o 5 LTI, 2 i AR 0 DA S Y A B T )
PERE KARUE R e F ARG AL . XA R
SRR RLG b SE 4 R RS HE L B I PR 9%
BRI BE T IR AL
23 XMAIFBIZENERHREEEMZEF

FE T IE R ESE TR R W 15 R, 12

Al PRI A TG — AR A PR AR - el 72 2 5 5t U4
PRFFR AR E A5 AT, [ I 3 B0 A1 26 7 Ho, 50 B 48 R 3l
MR — 7 I AR RESEAE A ) ke F L RE S TC
M — AR EOR , BT SCHUAE IR bR Sl E =
BMF . Wang S0 & B — Rl 282 AL H AL RE Y
REREER R G, RGUAE L T R PEAS BRA™ X FH AE vt , 4
JGREFE AL HLRE , i AR Y 22 4> 7 A% IS RN A%
F B T BR TR AR RSN R PR A AR . AR AR
A AT BN 1 46 1A i i 1 27 239 (plasma-
enhanced energy textile, PEET) , il i B4 [ 4K <A
HL ] "ML AR AR 20 AR (PATL AT P(VDE -
TrFE) ) ZKEF4E )2 Z [a] L 1~ A A 22 5%, 3K Sl A g
RAMACAT B, SEI T A 19 B iR, )
g ARG EOR . B TOLRER AL Y BOR e
BT KA LA AR JT , Saifi 55 & 19 90 pm
T S P BB R B -7 i AR 48 (flexible energy harvest-
ing and storage system, FEHSS) , ¥ & %A HLGAR (or-
ganic photovoltaics, OPV) 5 Hi i £ 25 - Hi{ith (zinc-ion
battery, ZIB) 81, HINAE EEH 10 mW /em?, BE it % J&
# 5.82 mWh/cm?, FEHSS 5 4t 4 Jo I ALK I [8] 11 £
B S it T AR R Bh S ks . AT A R R
FERE R AR A RE Ty T APk K, Min 2522 0F R T4
R K P g f 3K 20 9 3 3 SRR SRR
g5, HR PR UE 2 55 R0 K B fig i i ABE , RIVAe
BN Re s 58 2 . Ak, He
SRR T AR A R R B, S ] SR G
HPET — ST AN T TR R g b R B AR, AR 3D
G, R N2 RIS ZE 2 PE R g8 454 | i i
FELUY) N A e A T 22, 7R DR e a8 ROME AT 3
A R, TS EUA R RE R AR 5 2 W PG T R E
fan it o BRIAEERE SR AL AR BF Y S H AR TN
PR R A S LR . A0 Li VB R 1 Pola-
Tex FZ AN HTPE A T AARAE A HL A, L 50/60 Hz
5T W R S (N2 10 A L I A 25 ) e I i e 6, deesy

Byt 10.2 mW /A, BN ER S0 A M0 e 4 o A I R
S ] i LR A% 50 I e g R A AV B 1L
Lin 88" & 1) 36 TS 4 R £ 4 i Be Ak i 25 R
W e PR RV S 43 4T 4R B iU BIA ) oy, HwT R T 5
T B LR RN £ P, S bR . Ding % °BIER 11
AT H, IO 28 G R T 2R i 25 BE VTR (24 4004~/ em®)
3 WA BT, 8 o LR R A W) KL A L (biofuel cell,
BFC) L & W, IRy Al hiff AgCl-Zn HI Wl 81, , o5
AT BTG Sh . RGN T 2 B8 AL s 5 W o Ak,
A ST A A LR S O AR Y B e
JoL .



18 BT R

2026 4= 6 H

T LA 0, 7 R T 2 R AR R Y A B
SERAETE(WEMG ECG M R IERB A FES)) 345
O3 AR 5 AT MO 2 1 PR B 5 T e e L L, D)
PREE(E SR e S RG] MY BRORE ,

TG LRI LE 802 B DY L 6 8, LA
] 735 L S ) R RE 5, SRR B A
W 35 6 0 KRBT . 3% LR T R
PERT 5B RHIAE RGO PERE LA,

x1 FREFEAFEMBHERERFEH TR

Table 1  Performance comparison of flexible wearable energy systems

Energy-harvesting
Energy source Output performance

technology

Cycle/stability

Application scenario Ref.

7 >16%, P >10.2 mW/cm?,
»>>5.82 mWh/cm?

OPV-ZIB Indoor/outdoor

integrated system  light

BFC-AgCl-Zn Finger sweat VOC (BFC) : 1.4 V; battery

microgrid (lactate ) pack output:~2.0 V;
continuous power supply
PEET textile Garment friction p: 4.46 W/(m?-Hz);7: 19%
(mechanical
energy)
PolaTex fabric Ambient Maximum energy recovery:

electromagnetic 10.2 mW/person; sufficient to
field (50/60 Hz)

Gait  mechanical Wireless self-powered, stable

power a heart rate monitor
TENG smart

insole energy output

OPV: >92% retention after 500 h;
ZIB: >86% capacity retention after
200 cycles; system maintains ~>80%§

efficiency after 500 bending cycles

Self-charging without motion;
supports long-term continuous
operation

Performance  exceeds conventional

TENG by over two orders of

magnitude; scalable integration

Wearable sensors, smart [61]

watches

Multi-metabolite [64]
monitoring , health

assessment

Sportswear, high-power [60]

wearable energy systems

Utilizes human body as “antenna” ;

enables distributed, continuous power

motion; material durability is critical

Low-power office [63]

devices, wireless sensors

Performance depends on sustained Gait analysis, foot [65]

biomechanics monitoring
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