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ABSTRACT

Smart bandage is an emerging technology as the next generation of wound care systems that integrate real-time, continuous
monitoring with active therapeutic functionalities. Recent studies propose a variety of sensing components in a mechanically
flexible format that are capable of measuring key physiological indicators such as temperature, pH, and humidity, which provide
critical insights into the wound healing process. Such systems incorporate therapeutic modules designed to promote tissue re-
generation and accelerate healing, and wireless platforms enable the seamless integration of both detection and treatment abilities
into a single, compact electronic dressing. This paper provides a comprehensive overview of smart bandage technologies, cover
ing monitoring sensors, therapeutic strategies, and wireless systems along with the demonstrated efficacy in preclinical studies,
highlighting the potential of smart bandages for remote, personalized, and intelligent wound care.
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Fig. 1. Principles of the wound healing process. (a) Sche-
matic illustration of the wound healing process
comprising four stages of hemostasis, inflam-
mation, proliferation, and remodeling.
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Fig. 2. Approaches to Monitoring of wound. (a) Sequential images of an epidermal electronics system (EES) placed

around a cutaneous wound (top), with the corresponding infrared (IR) thermography (bottom) during healing
from day 1 to 30. (b) Comparison of temperature changes in sensors on EES over a month after surgery,
with the inset indicating six sensors positioned near the wound sites. (c) Measured temperature and electrical
resistance under mechanical stretching (top) and bending (bottom) conditions. Adapted with permission from
[7]. Copyright 2014, Wiley-VCH. (d) Schematic illustration of an all-solid-state PANi-based pH sensor
integrated with a flexible laser-induced graphene (LIG) electrode, showing proton transfer-induced sensing
mechanism. (e) Electromotive force (EMF) responses of PANi-based pH sensor as a function of pH level (5,
7, and 9). Adapted with permission from [10]. Copyright 2014, Wiley-VCH. (f) Schematic representation of
the working principle of poly(vinyl alcohol) (PVA) nanomesh-based humidity sensor, depicting structural
deformation upon water uptake. (g) Real-time resistance changes of humidity sensors during repeated
respiration, with an optical image of PVA nanomesh. Adapted with permission from [11]. Copyright 2019,
American Chemical Society.
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Fig. 3. Therapeutic strategies for acceleration of the wound healing process.(a) Schematic illustration of an electrical
bandage (e-bandage) system for electrotherapeutic wound care with three key components: (i) disposable
e-bandage; (ii) silk-based ionogel; (iii) reusable pulse generating module (PGM). (b) Optical images of the
e-bandage system on dorsal wound of a rabbit model. (c) Quantitative analysis of wound area w/ and w/o
electrical stimulation (UNT: untreated; SAIG: silk fibroin silver nanoparticles ionogels; ESI: electrical
stimulation with 250 mV/mm; ES2: 500 mV/mm) for 2 hours/day during 14 days. Adapted with permission
from [19]. Copyright 2024, American Chemical Society. (d) Illustration of flexible multi-LED array for
phototherapeutic wound healing, consisting of dopamine-mediated hyaluronic acid (D-HA)/Gel-based nanofibrous
membrane, polydimethylsiloxane (PDMS) encapsulation, and LED array (left), along with corresponding optical
images of the system (right). (¢) Wound healing procedure using nanofibrous membrane and multi-LED array
on a rat over 10 days. Adapted with permission from [24]. Copyright 2022, American Association for the

Advancement of Science.
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Table 1. Summary of representative wound monitoring biosensors

Biomarker ~ Sensing mechanism Duration time Clinical significance Ref
Temperature Resistive 30 days Sensitive detection of local inflammation and infection [7]
pH Potentiometric 12h Early indication of infection and healing stage shifts [10]
(in vitro)
Humidity Resistive Few minutes to  Real-time assessment of optimal wound moisture level [11]
hours (point of care)
Oxygen Optical 48 h Direct monitoring of tissue oxygenation and perfusion [12]
Electrochemical lh Continuous monitoring of wound oxygenation in chronic wounds. [13]
Enzyme Electrochemical 5 days Wireless, real-time wound biomarker monitoring for personalized care.  [14]
(in vivo, mouse)
5 weeks
(clinical, patients)
Colorimetric 20-30 s Rapid identification of elevated protease activity [15]
(point of care)
Impedance Bioimpedance 142 h Non-invasive tracking of tissue recovery and integrity [16]
Impedance 3 days Early, noninvasive detection and mapping of tissue damage before [17]
spectroscopy visual signs
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Table 2. Summary of a wound healing therapeutic system

Qlth. qEA oz H7)A= A FE(electrotherapy)[19-21],
YA X F(phototherapy)[22-24], DA X|F(ther-
motherapy)[25], 2= A (drug delivery)[26-28] 5°]
om, 7 e 15 Ag WAUEE Mo
A2 AR 71531 Table 2). E FoA: AR
A% FREiE S AT A Hlolele Az
Al2dlof sl JFAoR AmEiA} gtk

41. MI|X= R &2

A7 Ame &4 22004 F=Ee WA

Z17]*H(endogenous electric field, EEF)& HASFAL

Stimulation Stimulus Power Clinical Duration Ref
type parameter source significance time
Electrical 250 mV/mm, PGM Cellular growth, proliferation, migration 14 days [19]
500 mV/mm,
1,000 mV/mm,
250 ms, 2 Hz
54 mA, Rechargeable neuromuscular  Oxygenation, blood circulation, release of 4 weeks  [20]
25-560us, 1 Hz stimulator vascular endothelial growth factor
Photonic 630 nm, r&bLED Increased granulation tissue, promotion of 8 days [22]
10 mW/cm® (rLED), collagen deposition, neovascularization
470 nm,
50 mW/em® (bLED)
632 nm, rLED Collagen synthesis, angiogenesis 14 days  [23]
11.1/22.2 mW/em’
630 nm, rLED Cellular proliferation, tissue synthesis 10 days  [24]
15.05 mW/em’
Thermal 32°C Graphene heater Vasodilation, increasing supply of oxygen 14 days  [25]
and nutrients for healing
Drug Cationic drug Zn-MoS; hybrid Cellular proliferation, suppression of 5 min—1 h [26]
delivery [methylene blue(MB)] supercapacitor,4V inflammation
Quercetin (QC) pH/ROS-responsive scaffold  Promotion of collagen deposition, tissue — 2-3 days  [27]
remodeling, alleviated wound inflammation
VEGF ROS-responsive Gel EFM Cellular proliferation, angiogenesis, 72 h [28]

(hexapeptide Glu-Phe-Met-
Phe-Met-Glu)

alleviated inflammation
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Electrical stimulation (ES)
Photomodulation (PM)
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f OESP on hand
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Fig. 4. Integrated smart bandage systems. (a) Soft, wireless electronic wound dressing system with multi-layered units:
(Unit I) disposable, skin-integrated unit, comprising biosensors array (humidity, temperature, and pH sensor) and
cathepsin (CTS) for monitoring, and infrared (IR) LED and electrodes for therapy; (Unit II) detachable elec-
tronic module for operation, data acquisition, and wireless communications. (b) Image and exploded view draw-
ing of an optoelectronic synergistic patch (OESP) system. (c) Representative image of the entire electronic
wound dressing system, with a magnified view of the biosensor array with hygro/thermo/pH meters. (d) A set
of images of the electronic wound dressing system for real-time, continuous monitoring via wireless com-
munication. (¢) Mechanical flexibility of the OESP system in different deformed modes. (f) Optical image of
the OESP system on the hand. (a,c and d) Adapted with permission from [31]. Copyright 2022, Elsevier. (b,e
and f) Adapted with permission from [32]. Copyright 2024, Springer Nature.

W IOl AT AL S ste] oS A
Foke Slo|=2 A3 ZolE dlol=ad Fuig B

Sk 0 7 ZAslo] 7| A =L AlLsl= 3 A=+
o] Egt=|o] 9Tt Unit = ElojE] 43, A4 A

l

o}, 4 B4l 752 "I g AUE HiE A
A ARE Tl ANFEZ 7|6} A}&A} © EMIOV\
o AF = o] A&2jolal AR A7 AJH BUER

7¥5517] stk o]st 7152 FRp AARO] 1}7}1

82



QUIOIMEIRISEER|, 20251 6%, K4H X135, pp. 73-89 Y

Journal of Flexible & Printed Electronics, June 2025, Vol. 4, Issue 1, pp. 73-89

SRk ofjel, 92210 94 BUHY Asgue
a0 AR 4 YrkFig 4(d). T WA AT
A= A RS AR AT 4 Sl
Ap AT R A6 A AL ] Eg
2% % Uk BAF ALY 23 AT Aago] &
89 4 UEE oUAE S4ABRE B4 A AL
W ZHerh 22 31T 4 ik 3 WA A2w
99 25| ok YWY AasoRH Bt g
o 75 AUrlEcks AR BHo] 2L ol
A TR RS L % ek ofefd BEY AL
W3t LAY A2 Aole] Holg HEoR 7)o
det A 7R B2 14 THsAE Bk ol
A28 Al Qo] FRsht:

snhE WS AATIE Gt 454 BaAe] )
2 Yold, BHoln 554 Mg SREoR

B gk A AT BUY e 5
=, pHeF A ETH(glucose)[33], QAKuric acid)
34], AEBS] S ookt Asteld ARES R 2
o 5 9lom), ojg FitoR 2 A 9 A% 7Y
S AAzro g grlsitt A&7 7|50zl A= HRS
B oFs W= ALE36], AR 71HE 22 A

T[31], B{32] A& 5ol F&EH, ol&2 # 151 oy
A Ago] wet AEZoz Azsh= ﬂﬂ I (closed-
loop)@ Alo] +25 Feth FA B4l 7le2 AMG:
Al T Qmrlao] HARE AHH .u-%]::t 7FsA 5k,
AE AAEHL opzbA7| 2EA7(triboelectric  nano-
generator)2} -2 A7} WA 7]&S E3l6lo] E9A

A 50| 7Fsdt=s AL ATH3T].

1—\

oflt o

5.3. T Xt

_R

MA| ZHolH AntE WE A2Te 74K 9
A, A A, AL8A B BAlo SS3lek @
of. 715 242 PDMS, Eel 9, 43 wn el
5SSt B714o] St A AR X2 LG

i, o]t 7 T3 G A AT HAsk 4
A 5909 57148 susle o ol

A ) Ao T} olols Aol A4
A RIS G202 AT 4 AT PUE ek

1 A
2 AAE RN AR S lom), e 22 2
o AMgTORA 71 W] FAo] et 7ES
SZAIFHHFig. 4(c)).
7 R ALERE F3o0] B2 A R0l 5 9
=o| HFES dit lH*é—% o AAEAT. A=
E3l(serpentine) HELS Q1% L HIEY WY A] LAY
Sh= A 28S :Eg,}iﬁ,_og AA)7, BHEEA 0] &
A= &4 glo] A e 7HssH o}c}
ol3t 7|A1A 8L OESPO] 27] Abe], = HE
SR o2 W AE(Fig. 4(e)0lA A1l AA] WY
= AHE7ER 9] AE ﬁl,].i o5} 4= gQlom AFH o]
n]R|= QA(tensile) P, dHE olu|XE= HIEH
(torsional) 1ol 4o] 722 @998 72k Ny om
ol
HAEEO R Fig, 4(fis AR A ARk 5]
FaE nE2 HoFe= AHAEES o) 0]xﬂ ng
Fordst 348 e weldnk ol 187 A
8 S E S3t AIE HojF= Aot

6. S8 X|E ADIE HHEO| FQIAb
7K/ vivo)
SfLto] Sigk AAE ol A AJEjE Ao R
B4l A A3 AT 4 9 5T
ARSI, A A BRI 2



SAUMTXISEEX|, 20254 6€, HM4H H15, pp. 73-89
Journal of Flexible & Printed Electronics, June 2025, Vol. 4, Issue 1, pp. 73-89

6.1. A Lf M2IRIE Jlek A% M 2UEY B2)

A A 2UEY 9 47 AR A0kE HE Ax
2 B7le] sl B8 RUE) 5 290l 37 10
mme] W5 A2 A S W] Unit 1S A 1
flofl F2Fslo] Unit 15 ZAdsto] S Ack(Fig.
5(2)[30]. A FoIA Y] AFefeta] A #S] 55, pH,
2% 59 HokE AARte g HUHHSH= A2 A
29 WAL AFA o g2 Bristy, 1 A¥E Hok A
oA 24T 4 e FAT $HOR FEWT 9

= 0

5-

tHFig. 5(b))[31]. In vivo 23}, &
oA BH|E= 4&EE(exudate) 2] 'ETC]:_E oI5l 27|
HAIA AT 5= Ko, o il 24
shea 22 ZAgo] AP wt HAt 4 Moz
dasks P HEURITE pH 94T 4 %4
Z2)3} 7Ho] f&= Qg 27| p
55 }‘)r Azt Aol wet A7t Tﬂ‘dgl e
o pH 5.5 W2 A} 385 = o] s
A BRI 2= 27)olle A wREY
36.5C olgolgloy, Alto]l Ao wt At

\1

o>“l~
l‘3°

flo %2 AN

4]
o

©

=]

Unit il W Normal W Normal | _ 37.0 B Normal
Unit 9 B Wound | 750 B Wound | O 7 B Wound
Excisional wound 3 ; L ) '3_‘: *{ : ) g } * .
2 1 >6.50 i £ 365} | ., {
= . ", = i .
: ‘ E:‘D * k IQ * g. -. . o, i
I [ — - © 36.0 i
) ‘ R R S VT o 7 4 21 0 rra—
_ Time (day) Time (day) 'l'lme (day)
Cc Day 0 Day 10 Day 17
— 100 - =§f'.'é'_'§'um. d 2 100 :(E}ontr;l
= = L 5 p— - lec. Stim.
p e i
- . -]
© 6 .E, Control =
E — 2 E
. g Y
5 % 35 :"—"7~,..~I e ALY — ‘g
&£ . -4 Length of Dermis
@ . 0 3.'."'7“ [:’:y]“ 7 Elec. Stim. —_— immatie tissue thickness

e Application

—20mm

=5 mm —Sm

== 0ESP
--ES
~+-PM
=& Con

Closure rate (%)
o
=]

0 2 4 6 8
Time (Days)

Fig. 5. Preclinical evaluation of the integrated therapeutic smart bandage system. (a) In vivo monitoring and therapeutic
treatment using animal models via soft, wireless electronic wound dressing system. (b) Recorded physiological
variations in humidity, pH, and temperature values during healing periods, through comparison and analysis of
normal and wounded skins. (c) Sequential images monitoring wound status w/ and w/o electrical stimulation
(E-stimulation) over 17 days (left) and relevant quantitative analysis (right). (d) Hematoxylin and eosin (H&E)
stained images of wound regions w/ and w/o E-stimulation at day 17, with the red arrows indicating the wound
edges. Adapted with permission from [31]. Copyright 2022, Elsevier.(e) Optical image of the OESP system ap-
plication on a rat model. (f) Images of the wound healing process with different conditions (OESP, electro-
stimulation (ES), photomodulation (PM), and control (Con): PDMS) over 8 days, and corresponding plot of
wound closure rates. Adapted with permission from [32]. Copyright 2024, Springer Nature.
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GF: Growth factor

ECM: Extracellular matrix

EES: Epidermal electronics system

IR: Infrared

LIG: Laser-induced graphene

PAN:I: Polyaniline

EMEF: Electromotive force

PVA: Poly(vinyl alcohol)

EEF: Endogenous electric field

SAIG: Silk fibroin silver(Ag) nanoparticles ionogels
E-bandage: Electrical bandage

NIR: Near infrared

D-HA: Dopamine-modified hyaluronic acid
PDMS: Polydimethylsiloxane

PI: Polyimide

OESP: Optical-electrical synergistic patch
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