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inevitably undergo dynamic and vig-
orous motions (e.g., bending, folding, or 
twisting), are much more liable to suffer 
from such conductive failures, com-
pared with conventional fl at electronic 
devices. [ 7–9 ]  Thus, recovery from conduc-
tive failure even in recently advanced 
wearable electronic devices has emerged 
as a challenging issue. Healable electrical 
conductors, wherein a conductivity failure 
can be autonomically or non-autonomi-
cally repaired via an internal or external 
trigger, offer a potentially promising solu-
tion to the central challenge of conductive 
failures within electronic devices. Upon 
this background, a variety of systems to 
develop healable electric conductors have 
been intensively explored. [ 10–17 ]  They can 
be categorized into three main groups: 
i) two-layered, composite systems (i.e., 
spreading conductive materials onto var-
ious healable polymers including a Diels-
Alder reaction-based healable polymer [ 10 ]  
and a water-enabled healable polymer [ 11 ] ; 
ii) organometallic systems in which con-
ductive metal ions or metallic micro-
particles are homogeneously dispersed 

within a supramolecular (e.g., hydrogen-bond) polymeric 
network; [ 12,13 ]  and iii) micro-capsule or pipeline systems with 
the liquid metals that can be autonomically released and pen-
etrated into the broken conductive pathways. [ 14–17 ]  Although 
these systems offer effi cient recovery of the electrical conduc-
tive property (≈90%), the stimuli for non-autonomic healing 
such as heat at high temperature (>110 °C), [ 10 ]  water, [ 11 ]  and 
mechanical pressure [ 12 ]  can cause additional damages to the 
electronic devices, and a metallic micro-capsule or pipeline 
system [ 14–17 ]  is unable to provide a repeated restoration of con-
ductive failures. Especially, these disadvantages of existing 
system options limit their availability of wearable device appli-
cations, which require a repeatable, ambient, rapid, and non-
invasively remote healing process. Developing a robust healing 
platform particularly for wearable devices thus remains a 
challenge. 

 In this paper, we propose a generic non-autonomic healing 
system, a light-powered, healable electrical conductor, in order 
to overcome the aforementioned challenges. The use of light as 
an external stimulus rather than the other implements applied 
in the previously suggested systems has potential to provide 
a remote access to the restoration of its conductivity without 
a direct invasion of the master device, which can cause addi-
tional device failures. Light-enabled, noninvasive healing of an 
electrical conductor thus enhances process safety and facilitates 
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  1.     Introduction 

 As electronic devices have become more complex and highly 
integrated, just one small failure (e.g., physical disconnec-
tions from accidental cracks or operational fatigue) along the 
electrical conductive pathway can render the entire device 
useless. [ 1–6 ]  In particular, wearable electronic devices, which 
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on-demand treatment so as to allow amendable platform for 
healing of wearable devices such as the electronic skin. 

 Light-powered healing is implemented in the present work 
via use of a photochromic soft material (i.e., an azobenzene 
material), which can be directionally diffused along the light 
polarization. [ 18–33 ]  This unique directionality of the material 
diffusion with respect to light polarization enables an effi cient 
healing process regardless of crack propagation directions, 
light incident angles, and the number of cracks. Furthermore, 
thanks to the high quantum yield of azobenzene, [ 18 ]  which 
is used in this work as photochromic molecule, directional 
molecular diffusion even with low light intensity (at room 
temperature) is achieved in a fast (within a few minutes) and 
repeatable (several times) manner. By depositing silver nanow-
ires (AgNWs, conducting material used in this study) onto the 
top layer of the fl exible photochromic soft material, we extend 
this optically healable material to have fully functional electrical 
conductivity. Notably, AgNWs were found to maintain conform-
able contact with the photochromic soft material even during 
the diffusible optical healing process. Thus, herein, AgNWs 
and the photochromic soft material act as conductive pathways 
and a light-powered cargo carrier, respectively; the synergetic 
effect detailed from combining these various advantages pro-
vides rapid, noninvasive, and on-demand healing for a fl ex-
ible electronic conductor, making light-powered healing more 
amenable to dynamically deformable wearable devices beyond 
existing systems. While structural recovery of materials by 
using light as a stimulus has been explored previously, [ 34–37 ]  
here we further extend the concept to build up light-powered 
healing of wearable electronic devices.  

  2.     Results and Discussion 

  2.1.     Light-Powered, Structural Healing by Directional 
Photofl uidization 

 The azobenzene material used in this study is an epoxy-
based amorphous polymer, poly(disperse orange) 3 (PDO 3, 
Mw ≈ 4700, PDI: 1.74, and  T  g : 120 °C); the chemical struc-
ture is shown in  Figure    1  a. The azobenzene material exhibits 
a unique and fascinating phenomenon known as athermal 
directional photo fl uidization. [ 18–33 ]  When light with an absorp-
tion wavelength (herein 532 nm) is irradiated onto the azoben-
zene material (i.e., PDO 3, azobenzene polymer, abbreviated as 
azopolymer), the photochromic azobenzene molecules grafted 
to the main chain undergo a repetitive photoisomeriza-
tion between trans- and cis-isomers until the long axis of the 
azobenzene molecules is perfectly aligned in a direction per-
pendicular to the incident light polarization (see Figure  1 b). 
Interestingly, such repeated photoisomerization gives rise to 
the anisotropic bulk diffusion of the azopolymer even under 
the glass transition temperature ( T  g ) or melting temperature 
( T  m ). [ 18–33 ]  Notably, as shown in Figure  1 c (scanning electron 
microscope, SEM), a square post of PDO 3 (20 µm × 20 µm 
× 11 µm), developed by soft-imprinting, was reconfi gured into 
specifi c shapes even at room temperature, according to the light 
polarization: the pristine square was elongated in the direction 
of the light polarization (Figure  1 d,e) and transformed into a 

isotropic dome by the irradiation of a circularly polarized light 
(Figure  1 f). In particular, the distinct rectangular post became a 
rounded dome under light irradiation owing to the tendency to 
minimize surface tension. This is strong evidence of PDO 3’s 
fl uidic behavior by light irradiation at room temperature. These 
exotic behaviors clarify that the diffusion of azobenzene mate-
rial originates solely from photo-induced molecular motions 
and the resultant athermal photofl uidization at room tempera-
ture (not photo-thermal effect).  

 Then, we investigated the light-powered, structural healing 
capability of the azobenzene material through light irradia-
tion onto a crack generated in PDO 3 fi lm: the detailed proce-
dure for the preparation of the PDO 3 fi lm (5 µm thickness) 
onto a 70 µm thick polyethylene terephthalate fi lm (PET) fi lm 
is described in the Experimental Section. We introduced a 
15 µm wide and 5 µm deep crack onto the PDO 3 fi lm using 
a cutting knife and irradiated the  s -polarized electrical fi eld of 
light, perpendicular to the crack propagation direction in the 
PDO 3 fi lm. Light is irradiated in the backside direction (see 
optical setup described in Figure S1, Supporting Informa-
tion). The intensity employed in this study was 600 mW/cm 2 ; 
the threshold intensity for photo fl uidization was empirically 
determined as 5 µW/cm 2 . The distribution of the time-aver-
aged, electric-fi eld intensity ( E  2 ) within the 5 µm thick PDO 
3 fi lm was numerically simulated by the fi nite-domain, time-
difference (FDTD) method, as shown in Figure  1 g (also see 
Figure S2, Supporting Information). The electric-fi eld intensity 
( E  2 ) gradually decreased along the PDO 3 fi lm thickness; how-
ever, intensity of a few µW/cm 2  (beyond the threshold intensity 
for photofl uidization) is still survived at the end of the PDO 
3 fi lm. As a result, photofl uidic diffusion of the entire PDO 
3 can occur effectively, even if the velocity of diffusion should 
vary along the PDO 3 fi lm thickness. SEM images in Figure  1 h 
demonstrate the representative recovery kinetics of the 15 µm 
wide and 5 µm deep crack in PDO 3 through photofl uidic dif-
fusion; indeed, light irradiation for only 120 s achieved full 
recovery of the crack in the PDO 3 fi lm. Signifi cantly, the huge 
edge roughness that is inevitably formed during the mechan-
ical cutting step (Figure  1 h) was completely smoothed out 
after light-powered healing. This is because the transition of 
the initially solid PDO 3 to a fl uid state together with its direc-
tional diffusion tends to minimize the surface area of the PDO 
3 fi lm. The full restoration of the crack in PDO 3 was com-
pleted in a relatively short period (120 s); however, the required 
healing time by light irradiation could vary, according to the 
PDO 3 thickness, light intensity, and light polarization. In 
particular, we tested the dependence of light-powered healing 
kinetics on the angle between the polarization and crack propa-
gation direction. For example, as the linear polarization of light 
is deviated from  s -polarized light, the required healing time 
was increased (Figure S3, Supporting Information); the initial 
crack width remained almost unchanged even after prolonged 
exposure (150 s) of  p -polarized light, parallel to the crack propa-
gation direction (Figure S4, Supporting Information). This 
strong dependence of healing kinetics to light polarization 
further provides evidence of directional photofl uidic diffusion 
of the azobenzene material (Figures S3–4, Supporting Infor-
mation). However, we can still observe the phenomenon of 
photofl uidic smoothing of the huge edge roughness resulting 
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from mechanical cutting (see Figure S4b, Supporting Informa-
tion). Meanwhile, the irradiation of circularly polarized light 
leads to full restoration of the same crack; the required healing 
time with application of circular-polarized light irradiation, 
however, is slightly longer (150 s) compared with the case of 
 s -polarized light irradiation, as shown in Figure S4, Supporting 

Information. This is because the photofl uidic diffusion by cir-
cular-polarized light irradiation was radially induced instead 
of the linear photofl uidic diffusion by  s -polarized light irradia-
tion. Conclusively, the data above reveal the strong feasibility 
of azobenzene materials as a general class of structural healing 
materials.  
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 Figure 1.    Light-powered structural healing of damaged azobenzene material: a) Chemical structure of polydisperse orange 3 (PDO 3, azobenzene 
material used in this work). The orange rod indicates the azobenzene molecular moiety attached to the polymeric backbone. b) Schematic diagram 
showing the anisotropic molecular alignment of azobenzene molecules by light irradiation: the long-axis of azobenzene can be aligned in the direction 
perpendicular to the light polarization. Top-view scanning electron microscope (SEM) images of (c) pristine and photo-reconfi gured PDO 3 posts by 
d) vertically linear polarization, e) horizontally linear polarization, and f) left-handed circular polarization. g) Simulated, time-averaged electric-fi eld 
( E  2 ) distribution within the PDO 3 layer along the  y – z  plane. h) SEM images taken at various stages of light-powered ( s -polarization) healing of linearly 
cracked PDO 3 fi lm (15 µm width and 5 µm depth).
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  2.2.     Light-Powered, Non-Invasive Healing of an Electrical 
Conductor 

 We next extended the light-powered, healable azobenzene 
material to have fully functional, electrical properties through 
large-area, uniform deposition of AgNWs onto PDO 3, as pre-
sented in  Figure    2  a,b. By using a polyol reduction process, [ 38–40 ]  
AgNWs with average diameter of 150 nm and length of 15 µm 
were massively synthesized; the synthesized AgNWs subse-
quently were deposited on the large-area PDO 3/PET fi lm by an 
electrostatic spray process (the home-built facility in Figure  2 a 
was used with the condition described in Table S1, Supporting 
Information). Figure  2 c–e (also see Figure S5a,b, Supporting 
Information) present the conformably deposited AgNW mesh 
on the PDO 3 fi lm (averaged number of AgNW mesh layer 
and their surface coverage ratio were 5 and 30%, respectively). 
The resistance of this fl at AgNW mesh/PDO 3 fi lm without 
any mechanical deformation was 6.1 Ω (2 cm length and 1 cm 
width). This excellent conductivity of the layered fi lm resulted 
from well-developed wire-wire junctions together with enough 
density. Interestingly, the resistance of the layered AgNW 
mesh/PDO 3 fi lm varied from 4.7 Ω to 19 Ω (the fractional 
change defi ned by ( R  –  R  0 )/ R  0  (%) in the resistance varied from 
–23% to +216%), as the fl exion angle (4 nm radius curvature) 
was changed in both the forward (increasing  θ ) and backward 
(decreasing  θ ) directions (see Figure  2 f and Movie clip S1, Sup-
porting Information). The compressive and tensile strains at 
the AgNW mesh are spontaneously generated, when the lay-
ered AgNW mesh/PDO 3 fi lm is uniaxially bended with nega-
tive and positive fl exion angles. Therefore, the strength of the 
wire-wire junctions becomes sensitive to the bending motion, 
and the fractional change in the resistance of the layered AgNW 
mesh/PDO 3 is reduced (for compressive strain) or enhanced 
(for tensile strain). It is also important to note that the resist-
ance of the layered AgNW mesh/PDO 3 was more sensitive to 
tensile strain rather than compressive strain. This is because 
the initially well-developed wire-wire junction with high density 
is more diffi cult to be further compressed than relaxed. This 
apparent trend of the resistance sensitivity to bending motion 
can be similarly driven by torsional motion (twisting with 4 nm 
radius curvature): the fractional change in the resistance of the 
layered AgNW mesh/PDO 3 varied from –21% (for compres-
sive strain) and to +242% (for tensile strain), as summarized in 
Figure  2 g. Therefore, this fl exible AgNW mesh/PDO 3 provides 
potential to electronic skin with the capability for mechanical 
motion sensing. Also, even at extremely high fl exion or tor-
sion angle (≈170°) with 4 nm radius curvature, the layered 
fi lm still showed suffi cient electrical conductivity (resistance is 
as low as 30 Ω) for lighting a white light-emitting diode (LED) 
bulb (see Figure  2 h and Movie clip S1–2, Supporting Informa-
tion). Indeed, we did not observe any delamination of AgNWs 
from the PDO 3 fi lm when the layered fi lm was bended or 
twisted even at ≈170° of fl exion or torsion angle, respectively, 
as presented in Figure S6, Supporting Information. More 
importantly, the wire-wire junctions can withstand during 500 
iterations of bending or twisting/relaxing cycles, as evidenced 
by the nearly unchanged resistance (see Figure  2 i). The excel-
lent mechanical compliance, fl exibility, and durability of the 
AgNW mesh/PDO 3 layered conductor were attributed to three 

main factors: i) the high fl exibility of the mechanically durable 
PDO 3/PET fi lm (measured modulus of 4879 MPa, Figure S7, 
Supporting Information); ii) strong adhesion in the wire-wire 
junction; and iii) the AgNW mesh’s strong adhesion (91 nN) 
to the PDO 3 layer (Figure S8a, Supporting Information). This 
unique layered electrical conductor system thus holds promise 
for fl exible/wearable device applications.  

 Next, we verifi ed that the layered AgNW mesh/PDO 3 fi lm 
has the ability to heal conductive failure (i.e., cracks) as well as 
structural damage merely by light irradiation. The key to suc-
cess for light-powered healing of this conductor is that PDO 3 
can convey the AgNW layer during its photofl uidic directional 
diffusion (light-powered cargo carrier). We performed an exper-
iment involving mechanical cutting and light-powered healing 
of a layered AgNW mesh/PDO 3 fi lm, as summarized in 
 Figure    3  a–f (SEM images of Figure  3 a–c and dark-fi eld optical 
microscope images of Figure  3 d–f): in false-color SEM images 
(Figure  3 a–c), PDO 3 is highlighted in orange (high-magnifi ed 
false-color SEM image is presented in Figure S9, Supporting 
Information). The mechanical cutting of the layered AgNW 
mesh/PDO 3 conductor with a knife generated a 15 µm wide 
and 5 µm deep crack (see the SEM image in Figure  3 b and the 
dark-fi eld optical microscope image in Figure  3 e). The  s -polar-
ized light, perpendicular to the direction of crack propagation, 
was exposed on the backside, as light irradiated at the front side 
is inevitably scattered by the AgNW mesh and distributed non-
uniformly within the PDO 3 fi lm (see optical simulation results 
of Figure  3 g,h and Figure S10, Supporting Information). As 
clearly shown in Figure  3 c (SEM image) and Figure  3 f (dark-
fi eld optical microscope image), the previously formed 15 µm 
wide crack was structurally restored after irradiation of the 
 s -polarized light for 120 s. More importantly, the in situ photo-
diffusion of the AgNW mesh was directly visualized by a dark-
fi eld optical microscope combined with a laser light source (see 
Figure S11, Supporting Information). A series of dark-fi eld 
optical microscope images (before cracking: Figure  3 d, after 
cracking: Figure  3 e, and after healing: Figure  3 f) and Movie clip 
S3 of Supporting Information obviously reveal the movement 
of the AgNW mesh along with photofl uidic diffusion of PDO 
3. This direct visualization of the AgNW mesh movement fur-
ther confi rms that PDO 3 indeed acts as a light-powered cargo 
carrier for healing electrical conductivity by taking advantage 
of the increased work of adhesion between them during light 
irradiation (from 91 nN to 557 nN, see Figure S8b). We addi-
tionally observed that the AgNW mesh is partially penetrated 
into the recovered region of the PDO 3 layer, as a result of pho-
tofl uidic softening (see Figure  3 c, Figure S9, and Figure S12, 
Supporting Information); thus, the somewhat darker line in the 
dark-fi eld optical microscope image (Figure  3 f) is still visible 
after full-structural recovery.  

 To quantitatively evaluate the ability of the mechanically 
damaged AgNW mesh/PDO 3 fi lm to heal its electrical con-
ductivity by light, the measurement of the resistance variation 
during the cracking and healing process was carried out in 
real-time (see Figure  3 i). We clearly observed that the dramati-
cally increased resistance (2.8 × 10 8  Ω, open-circuit) can almost 
be returned to its original value of ≈15.1 Ω, as presented in 
Figure  3 i. In this case, it took 120 s to almost recover the initial 
electrical conductivity; this is comparable to the time required 
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 Figure 2.    Layered silver nanowire (AgNW) mesh/PDO 3 fi lm as a fl exible electrical conductor/skin sensitive to mechanical motions: a) Photograph 
of the home-built facility enabling uniform deposition of AgNWs onto PDO 3 fi lm. b) Schematic diagram of AgNW mesh electrostatically jetted from 
the needle. False-color SEM images of layered AgNW mesh/PDO 3 fi lm with c) low-magnifi ed, perspective-view, d) high-magnifi ed, top-view, and 
e) high-magnifi ed, cross-sectional view. PDO 3 and the AgNW mesh are highlighted in orange and light blue, respectively. Plot of mechanical motion-
dependent change in resistance, during f) bending and g) twisting of the AgNW mesh/PDO 3 layered fi lm. As fl exion and torsion angle is increased 
from –170° to + 170°, the resistance is continuously enhanced. This is because the tensile stress is additionally generated at the AgNWs mesh side. 
(h) Photographs showing lighting white light emitting diode (LED) bulb connected with layered AgNW mesh/PDO 3 fi lm bended (two images in top 
panel) or twisted (two images in bottom panel) at high angles (± 170°). High electrical conductivity enough to turn on the white LED bulb can be still 
maintained even at the extreme fl exion or torsion angles. i) Plot illustrating the change in the resistance of the layered AgNW mesh/PDO 3 fi lm with 
the number of mechanical distortions (i.e., bending or twisting/relaxation cycles).
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 Figure 3.    Demonstration system for light-powered healing of electrical conductor: Perspective-view SEM images of a) pristine, b) cracked, and c) opti-
cally-healed AgNW mesh/PDO 3 layered fi lm. The dimensions of the generated crack were 15 µm width and 5 µm depth. Top-view dark-fi eld optical 
microscope images of d) pristine, e) cracked, and f) optically-healed AgNW mesh/PDO 3 layered fi lm. The many differently colored, bright dots or lines 
indicate the AgNW mesh. Simulated, time-averaged electric-fi eld ( E  2 ) distribution within AgNW mesh/PDO 3 layered fi lm along the  y – z  plane, when 
the light is irradiated in the g) backward and h) forward directions. i) Plot of the transient resistance behavior demonstrating kinetics of light-powered 
healing of the cracked AgNW mesh/PDO 3 layered fi lm. j) Repeatability of light-powered healing of three cuts at the same area of the AgNW mesh/
PDO 3 layered fi lm. Images illustrating the cracking-optical healing sequence of AgNW mesh/PDO 3-connected white LED bulb pattern with a “K” 
geometry corresponding to the k) initial stage, l) cracking stage, and m) fully recovered stage. The inset of (m) indicates the irradiation of light with 
532 nm wavelength through the hole of the sample holder (the diameter of incident light is about 5 mm).
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for structural healing of the PDO 3 crack without AgNW mesh. 
Indeed, the broken wire-wire junctions were well recovered, 
as shown in Figure 13Sa, Supporting Information. The data 
indicate that the AgNW mesh does not signifi cantly affect the 
photofl uidic diffusion of PDO 3, as long as the light is irradi-
ated on the backside to minimize the scattering effect. We also 
observed that light irradiation on the front side does not readily 
trigger overall photofl uidic diffusion of the layered fi lm owing 
in part to the scattering-induced, non-uniform distribution of 
electric-fi eld intensity (| E  2 |) within the PDO 3 fi lm and in part 
to randomized light polarization. 

 Repeated healing capability is of critical importance for a 
practical application to functional wearable devices. [ 10–12 ]  To 
investigate the repeatability of our healing process, mechanical 
cutting and subsequent light-powered healing were repeated 
at the same location; the associated resistance variation of the 
AgNW mesh/PDO 3 layered conductor during the repeated 
cutting-healing process is presented in Figure  3 j. After each 
cutting, the resistance dramatically increased to 2.8 × 10 8  Ω; 
the recoverable resistance, after three iterations of mechan-
ical cutting/light-powered healing at the same area, gradually 
increased from 15.1 Ω (1 st  healing) to 90.2 Ω (3 rd  healing). The 
enhanced recovered resistance with cycles of mechanical cut-
ting and light-powered healing is attributed to the full embed-
ment of the AgNW mesh into the PDO 3 fi lm (see Figure  3 c 
and Figure S13b, Supporting Information) and the resultant 
weakening of the wire-wire junction: the photofl uidic softening 
helps PDO 3 penetrate the AgNW junctions, consequently 
resulting in signifi cantly weakened AgNW junctions after three 
times iterations of the light-powered healing process. How-
ever, this enhanced recoverable resistance with the number of 
healing cycles could be further mitigated with optimization of 
the light penetration depth or the use of conductive particles 
homogeneously dispersed in the healing material (composite 
system). [ 12,13 ]  

 By connecting the layered AgNW mesh/PDO 3 with a white 
LED bulb in a circuit, the conductivity healing can be visually 
verifi ed, as shown in images of Figure  3 k–m. The detailed 
experimental setup and healing procedure related to the LED 
circuit healing test are shown in Figure S14 and Movie clip 
S4, Supporting Information. The LED bulb pattern with a “K” 
geometry connected in a parallel relation (a turn-on voltage of 
2.5 V) was lit with a DC voltage of 3.0 V. After mechanically 
cutting of the AgNW mesh/PDO 3 conductor, the LED went off 
(Figure  3 l). When the light was exposed on the damaged con-
ductive pathway (see light exposure presented in the inset of 
Figure  3 m), the LED bulb suddenly lit up at the exposure time 
of ≈110 s (Figure  3  m). 

 The fi nal step in checking the feasibility of light-imple-
mentation with a healing of electrical conductor was to access 
whether the optically recovered AgNW mesh/PDO 3 layered 
fi lm can be durable in terms of electrical properties. To do this, 
we investigated two key determinants for electrical durability of 
the healed AgNW mesh/PDO 3: the resistance variation with 
the number of bending/twisting cycles ( Figure    4  a) and the 
change in transient resistance sensitivity to bending or twisting 
with the number of healing process (Figure  4 b,c). As with the 
pristine AgNW mesh/PDO 3, there are no signifi cant losses 
in electrical conductivity with the number of bending/twisting 

cycles of the AgNW mesh/PDO 3 that was healed several times, 
as presented in Figure  4 a. Moreover, the fractional change in 
the resistance to mechanical motions (bending and twisting) 
did not varied signifi cantly even during three iterations of light-
powered healing, as shown in Figure  4 b–d (resistance plot and 
LED lighting during bending/twisting of the layered AgNW 
mesh/PDO 3 healed one- or three-time). These results imply 
that both the electrical durability with the number of mechan-
ical motions and the resistance sensitivity to mechanical 
motions maintained unchanged even after several iterations of 
light-powered healing, such that the layered AgNW mesh/PDO 
3 fi lm has potential to be used as light-powered healable elec-
tronic skin.   

  2.3.     Light-Powered Healing Platform for Wearable Electronic 
Devices 

 For wearable device applications, it should be possible to 
accomplish simultaneous healing of multiple, irregular cracks 
even on a curvilinear substrate, which could be accidentally 
caused by vigorous motions (e.g., folding, wrinkling, and 
twisting) with an on-demand and non-invasive treatment. In 
line with this, we extended the light-powered healing process 
of a single crack on a fl at electrical conductor, which is concep-
tualized as photofl uidic directional diffusion of AgNW mesh, to 
on-demand healing of multiple cracks on a curved substrate (a 
representative non-fl at substrate). 

 The fi rst step in this direction is to exploit the recovery 
kinetics of the crack in the AgNW mesh/PDO 3 with different 
incident angles of light (see  Figure    5  a). For wearable devices, 
the electrical conductor could be subjected to a curvilinear or 
twisted geometry; the recovery of the broken-electrical pathway 
consequently should be achieved regardless of the light inci-
dent angle. Figure  5 b,c show the recovery kinetics and required 
healing time, determined by the transient period of resistance 
values from 2.8 × 10 8  Ω to ≈15.1 Ω, as a function of the light 
incident angle. The apparent trend was that for a single crack 
in the layered AgNW mesh/PDO 3 fi lm (15 µm width and 
5 µm depth), the required healing time varied from ≈120 s to 
≈150 s, as the light incident angle increased from 0° (normal) 
to 80 °. This slightly increased healing time with the light inci-
dent angle mainly originated from enhanced refl ection of the 
slanted incident light from the surface of the PET substrate. 
However, the full recovery of the damaged electrical pathway 
was still achieved in a relatively fast manner (150 s) even at 
an extremely high incident angle (i.e., 80°). This is because 
the light polarization impinged on the PDO 3/PET fi lm was 
not changed signifi cantly with respect to the different incident 
angles.  

 The capability of simultaneous healing of multiple, irregular 
cracks was next investigated under the same optical experi-
mental conditions. We arbitrary generated two irregular cracks 
with different propagation directions, shapes, and widths 
(ranged from 14 µm to 18 µm) by using a cutting knife and 
simultaneously healed these irregular cracks by the linearly 
polarized light irradiation in a normal direction (the light polari-
zation is dictated in Figure  5 d). As shown in Figure  5 d, a series 
of dark-fi eld optical microscope images taken before and after 
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the light irradiation clearly shows simultaneous recovery of 
these irregular cracks. This recovery of multiple broken-elec-
trical pathways by directional photofl uidic diffusion was fur-
ther evidenced by the restoration of resistance (see Figure  5 e). 
However, it is important to note that the required healing time 
of these irregular multiple cracks with different propagation 
directions, shapes, and widths was distinctly increased (≈350 s), 
compared with that of a single crack, while simultaneously the 
recovered resistance was also further increased (180 Ω). These 
signifi cantly increased healing time and recovered resistance are 
mainly due to the non-parallelized crack propagation directions 
(both cracks are not perpendicular to the light polarization), dif-
ferent crack width (required healing time is proportional to the 
crack width, as shown in Figure S15, Supporting Information), 
and the increased the number of cracks to be healed. 

 The on-demand healing process of the layered AgNW mesh/
PDO 3 fi lm equipped on the hand (the outside of the forefi nger) 

of an Iron Man toy, as displayed in  Figure    6  , demonstrates the 
generality of our light-powered approach in the recovery of a 
wearable electronic conductor. Figure  6 a,b present the layout 
for wiring a white LED bulb with the layered AgNW mesh/
PDO 3 on the Iron Man hand: the white line box in Figure  6 b 
presents the layered AgNW mesh/PDO 3, while the white LED 
bulb is incorporated into the palm of Iron Man toy hand. The 
conductive pathway in wearable electronic devices may more 
frequently undergo mechanical damage caused by fi lm distor-
tions including bending, folding, and twisting induced by vig-
orous motion. For example, during bending of the forefi nger 
of the Iron Man hand (see Figure  6 c), exceeding the modulus 
of the AgNW mesh/PDO 3 conductor at a certain level of strain 
actually resulted in the generation of two irregular cracks (ran-
domly distributed width, shape, and propagation direction, as 
presented in Figure  6 d,e and Movie clip S5, Supporting Infor-
mation) and the white LED turned off (Figure  6 f,g). These two 

 Figure 4.    Electrical characteristics of optically healed AgNW mesh/PDO 3 fi lm: a) Representative durability of electrical properties of AgNW mesh/
PDO 3 fi lm with the number of optical healing. The resistance was measured after different cycles of bending or twisting/relaxing. Typical resistance 
sensitivity of several times optically healed AgNW mesh/PDO 3 fi lm to b) bending and c) twisting motions. d) Photographs showing lighting of white 
LED bulb connected to the bended or twisted AgNW mesh/PDO 3 fi lms which are one-time (two images in top panel) and three-time (two images in 
bottom panel) optically healed. The left and right columns in both top and bottom panels correspond to forward bending and twisting, respectively.
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irregular cracks on the curvilinear surface can be simultane-
ously recovered by the irradiation of a single linearly polarized 
light (see the polarization dictated in Figure  6 e) within 400 s 
(LED lit again as presented in Figure  6 h); the data show that 
this approach enables the recovery of the multiple irregular 
cracks regardless of the incident angle of the light. It is also 
important to note that the light can be locally irradiated onto 
the damaged forefi nger of the Iron Man toy so as to heal the 
electrical conductor without direct invasion to other areas 
(see more details about on-demand light-powered healing of 

electrical conductor in Figure S16, Supporting Information). 
Thus, this experiment demonstrates the ability of light-powered 
healing as a versatile and general platform for the recovery of a 
damaged wearable electronic conductor.    

  3.     Conclusions 

 Light-powered healing of electrical conductor should greatly 
expand the range of its possible applications with enhanced 

 Figure 5.    Light-powered healing of a single crack regardless of incident angles and simultaneous healing of two cracks with different propagation 
directions: a) Images presenting light irradiation with different incident angles. Experimental results of b) light-powered healing kinetics of a single 
crack (15 µm width and 5 µm depth) in AgNW mesh/PDO 3 as a function of light incident angles and c) the required healing time defi ned by the 
retention time at resistance of 2.8 × 10 8  Ω (open-circuit). The insets of (c) present SEM images taken after healing of single crack with the different 
light incident angles (30°, 60°, and 80°). Light-powered, simultaneous healing of two irregular cracks with different propagation directions (highlighted 
by yellow arrows) characterized by d) dark-fi eld optical microscope images and e) plot presenting the resistance transition with light irradiation time.
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on-demand, non-invasive stimuli, which is not accessible by 
other methods. Directional photofl uidic diffusion of an AgNW 
mesh/azobenzene material, which is newly conceived in the 
present work, generalizes the basic concept of light-powered 
healing to remote restoration of multiple irregular cracks on 
curvilinear substrate so as to enable wearable devices applica-
tions. Regardless of the incident angle of the light, light-pow-
ered healing of multiple irregular cracks on a fl exible conductor 
can be accomplished as little as a few minutes. Improvement 
in the repeatability of light-powered healing will be critical 
to enable robust applications of realistic wearable electronic 
devices. Potential works in this direction include further opti-
mization of the number of AgNW mesh layer and PDO 3 thick-
ness, incorporation of a passivation layer onto PDO 3 to prevent 
the embedment of AgNW mesh into PDO 3, and homogene-
ously mixing electrical conducting components with PDO 3 
instead of the current two-layered system.  

  4.     Experimental Section 
  Preparation of poly(disperse orange 3) (PDO 3) : The PDO 3 was 

obtained by solid-state step polymerization of disperse orange 3 
(5.8 mmol, Sigma-Aldrich) and bisphenol A diglycidyl ether (5.8 mmol, 

Sigma-Aldrich). The reaction temperature and time were 110 °C and 
2 days, respectively. After the reaction, the PDO 3 was dissolved by 50 mL 
of tetrahydrofuran (THF, Sigma-Aldrich); then, this PDO 3 dispersed 
in THF was precipitated by dropwise adding 500 mL methanol. After 
following vacuum fi ltration, the fi nal PDO 3 was dried in vacuum oven at 
100 °C for 3 days in order to completely remove the solvent. The weight-
average molecular weight and the polydispersity index (PDI) of the 
synthesized PDO 3 were 4700 g/mol and 1.74, respectively. The glass 
transition temperature ( T  g ) of PDO 3 was 120 °C. 

  Preparation of PDO 3 Film : 5 µm thick PDO 3 fi lm was prepared by 
solvent-assisted drop and spin casting method. The synthesized PDO 
3 was fi rstly dissolved in cyclohexanone (Sigma-Aldrich) with 30%; 
then, we carefully dropped this PDO 3 solution onto the polyethylene 
terephthalate (PET) substrate. PET substrate had already been 
cleaned by a series of deionized water, acetone, and ethanol washing; 
subsequently treated with oxygen plasma in order to improve its surface 
wettability with cyclohexanone. The PDO 3 drop onto PET substrate was 
then casted by spinning at 200 rpm for 300 s. When cyclohexanone was 
completely evaporated at 45 °C for 12 h, the 5 µm thick PDO 3 layer 
onto PET substrate was uniformly obtained. 

  Synthesis of AgNW : Silver nanowires (AgNWs) were synthesized by a 
solution method known as the polyol process. [ 38–40 ]  We fi rst added 1.336 g 
of polyvinylpyrrolidone (PVP, Mw ≈ 55 000, powder, Sigma-Aldrich) to 20 mL 
of ethylene glycol (EG, Sigma-Aldrich) in round-bottom fl ask and stirred this 
mixture at 200 rpm by using a magnetic stirrer. The mixture was then heated 
up to 170 °C; the 0.1 g of fi nely grounded silver chloride (AgCl, Sigma-
Aldrich) was subsequently added into the fl ask for the initial nucleation 
of the silver seeds. After 6 h stirring, 0.44 g of silver nitrate (AgNO 3 , 

 Figure 6.    Demonstration platform for the generality of light-powered healing of a wearable electrical device: Images showing the circuit layout of wiring 
a white LED (on the palm of the hand of an Iron Man toy) with the AgNW mesh/PDO 3 layered fi lm taken at a) front side and b) backside views. The 
white box in (b) indicates the layered AgNW mesh/PDO 3 fi lm attached onto the forefi nger of the Iron Man hand; the AgNW mesh is located at the 
inner side. c) Image of bended (spreading forefi nger) and relaxed (bending forefi nger) AgNW mesh/PDO 3 layered fi lm. The inset image presents a 
cross-sectional view showing the bended AgNW mesh/PDO 3 layered fi lm when the bended forefi nger is relaxed. Dark-fi eld optical microscope images 
of d) two different irregular cracks with different propagation directions (highlighted by yellow arrows) and e) optically recovered two irregular cracks in 
a curved AgNW mesh/PDO 3 layered fi lm. Two irregular cracks were simultaneously generated when the AgNW mesh/PDO 3 layered fi lm exceeds its 
modulus by vigorous bending motion. f–h) Perspective-view images illustrating the generality of light-powered healing of a damaged wearable electric 
conductor. f–g) The pristine AgNW mesh/PDO 3 layered fi lm connected with a white LED was damaged (LED went off) with two different cracks. h) The 
two irregular cracks generated on the curved AgNW mesh/PDO 3 layered fi lm (d) by bending at a level exceeding fi lm’s modulus were simultaneously 
healed (LED turned on again) by slanted light irradiation.
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Sigma-Aldrich) is gradually added into the solution for 30 min. The main 
reason of this gradual addition of AgNO 3  is to prevent the synthesis of other 
shaped Ag nanostructures (e.g., spheres, cubes, or rods). After three times 
washing by consecutive process composed of spinning (at 6000 rpm for 
30 min), removing residual chemicals (e.g., EG, PVP, and other impurities), 
and re-dispersing precipitated AgNWs, the purifi ed AgNWs (Figure S5, 
Supporting Information) dispersed in methanol were obtained. 

  Preparation of AgNW Mesh/PDO 3 Film : AgNWs was uniformly 
deposited onto 5 µm thick PDO 3 layer by the electrostatic spraying. 
Especially, by the electrostatic spraying of AgNWs-dispersed methanol 
solution (20 mg/mL) onto the PDO 3 fi lm (Figure  2 a), the mesh geometry 
with conformable wire-wire junction can be generated over the large 
area. [ 40 ]  The detail conditions for electrostatic spraying of AgNWs-dispersed 
methanol solution are described in Table S1, Supporting Information. 

  Optical Simulation Details : The numerical simulations of electric-fi eld 
intensity ( E  2 ) distributions within pure PDO 3 layer and AgNW mesh/PDO 3 
double layer, which are demonstrated in the manuscript and the Supporting 
Information (Figure  1 g,  3 g,  3 h, S2, and S7), were carried out by using a 
commercially available fi nite-difference, time-domain (FDTD) so ftware 
package (FDTD solutions 8.7, Lumerical). For all calculations, the complex 
permittivity of Ag and the refractive index of PDO 3 were empirically 
obtained by using ellipsometry (EP3, Nanofi lm); the meshed cubit unit 
cell of the simulated model along all directions has 80 nm (for PDO 3) or 
15 nm (for AgNW mesh/PDO 3) in size. The geometry of AgNW mesh, 
presented in Figure S10a-b of Supporting Information is partially taken from 
the representative SEM image in Figure S5b, Supporting Information. 

  Optical Setup : The detailed light irradiation setup for optical healing 
is presented in Figure S1 and Figure S14, Supporting Information. The 
intensity and wavelength of the laser light source (Opto Engine LLC, 3 W) 
were 600 mW/cm 2  and 532 nm, respectively. The intensity of the beam 
was precisely adjusted by using a neutral density (ND) fi lter and the 
polarization of beam was controlled by adjusting the director of wave plate. 
By using a spatial fi lter, the initial beam with Gaussian intensity profi le was 
converted into the plane beam with uniform intensity profi le. The set of 
lens and spatial fi lter allows us to enlarge the beam diameter from 1 mm 
to 1 cm; the fi nal beam size was further controlled by using iris. The light 
irradiation time was precisely controlled by an electronic shutter. 

  Characterizations : The images demonstrating i) structural features of the 
layered AgNW mesh/PDO 3, ii) light-powered healing kinetics, iii) white 
light emitting diode (LED) circuit, and iv) optical setup were obtained by 
using fi eld-emission scanning electron microscopy (FE-SEM, FEI, Sirion), 
dark fi eld optical microscopy (Olympus, BX51), and digital camera (Canon, 
EOS 50D). The resistance measurements were performed by using Fluke 
187 multimeters (two point probe measurement, Fluke Corp.).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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