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Abstract 
 

Recent advances in materials science, biomedical engineering, and device design have driven the development of next-generation skin-attachable 
wearable healthcare systems capable of continuous, real-time, and non-invasive monitoring of diverse physiological parameters. This review 
summarizes recent progress in advanced materials, such as soft elastomers, intrinsically stretchable conductors, hydrogels, and nanocomposites, 
which enable intimate skin integration and stable operation under deformation. Structural design innovations, including serpentine interconnects, 
island-bridge configuration, are discussed as well in relation to mechanical durability and wearer comfort. Additionally, advances in integrated 
physiological sensors ranging from ECG, PPG, and EEG to SpO₂, blood pressure, glucose, and temperature monitors are examined for their role 
in enabling comprehensive, multi-modal health monitoring within a single wearable platform. These sensors transduce diverse bio-signals into 
measurable electrical data with clinically relevant accuracy, while IoT-based wireless communication and AI-assisted analytics enhance remote 
diagnostics, personalized baseline tracking, and real-time anomaly detection. Key challenges and future research directions are outlined to guide 
the clinical translation of these technologies into robust, decentralized healthcare solutions capable of operating reliably in real-world 
environments. 
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INTRODUCTION 

 
Recent advances in wearable bioelectronics have accelerated 
the development of skin-attachable healthcare systems capable 
of real-time, continuous, and non-invasive monitoring of 
diverse physiological parameters. These systems, which 
conform seamlessly to the human skin, are poised to 
revolutionize personalized medicine, early disease diagnosis, 
and decentralized healthcare services. However, to fully realize 
their clinical potential, such systems must be designed to 
address both practical medical needs and the complex 
biomechanical properties of the human body. This has led to 
interdisciplinary efforts in materials science, biomedical 
engineering, and device design. One of the primary 
motivations behind these systems is the growing clinical need 
for portable, real-time measurement platforms that allow 
continuous health monitoring outside of clinical settings. 
Traditional hospital-based diagnostics are often limited by 
time, location, and patient accessibility, making it difficult to 
capture transient or chronic physiological abnormalities. 
Wearable healthcare devices provide a promising alternative 
by enabling long-term, at-home monitoring of vital signs such 
as heart rate, muscle activity, skin temperature, hydration level, 
and biochemical markers in sweat. These capabilities are 
especially critical in managing chronic diseases, monitoring 
recovery from surgery or injury, and supporting aging 
populations. To support these applications, advanced materials 
for wearable healthcare systems have been at the forefront of 
research. Recent developments include soft, skin-like 
substrates (e.g., PDMS, Ecoflex), intrinsically stretchable 
conductors (e.g., PEDOT:PSS, CNTs, Ag nanowires), 
hydrogels with ionic conductivity, and biodegradable or 
breathable films.  
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These materials exhibit mechanical properties closely matched 
to skin while maintaining stable electrical performance during 
deformation. Moreover, the incorporation of nanocomposites 
and self-healing polymers has improved device durability, 
signal fidelity, and biocompatibility essential features for long-
term skin-interfaced operation. In parallel, structural and 
system-level design strategies have been progressively 
advanced to satisfy the multifunctional performance demands 
and ensure ergonomic compatibility with dynamic skin 
surfaces. Structural innovations such as serpentine 
interconnects, island-bridge configurations, and kirigami-
inspired geometries have been employed to enhance 
mechanical stretch ability and strain isolation. Additionally, 
multilayer device designs combining breathable adhesives, 
encapsulants, and soft interfaces help maintain strong skin 
adhesion without irritation. System-level integration of flexible 
batteries, wireless communication (e.g., NFC, BLE), and low-
power circuitry also supports untethered, continuous operation 
for practical deployment. At the heart of these platforms are 
the physiological sensors that capture and interpret bio-signals. 
These include electrophysiological sensors (e.g., ECG, EMG, 
EEG), temperature and pressure sensors, and chemical sensors 
for detecting sweat biomarkers like glucose, lactate, or 
electrolytes. The miniaturization and multiplexing of such 
sensors enable multi-modal health monitoring from a single 
device. Recent efforts also emphasize data processing and AI-
assisted analytics to interpret signals in real-time, improving 
diagnostic accuracy and clinical utility. In this review, we 
provide a comprehensive overview of the materials and design 
strategies that underpin next-generation skin-attachable 
wearable healthcare systems. The discussion is structured 
around four key aspects: (1) clinical needs driving real-time 
portable monitoring platforms, (2) material innovations 
enabling flexible and biocompatible interfaces, (3) device 
design strategies for robust performance and comfort, and (4) 
physiological sensors and signal acquisition methods. By 



integ
curre
direc
labor
healt
 
Clin
 
The 
syste
towa
Trad
based
incre
chron
dema
wear
enab
phys
Thes
dyna
oxyg
activ
supp
and 
are c
disea
and 
arrhy
conti
finge
patch
scree
supp
also 
recov
by e
settin
must
mech
energ
stand
 

Fig

 
Devi
skin 
sensi
Real
decis
bio-s
gain 

1064

grating insigh
ent challenge
ctions needed
ratory prototy
thcare solution

ical needs for

clinical dem
ems has rapid
ard personaliz
ditional diagno
d equipmen
easingly insuf
nic diseases, 
and for cost-
rable healthca
bling continuo
siological sign
se systems p
amic physiolo
genation, bod
vity, and gluco
porting early 
timely clinica
critically nee
ase monitoring

PPG (Pho
ythmias or 
inuous glucos
er pricks; neu
hes for seizu
ening, where
port early dete

play essent
very, remote r
enabling con
ngs. However
t achieve high
hanical comfo
gy autonomy,
dards (Fig. 1).

gure 1. Standa

ices must be 
irritation an

itive populati
-time data 
sion support t
signals into a

clinical trus

48                         

hts from rec
es, representa
d to transiti
ypes to clinic
ns. 

r portable rea

mand for po
dly grown in

zed, preventiv
ostic practices
nt and inte
fficient for ma

the needs o
-effective car

are systems of
us, real-time, 

nals directly o
provide a un
ogical signal

dy temperatur
ose levels wit
diagnosis, lo

al intervention
ded in applic
g, where real-
otoplethysmog
ischemic ev

se monitoring
urological dis
ure tracking; 
e temperature
ection of febri
tial roles in
rehabilitation,
ntinuous data
r, to meet rea
h signal fideli
fort, robust w
, while ensuri
. 

ards of healthca
nee

soft, stretchab
nd support 
ions such as
processing a
tools are equa
actionable me
st and adopt

       Internationa

ent studies, 
ative applicat
ion these te
cally and com

al-time measu

ortable real-ti
n response to
e, and decent

s, which rely o
ermittent me
anaging the ri
of aging pop
re. In contras
ffer a transform
and non-inva

on the human 
nique opport
ls such as h
re, sweat co
th minimal pa
ong-term dise
n. Clinically, 
cations such 
-time ECG (E
graphy) sign
vents; diabete
g without the 
sorder manag

and even i
e and respir
ile illnesses. T
n telemedicin
, and mental h
a acquisition
al clinical ne
ity, long-term

wireless data 
ing complianc

 

are systems for
eds 

ble, and breat
long-term u
 pediatric or
and integrati
ally important
edical insights
tion, the sen

al Journal of Sci

we highlight
tions, and fu
echnologies 
mmercially v

urement syst

ime measure
o the global 
tralized health
on bulky, hosp
easurements, 
sing prevalen

pulations, and
st, skin-attach
mative solutio

asive monitorin
body in daily

tunity to mo
heart rate, b

omposition, n
atient burden,
ease managem

wearable de
as cardiovas

Electrocardiog
nals can d
es care, thr
need for freq

gement, with 
infectious di
ratory monito
These technolo
ne, post-oper
health manage
n outside cli
eds, such sys

m biocompatib
transmission,
ce with regul

 

r meeting clini

thable to mini
use, especially
r elderly pati
ion with cli
t to transform
s. Furthermor
nsing accurac

ience Academic R

t the 
future 
from 

viable 

tem 

ement 
shift 

hcare. 
pital-

are 
nce of 
d the 
hable 
on by 
ng of 

y life. 
onitor 
blood 
neural 
 thus 
ment, 
vices 

scular 
gram) 
detect 
rough 
quent 
EEG 
sease 
oring 
ogies 
rative 
ement 
inical 
stems 
bility, 
, and 
atory 

ical 

imize 
y in 
ients. 
inical 

m raw 
re, to 
cy of 

wear
med
filter
requ
mate
bioin
desig
capa
and 
platf
asse
digit
Low
data
to 
diag
nece
harv
gene
seam
heal
risk 
thera
has 
mon
infra
devi
satur
valu
the 
syste
use 
Inter
engi
syste
clini
heal
tools
dece
clini
 
Adv
 
To m
heal
com
prop
class
nano
disti
body
poly
tuna
proc
exce
mec
blen
like 
mec
exhi
PPy 
reten
elect
CPs 
skin

Research, Vol. 06

rable system
dical devices,
ring algorith

uirements high
erials such as
nspired interf
gn. Additiona
abilities (e.g., 

mechanical 
form can pr
ssments, align
tal diagnostics

w Energy and
a streaming to

clinicians, 
gnostics. Powe
essitating the 
vesting strateg
erators. The 
mless integrati
th records an
assessment, p

apeutic interv
underscored 

nitoring soluti
astructure whi
ices, capable 
ration, and b

uable during th
development

ems should b
cases, patien

rdisciplinary 
ineers, clinicia
ems that are 
ically meanin
thcare techno
s in the fu
entralized, an
ical needs with

vanced mater

meet the grow
thcare device

mbine excellen
perties is crit
ses are co
ofillers, and l
inct advantag
y. CPs such 
ypyrrole (PPy)
able electroche
cessability. I
eptional electr
hanical ducti

nding with su
PVA, ena

hanical failur
ibit high elec

hydrogels 
ntion, ideal fo
trical conduct
offer excellen

n conformabil

6, Issue 09, pp.10

ms must be 
 requiring o
hms, and 
hlight the imp
s conductive h
faces with er
ally, the incor
combining ele
signals) wi

rovide more 
ning with the
s. Wireless te

d near-field co
 cloud-based 
facilitating 

er managemen
use of low-

gies such as 
future of c

ion of such w
nd AI-based a
personalized t
ventions. More

the urgent n
ons that can r
ile maintainin
of tracking 

body tempera
his global heal
t of next-ge

be driven by a
nt behavior, 

collaboration
ans, and data
not only tec

ngful. Ultima
ologies are p
uture of med
nd patient-cen
h unprecedent

rials for wear

wing demand 
s, the develop
nt electrical, 
tical. Among
onducting p
liquid-metal (
es for seamle
as PEDOT:

) have attracte
emical proper
In particular
rical conducti
ility, with en

upramolecular 
abling stretch
e1. PANI and 

ctroactivity an
offering low

or bio-interfac
tivity is gene
nt molecular t
lity, making 

0647-10651, Sept

comparable 
optimized sen

adaptive ca
portance of int
hydrogels, na
rgonomic and
rporation of m
ectrophysiolo
ithin a sing

comprehens
 emerging tre

echnologies, in
ommunication
healthcare pl
telemonitorin

nt remains a 
-power electr
thermoelectr

clinical health
wearable syste
analytics to s
treatment plan
eover, the CO
need for con
reduce the bu

ng patient safe
respiratory p

ature, have p
lth crisis. In li
eneration we
a deep unders
and environm

n among m
a scientists is 
chnically soph
ately, skin-at
oised to beco
dicine by en
ntered care, 
ted accessibili

rable health-c

for high-perf
pment of adva
mechanical, a

g the most p
polymers (C
(LM) compos
ess integratio
PSS, polyani
ed significant

rties, stretchab
r, PEDOT:P
ivity (up to ~
nhancements 

additives or 
hability over
PPy-based na

nd mechanica
w impedance
ing and sensin
rally lower th
tunability, inh
them key ca

tember 2025 

to gold-stan
nsor design, 
alibration. T
tegrating adva

anocomposites
d modular sy
multimodal se
gical, biochem

gle skin-attac
sive physiolo
end toward ho
ncluding Blue
n, enable real
atforms or dir
ng and re
critical bottle
ronics and en
ric or triboel
hcare envisio
ems with elect
support contin
ns, and closed
OVID-19 pand
ntactless, real
urden on healt
ety. Skin-attac
arameters, ox

proven particu
ight of these n
earable healt
standing of cl
mental variab

materials scien
essential to c

histicated but
ttachable wea
ome indispen
nabling real-
addressing cr
ity and precisi

care system 

formance wea
anced material
and biocomp

promising ma
CPs), metal-b
sites, each off
n with the h
iline (PANI),
t attention for
bility, and solu
PSS has s

~2,700 Sꞏcm⁻¹
achieved thr
flexible poly

r 100% wi
anocomposite
al robustness, 
e and high-
ng2. Although
han that of m
herent softness
andidates for 

ndard 
noise 

These 
anced 
s, and 
ystem 
ensing 
mical, 
chable 
ogical 
olistic 
etooth 
l-time 
rectly 
emote 
eneck, 
nergy 
ectric 

ons a 
tronic 
nuous 
d-loop 
demic 
l-time 
thcare 
chable 
xygen 
ularly 
needs, 
thcare 
inical 
bility. 
ntists, 
create 
t also 
arable 
nsable 
-time, 
ritical 
ion. 

arable 
ls that 
atible 

aterial 
based 
fering 

human 
, and 
r their 
ution-
hown 
) and 
rough 
ymers 
ithout 
s also 
with 

water 
h their 

metals, 
s, and 

soft, 



bioco
nano
nano
nano
exce
requi
stretc
cond
500%
inter
coati
enha
Pt na
longe
elect
mech
comp
uniqu
defor
elast
mech
cond
cond
main
LM 
insen
adva
Ga-I
for lo
requi
prop
gene
comp
integ
comp
toolk
phys
 
Desi
 
To 
perfo
and d
acco
stretc
topog
embe
comb
mate
emer
serpe
inspi
bioco
 

Fig

1064

ompatible ele
ofillers such 
oparticles (
ostructures p
eding 10,000
iring high 
chable matri

ductivities ove
%, making t
rconnects4. To
ings and alloy
ance biocompa
anowires furth
evity. The
trophysiologic
hanical durabi
posites based 
ue combinati
rmability. W
tomers, EGa
hanically or 
ductive netw
ductivities in 
ntaining stretc
systems inher
nsitive conduc
ances such as 
n (bGaIn) sy
ong-term wea
ired to prev
erties of LM

eration wearab
pliance and re
gration of C
posites offers
kit for advanci
siological mon

ign approach

ensure long-
ormance of w
dynamic body
mmodate sig
ching, bendin
graphy witho
edded compo
bination of 
erials integrat
rging as parti
entine interc
ired geometri
ompatibility in

gure 2. Diverse

9                          

ectronics. On
as silver 

(AuNPs), 
provide ultr

0 Sꞏcm⁻¹), wh
signal fidel

ices like PD
er 100,000 Sꞏ
them ideal f
o mitigate th
yed nanostruc
atibility and c
her suppressin

ese nanoco
cal monitorin
ility are param
on eutectic g

ion of metal
When dispers
aIn remains 

optically s
works. Thes

the range o
chability exc
rently exhibit 
ction, and low
porous LM fi
stems offer b
arable use 7. A
vent leakage
Ms make the
ble healthcare 
eliable perform
CPs, metal-ba
s a versatile 
ing skin-interf
nitoring applic

es for wearab

term mechan
wearable health
y movement, s
gnificant mec
ng, twisting, an
out compromi
onents. These 

innovative 
tion, with se
icularly effect
connects, isla
ies, and surf
n metallic con

e geometrical d

      Internationa

n the other h
nanowires 

and core-s
ra-high con
hich is crucia
lity3. AgNW
DMS or SE
ꞏcm⁻¹ and stre
for stretchabl
he cytotoxicit
ctures have b
chemical stab
ng ion leachi

omposites a
ng, where si
mount. Meanw
gallium-indium
llic conductiv
sed as micr

electrically
sintered, form
e composite

of 1,000–20,0
eeding 1,000
self-healing c

w mechanical h
iber mats and 
breathable and
Although enca
e and oxida
em highly s
systems wher

mance are req
ased nanoma

and multifun
faced electron
cations. 

ble health-car

nical reliabili
hcare systems
structural desi
chanical defo
nd conformin
ising the elec

challenges a
geometrical 

everal key d
tive. Notable 
and-bridge la
face modifica
nductors (Fig. 

 

design for mak

al Journal of Scie

hand, metal-b
(AgNWs), 

shell Ag-A
nductivity (
al for applica

Ws embedded
EBS can ach
etchability be
le electrodes 
ty of silver, 
been develope
ility, with Ag
ing and impro
are vital 
ignal quality 
while, liquid-m
m (EGaIn) of
vity and ext
rodroplets w
y inactive 
ming percol
es can ach
000 Sꞏcm⁻¹ w
0%5. Furtherm
capabilities, st
hysteresis6. Re
printable bip

d robust platf
apsulation is 

ation, the un
suitable for 
re high mecha

quired. Overal
aterials, and 
nctional mate

nics in medica

re system 

ity and elec
s under contin
ign strategies 
ormation suc
ng to complex
ctrical integrit
are met throu

engineering 
design approa

examples inc
ayouts, kirig
ations to enh
2). 

king stretchabi

ence Academic R

based 
gold 

Au-Pt 
often 

ations 
d in 
hieve 

eyond 
and 

gold 
ed to 
g-Au-
oving 

for 
and 

metal 
ffer a 
treme 

within 
until 

lating 
hieve 
while 
more, 
train-
ecent 
hasic 

forms 
often 
nique 
next-

anical 
l, the 

LM 
erials 

al and 

trical 
nuous 
must 
h as 

x skin 
ty of 

ugh a 
and 

aches 
clude 
gami-
hance 

 

ility 

Serp
moti
inter
patte
ultra
enab
appl
torsi
the 
desig
rang
simi
stret
1% c
8 rep
strai
~300
prom
elect
intro
rigid
sens
mec
islan
serp
strat
inter
from
dem
elect
al. 1

incre
 
A t
geom
Japa
intro
or b
poly
rotat
bend
stret
effec
Kirig
meta
thus
The 
geom
to a
tradi
addr
critic
cond
cond
wear
and 
conc
ions
and 
To m
silve
This
enha
cond
hybr

Research, Vol. 06

pentine interc
if widely ad
rconnects are
erned in sinus
athin, soft elas
bles extreme
lied in-plane 
ion, or rotatio
conductive p
gn, serpentin

ging from ~1
ilar and fra
tchability exce
change in elec
ported serpen
in, while Xu e
0% strain an
mising path 
tronics. Build
oduces a het
d functional c
sors, or power
hanically isol

nds are interc
entine or z
tegically loc
rconnect regio

m mechanical 
monstrated str

trical failure, 
10, who also 
ease stretchab

third strategy
metries, whic
anese art of
oducing precis
brittle materia
ymer substrate
tion points th
d out-of-plane
tchable mater
ctively distrib
gami-based d
al films, enab
 preserving e
review by H

metric pattern
achieve mech
itionally cons
resses mechan
cal considera
ductors into 
ductors, silve
rable sensors 
reasonable m

cern with pro
 (Ag⁺), which
tissue damag

mitigate this is
er nanowires (
s strategy sig
ances oxida
ductivity and
rid conductors

6, Issue 09, pp.10

connects repre
dopted in so
e typically co
soidal, meand
stomeric subs
 mechanical

tensile strai
on modes ther
aths themselv

ne interconne
100% to ove
actal-inspired 
eeding 2000%
ctrical resistan

ntine interconn
et al. 9 demon

nd areal fill f
for dense, 

ding on this c
terogeneous s
components su
r modules are
lated from th
onnected by 

zigzag condu
calizes mech
ons, thereby p
stress. Devic

retchability fr
as exemplifie
presented ex

bility. 

y involves 
ch draw ins
f paper cut
sely patterned

als such as m
es. These cut

hat allow the 
e under tensil
ials can be re
bute and isol

designs have b
bling significa
electrical cont
an et al. 11 di

ning, including
hanical comp
sidered rigid
nical deformat
ation, particul

skin-contact
er (Ag)-based

due to their 
mechanical c
longed skin c

h can induce 
ge commonly 
ssue, a thin go
(AgNWs), for
gnificantly su
ative stabilit
d mechanical
s offer a cost-

0647-10651, Sept

esent a foun
oft electronic
omposed of 
dering, or spr
strates. The se
 stretchabilit
in into out-o
reby reducing 
ves. Dependin
ects can acc
r 300%, whi

designs ha
%, all while ma
nce. For instan
nects that sus

nstrated self-si
factors around

high-perform
oncept, the is
structural arc
uch as integra
e mounted on
he surroundin
flexible “brid
uctive traces
hanical defo
protecting the
ces based on 
from 150% 
ed by the sem
xtensive mod

the use of 
spiration from
tting. This 

d cuts or slits i
etal films dep
ts create mec
structure to e

le strain. As a
endered stretc
late strain ac
been successfu
ant deformatio
tinuity even u
iscusses the u
g kirigami, as
pliance in el
. While stru
tion, biocomp
larly when in
ting devices.
d materials ar
excellent elec

compliance. H
contact is the 
cytotoxic effe
referred to a

old (Au) shell 
rming core–sh
uppresses Ag
ty, while 
l stretchabilit
-effective com

tember 2025 

ndational struc
c systems. T
conductive t

ring-like shap
erpentine geom
ty by conve
of-plane buck
localized stra

ng on the sp
commodate s
ile advanced 
ave demonst
aintaining less
nce, Zhang Y 
stain up to ~2
imilar designs
d 50%, offer
mance stretc
sland-bridge l
hitecture, wh
ated circuits (

n “islands” tha
g substrate. T

dges” compos
s. This app
ormation to 
e rigid compo

this strategy 
to 200% wi

minal work of 
eling strategi

kirigami-ins
m the tradit
method inv

into otherwise
posited on fle
chanical hing
expand, unfol
a result, even
chable, as the
ross the stru
ully applied to
on without fra
under large st
se of buckling

s effective me
lectronic mat
ctural engine

patibility rema
ntegrating me
 Among va
re widely us
ctrical conduc
However, a m

leaching of 
ects, inflamm
as silver poiso

can be coated
hell nanostruc
⁺ ion release
preserving 

ty. Notably, 
mpromise comp

ctural 
These 
traces 
es on 
metry 
erting 
kling, 
ain in 
ecific 
trains 
self-

trated 
s than 
 et al. 
286% 
s with 
ring a 
chable 
ayout 

herein 
(ICs), 
at are 
These 
sed of 
roach 

the 
onents 

have 
ithout 

f Li et 
ies to 

spired 
tional 

volves 
e rigid 
exible 
ges or 
ld, or 

n non-
e cuts 
cture. 
o thin 
acture 
trains. 
g and 

ethods 
terials 
eering 
ains a 
etallic 
arious 
ed in 

ctivity 
major 
silver 
ation, 

oning. 
d onto 
ctures. 
e and 

high 
such 

mpared 



to us
witho
the w
nano
sheet
strain
oxida
and 
altern
summ
perfo
are 
geom
inter
defor
funct
other
surfa
Toge
deve
opera
chall
 
Phys
 
Phys
the 
enab
inclu
oxyg
temp
asses
(ECG
elect
T wa
inter
typic
ampl
 

(Fig

 
Phot
optic
chara
0.5–4
brain
neura
alpha
band
heart
respi

1065

sing pure gold
out the prohib
work by Park

owires with a
t resistance (t
n up to 80%. 
ation and Ag
biocompatibil
native to fu
mary, the 
ormance of s

increasingly 
metrical desig
rconnects and 
rm harmoniou
tion; kirigami
rwise rigid 
ace treatment
ether, these a
eloping next-
ate reliably 
lenges of the h

siological sen

siological sen
human body 

bling the tra
uding cardiac 
gen saturatio
perature into m
ssment. As a
G) captures th
trodes, with di
aveforms. Cli

rval (0.12–0.2
cal signal f
litudes in the m

gure 3. Typical

toplethysmogr
cal systems to
acteristics, rev
4 Hz range.
n electrical act
al oscillation
a (8–12 Hz), 

ds. Other vita
t rate, most 
iration rate, ty

0                          

d materials, de
bitive material
k et al. 12 de
a uniform go
to ~8.3 Ω/sq)
More import

g⁺ ion leaching
lity making i

ully gold-bas
mechanical 

skin-interfaced
determined

gn and mat
island-bridge 

usly with the 
i-based strate
materials; an

ts ensure sa
approaches pr
-generation w

under the 
human body. 

nsors in weara

sors serve as 
 and wearab
ansduction o
electrical act

on, glucose
measurable ele
a widely used
he heart’s elec
iagnostic inter
inically relev
20 s) and QT
frequencies 
millivolt rang

l form of electr
of P, Q

raphy (PPG)
o estimate blo
vealing systol
 Electroence
tivity through
s across delt
beta (13–30 

al parameters 
accurately 

ypically 12–1

       Internationa

elivering enha
l cost. Suppor
emonstrates t
old layer sign
 and improve

tantly, the gol
g, enhancing 
it a practical 
sed stretchab

resilience 
d wearable h

d by the s
terials innov
configuration
skin while pr
gies extend th
nd biocompa

afety and lon
rovide a robu
wearable elec

mechanical 

able health-ca

the primary 
ble health‐mo
of diverse b
tivity, brain w

e concentrat
ectrical data f
d method, el
ctrical activity
rpretation bas

vant parameter
T interval (0
spanning 0.0

ge (Fig. 3).  

 

rocardiograph
QRS, T 

) employs 
ood volume c
lic and dicroti
ephalography 
h scalp electrod
a (0.5–4 Hz)
Hz), and gam
commonly m

derived from
6 breaths per 

al Journal of Scie

anced perform
rting this appro
that coating s
nificantly red

es durability u
ld shell suppr
chemical stab
and cost-effe
le electrodes

and funct
healthcare sys
synergy betw

vation. Serpe
ns allow devic
reserving elec
his adaptabili
atibility-enhan
ng-term usab
ust framework
ctronics that 
and biochem

are system 

interface betw
onitoring syst
biological sig
waves, respira
tion, and 
for real‐time h
lectrocardiogr
y via skin‐atta
ed on P, QRS
rs include the

0.20–0.40 s), 
05–120 Hz 

 
hy signal consis

LED–photod
changes and p
ic peaks withi

(EEG) mea
des, character
), theta (4–7 
mma (25–140
monitored inc

m ECG or P
minute in he

ence Academic R

mance 
oach, 
silver 
duces 
under 
resses 
bility 

ective 
s. In 
tional 
stems 
ween 

entine 
ces to 
trical 
ity to 
ncing 
bility. 
k for 

can 
mical 

ween 
tems, 
gnals 
ation, 
body 

health 
raphy 
ached 
S, and 
e PR 
with 
and 

sting 

diode 
pulse 
in the 
sures 

rizing 
Hz), 

0 Hz) 
clude 
PPG; 

ealthy 

adul
pneu
via 
cuffl
oxyg
dual
rang
or m
pred
whe
phys
Mod
sens
bioc
com
with
remo
tools
adva
clini
pers
man
intro
amb
(Uni
dete
from
smar
in F
leve
alert
has 
envi
 
Con
 
Wea
chan
platf
By 
engi
offer
mon
natu
intri
cond
intim
stabl
Con
inter
inter
com
now
elect
incre
com
assis
insig
diag
dise
mon
popu
rema
with
exte

Research, Vol. 06

lts and meas
umography; b
cuff‐based m

fless techniqu
gen saturati
l‐wavelength 
ges of 95–100
mmol/L, are c
diabetic, and 
ther measur
siological re
dern wearable
sing modalitie
chemical sen

mprehensive a
h IoT‐based w
ote diagnostic
s for real‐tim
ances in artif
ical value 
onalized, con

nual labeling. 
oduced in Aug
bient intellige
iTS) to establi
ct subtle dev

m high‐fidel
rtwatches. Th

F1 score over
raging large 
ts into clinica

been succes
ironments. 

nclusion 

arable skin-a
nged rapidly 
forms capable
integrating 

ineering, and 
r the potentia

nitoring of a 
ural, everyday 
nsically stretc
ductive polym
mately to skin
le electrical 

ncurrently, stru
rconnects, isla
rfaces, have 

mfort. Physiolo
w support m

trophysiologic
easing prec

mmunication m
sted analytics
ghts beyond 
gnostics. Thes
ase manage

nitoring, and 
ulations. Des
ain, including

hout irritation
nded untethe

6, Issue 09, pp.10

surable via c
blood pressur
methods but 
ues such as 
ion (SpO₂), 
PPG (660 n

0%. Blood glu
critical for dia

diabetic sta
red at the 
egulation an
e platforms 
es (e.g., ECG
nsors) into 
and continuou
wireless conne
cs and data‐dr
me, multi‐para
ficial intellige

of physio
ntinuous anom

A notable ex
gust 2025, wh
ence, and a
ish individual

viations in re
ity ECG m

his system dem
r 12 state‐of
language mod

ally meaningfu
ssfully deplo

attachable he
from concep

e of transform
advances in 
system-level 

al for continuo
wide range 
 environment
chable condu
mers, have e

n while mainta
performance

uctural design
and-bridge lay
improved bo
ogical sensor
multi-modal 
cal, biochemi
ision. When
modules, low
s, such syste
the constrain

se capabilities
ement, enha

support pr
spite these ad
g ensuring re
n, developing
ered operatio

0647-10651, Sept

chest movem
re, still predo
increasingly 
pulse transit 
 determined

nm and 905 
ucose levels, 
agnosing and 
ates, while 
skin or co

nd environm
increasingly 

G, PPG, SpO₂
a single 

us health mo
ectivity, these
riven analytic
ameter health
ence have fur
logical wea

maly detection
xample is "A

hich integrates
a universal t
lized physiolo
al time acros
monitors to

monstrated a ~
f‐the‐art detec
dels, it also t
ul narratives f
oyed in real

ealthcare sys
ptual prototy

ming the deliv
materials s

design, these
ous, real-time
of physiolog

ts. Material in
uctors, biocom
enabled devi
aining mechan
e under repe
n strategies, in
youts, and bre
oth wear abil
s embedded 

data acqui
ical, and phy
n combined
w-power elec
ems provide 

nts of traditio
s are poised t
ance post-op
reventive hea
dvances, sign
eliable long-te
g power solu
on, and estab

tember 2025 

ent or imped
ominantly obt
estimated thr
time; and b

d optically 
nm) with he
reported in m
managing no
body temper

ore reflects 
mental influe

integrate mu
, temperature
device, ena

onitoring. Co
e systems faci
s, providing r
h tracking. R
rther enhance
arables, ena
n without exte
AI on the Pul
s wearable sen
time‐series m

ogical baseline
ss devices ran
 consumer‐

~22% improve
ction methods
translates tech
for caregivers
‐world home

stems have 
ypes to funct
very of health
science, struc
e technologies
e, and non-inv
ical paramete

nnovations, su
mpatible subst
ices that con
nical durabilit
eated deform
ncluding serpe
eathable multi
lity and long
in these platf
isition, capt

ysical signals 
d with wir
ctronics, and

actionable h
onal hospital-b
o improve ch

perative reco
althcare in 
nificant challe
erm skin adh
tions that su
blishing clin

dance 
tained 
rough 
blood 

via 
ealthy 
mg/dL 
ormal, 
rature 

both 
ences. 
ultiple 
e, and 
abling 
upled 
ilitate 
robust 

Recent 
ed the 
abling 
ensive 
lse"13, 
nsing, 
model 
es and 
nging 
grade 
ement 
s. By 
hnical 
s, and 
e‐care 

been 
tional 
hcare. 
ctural 
s now 
vasive 
ers in 
uch as 
trates, 
nform 
ty and 
ation. 
entine 
ilayer 

g-term 
forms 
turing 

with 
reless 

d AI-
health 
based 

hronic 
overy 
aging 
enges 

hesion 
upport 
nically 



validated data interpretation frameworks. Furthermore, large-
scale clinical trials, standardized testing protocols, and 
regulatory pathways will be essential for translating laboratory 
achievements into widely adopted medical devices. Looking 
forward, the convergence of soft, bio-integrated materials, 
intelligent signal processing, and user-centric design will be 
critical in realizing the full potential of skin-attachable 
wearable systems. By addressing current technical and 
translational barriers, the next generation of wearable health-
care electronics can serve not merely as diagnostic tools, but as 
integral components of personalized, decentralized, and data-
driven healthcare ecosystems. 
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