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Visco-Poroelastic Electrochemiluminescence Skin with

Piezo-lonic Effect

Jong Ik Lee, Hanbin Choi, Seok Hwan Kong, Sangsik Park, Dongmok Park, Joo Sung Kim,
Sung Hyun Kwon, Jungwook Kim, Soo Hyung Choi, Seung Geol Lee, Do Hwan Kim,*

and Moon Sung Kang*

Following early research efforts devoted to achieving excellent sensitivity of
electronic skins, recent design schemes for these devices have focused on
strategies for transduction of spatially resolved sensing data into straightfor-
ward user-adaptive visual signals. Here, a material platform capable of trans-
ducing mechanical stimuli into visual readout is presented. The material layer
comprises a mixture of an ionic transition metal complex luminophore and
an ionic liquid (capable of producing electrochemiluminescence (ECL)) within
a thermoplastic polyurethane matrix. The proposed material platform shows
visco-poroelastic response to mechanical stress, which induces a change in
the distribution of the ionic luminophore in the film, which is referred to as
the piezo-ionic effect. This piezo-ionic effect is exploited to develop a simple
device containing the composite layer sandwiched between two electrodes,

1. Introduction

The recent emergence of soft electronics
has led to the realization of devices that
can not only withstand gentle flexing but
also undergo stronger deformation, for
example, rolling and stretching.'*l The
task of interfacing such technology with
humans or robots has opened up avenues
for the development of an unprecedented
wearable device platform known as elec-
tronic skin.*®! Electronic skin is a mul-
timodal network of electronic sensors
with mechanical deformability, which
enables the perception of various external

which is termed “ECL skin”. Emission from the ECL skin is examined, which
increases with the applied normal/tensile stress. Additionally, locally applied
stress to the ECL skin is spatially resolved and visualized without the use of
spatially distributed arrays of pressure sensors. The simple fabrication and
unique operation of the demonstrated ECL skin are expected to provide new
insights into the design of materials for human-machine interactive elec-

tronic skins.

stimuli, such as, mechanical, chemical,
thermal, and optical stimuli.”% After
early efforts aimed at the development
of electronic skins with excellent sensi-
tivity, later design efforts for these devices
have been concentrated on the transduc-
tion of spatially resolved sensing data
into the most straightforward readout,
that is, visual signals. For example, Javey
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et al.M integrated an active-matrix organic light-emitting device
(OLED) display onto an elastomeric substrate and connected
the electrodes to a pressure-sensitive rubbery conductor. Local
pressure applied to the resulting electronic-skin device could
be spatially resolved and visually displayed on a pixel scale,
which, as a consequence, could be quantified in terms of the
local light intensity. This result motivated exploitation of pres-
sure-sensitive device components (e.g., gate dielectrics,? inte-
grated units,¥l and electrodes!™) within OLEDs. Fabrication of
these devices necessitates integration of functional elements,
including arrays of pressure sensors, display units, and driving
units, which is a complicated task. Wang et al.®! utilized the
unique property of ZnO/GaN nanowire light-emitting diodes
(LEDs), that is, local strain- or pressure-dependent emission,
termed the piezo-phototronic effect, for transducing mechan-
ical stress into visible readout. Electronic skin realized
using an array of such piezo-phototronic nanowires enabled
2D mapping of the distribution of pressure applied to the skin
on a micrometer scale. In these devices, pressure sensing and
visual readout are performed using the same electronic compo-
nent. However, realization of these device structures inevitably
involves complicated fabrication procedures for the arrays of
such nanostructured components.

Recently, simpler device structures have been developed for
translating mechanical stimuli into visual signals. For example,
ruthenium complexes embedded in porous matrix were
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exploited for pressure-sensitive paints. There, the permeability
of the matrix to oxygen varied sensitively with applied pressure,
leading to pressure-dependent quenching in the photolumi-
nescence from the complexes.'*8 Triboelectric charge gen-
eration was also used as a driving scheme to induce transient
emission from phosphores placed on a spatially resolved pas-
sive matrix.®20] Phosphores confined in a stretchable network,
serving as a capacitor-type AC-driven luminescence layer, could
be utilized for visualizing tactile stimuli.?"! Pressure applied
to the device changed the thickness of the luminescence layer
and eventually the intensity of the light emission. Despite
the simplicity of this phosphore-based device structure, such
devices require operation voltages higher than 1 kV. Therefore,
an alternative electronic-skin structure is highly desirable that
can be fabricated by a simple method, operate at practical volt-
ages, and have high sensitivity and a good spatial resolution
under exposure to mechanical stimuli.

Examples of transduction of mechanical stimuli into visual
readout can be found in nature; this phenomenon is also an
interesting motif for the design of a simpler device scheme. For
example, dinoflagellates, tiny unicellular phytoplankton found
in the ocean, produce flow-stimulated bioluminescence and
scintillate like stars in the sky in the dark (Figure 1a). The full
mechanotransduction process in dinoflagellates is not yet com-
pletely understood, but it is known that the shear force acting
on the cells promotes intracellular Ca?" flux in the cytoplasm
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Figure 1. a) Photograph of flow-stimulated bioluminescence from dinoflagellates near seashore. b) Chemical structures of three critical constituents
(ECL luminophore, IL, and matrix polymer) of active composite layer of ECL TPU film. c) Photograph of transparent ECL TPU film (6 wt%). d) Optical
transmittance spectra of pristine TPU film, ionic TPU film (80 wt%), and ECL TPU film (6 wt%). e) XRD and f) SAXS patterns of pristine TPU film, ionic
TPU films with different contents of IL, and ECL TPU. g) Schematic depiction of microscopic structure of ECL TPU film.
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and eventually activates the luminescent chemistry.?*2¢ The
electrochemical reaction in this process requires a potential no
higher than 1 V. Inspired by this motif, we devise a scheme for a
simple, deformable electronic skin device that transduces local
stress into a spatially resolved light signal by an electrochemical
process involving ions. The emissive layer of our electronic skin
is made of a physically crosslinked polymer matrix swelled with
a mixture of an ionic transition metal complex (iTMC) and an
ionic liquid (IL). The included ionic mixture can exhibit electro-
chemically generated chemiluminescence or electrochemilumi-
nescence (ECL), as a consequence of a charge transfer reaction
between the oxidized and reduced forms of the iTMC.[*%8] See
Supporting Information for brief description of ECL process we
exploited. We note that for these devices based on ECL, charges
are typically transferred by convective process (which involves
direct mass transfer for oxidized and reduced iTMC species),*’]
whereas charges in their sister electrochemical devices, often
referred to as the light-emitting electrochemical cells,!?! charge
are transferred by conductive process (which involves hopping
of electrons and holes through iTMCs). Our developed device is
hereafter referred to as “ECL skin”. The polymer matrix enables
the device to be both flexible and stretchable. More importantly,
the tough gel network can undergo visco-poroelastic relaxation
under applied stress. That is, any mechanical stress applied to
the composite layer is relieved via adjustment of the conforma-
tion of the matrix polymer (viscoelastic relaxation) and/or a
change in the nanoscale free volume of the matrix (poroelastic
relaxation). A combination of these two effects facilitates a
change in the distribution of the ionic ECL mixture embedded
in the scaffolding matrix, which we refer as the piezo-ionic
effect.’% The piezo-ionic effect, in turn, results in an enhance-
ment of the luminescence intensity. The luminescence inten-
sity of the device is confirmed to vary systematically with both
normal and tensile stresses. Because visco-poroelastic relaxa-
tion of the polymer matrix occurs only at the location where
stress is applied, the tactile stimulus can be spatially mapped
without the use of complicated driving schemes. We believe
that the device concept demonstrated herein can provide new
approaches for the design of low-power, mechanosensitive
photonic skin capable of transducing mechanical stimuli into
direct visual outputs.

2. Results and Discussion

Figure 1b shows the chemical structures of the three critical
components constituting the active composite layer of our ECL
skin device. Tris(2,2"-bipyridine)ruthenium(II) hexafluorophos-
phate ([Ru(bpy)s][PFg],) is used as the ECL luminophore, and
the 1-ethyl-3-methylimidazolium Dbis(trifluoromethanesulfonyl)
imide ((EMIMJ*[TESI]") is used as the IL electrolyte necessary
for inducing the electrochemical reaction. A thermoplastic pol-
yurethane (TPU) random copolymer containing a methylene
diphenyl diisocyanate hard segment and a polyadipate soft seg-
ment is used as the elastomeric matrix.*! ECL occurs upon the
relaxation of the excited luminophore ([Ru(bpy);]***) formed
via the charge transfer reaction between the reduced species
([Ru(bpy);]**) and the oxidized species ([Ru(bpy);]**)."?832 The
use of a nonvolatile IL electrolyte with a large electrochemical
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window is critical for ensuring device operation without an
undesirable Faradaic reaction of the electrolyte.?*! Spin coating
of a 1:16:4 (wt%) mixture of [Ru(bpy)s][PF¢l,, [EMIM]J*TESIT,
TPU dissolved in a dimethylformamide solvent, and a subse-
quent drying process yield a self-standing, tough composite
film, denoted as the ECL TPU film (Figure 1c). The transpar-
ency of the ECL TPU indicates the homogeneous nature of the
composite film (Figure 1d).

The microstructures of a series of composite films were ana-
lyzed using combinatorial X-ray analysis, that is, X-ray diffrac-
tion (XRD) and small-angle X-ray scattering (SAXS). Figure le
and Figure S1, Supporting Information, show the XRD patterns
of the following: a pristine TPU film; TPU composite films
with different contents of the IL ((EMIMJ'[TFSI]"), hereafter
referred to as ionic TPU films and the TPU film containing
both the luminophore and the IL, that is, the ECL TPU film.
The black curve is a diffractogram obtained from the pristine
TPU film. The hard segment of the TPU polymer forms well-
organized domains that can serve as a physical crosslinking
point of the gel network, whereas the soft segment constitutes
the nanoscale free volume of the gel network (this is discussed
in detail later). The XRD peak at 19.3° (d-spacing: 4.5 A) con-
firms the formation of well-organized domains of hard seg-
ments in the pristine TPU film. The IL ((EMIMJ*[TFSI]") added
to the TPU functions as a plasticizer. In such a composite mate-
rial (i.e., ionic TPU), most of the cations and anions of the IL
reside in the nanoscale free volume of the TPU film, but inter-
calation of the ions between the hard segments is also pos-
sible.} Consequently, the relative intensity of the XRD peak at
19.3° decreases and a new peak appears at 12.1°, whose relative
intensity increases with an increase in the IL content. The peak
at 12.1° corresponds to a distance of 72 A, which matches the
dimensions of [EMIM]" and [TESI]; this match suggests the
intercalation of ions between the hard segments. The XRD pat-
tern of the ionic TPU (80 wit%) well matches that of the ECL
TPU (6 wt%), indicating that the small amount of the added
luminophore ([Ru(bpy);][PF¢];) has only a marginal influence
on the entire microstructure of the ECL TPU.

Figure 1f shows SAXS results of I(q)q* versus q plots for
the pristine, ionic, and ECL TPU films, where the presence
of a peak at lower g range indicates the inter-domain distance
between hard segments within the film.’* Incorporation of
more IL into the TPU film causes a gradual shift in the peak
position toward a smaller g value (from 0.047 to 0.016 A™).
This result suggests that the inter-domain distance is gradu-
ally expanded in the ionic TPU films with increasing IL content
(from 13 to 40 nm). Because the IL occupies the nanoscale free
volume around the soft segment domain of the film, loading
of more IL will release the entangled soft segments (plasti-
cizer effect) and increase the size of the microscopic domain
of the ionic TPU. As is the case with the XRD patterns, the
SAXS pattern of the ECL TPU, which includes both the ECL
luminophore and the IL, does not show any noticeable differ-
ences from that of the composite film containing an equivalent
weight fraction of only the IL. These results also support the
conclusion that the incorporation of a small amount of lumi-
nophore does not cause a noticeable change in the microstruc-
ture of the ECL TPU film. The resulting microstructure of the
ECL TPU film is schematically depicted in Figure 1g. The ECL
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active materials (i.e., luminophore and electrolyte) occupy the
nanoscale free volume between the soft segments of the com-
posite and is confined within the TPU network formed by the
physical crosslinking of the hard segments. Here, the elec-
trochemical properties of the composite are governed by the
included ECL active material, whereas the mechanical proper-
ties of the composite are governed by the matrix formed by the
TPU network.

The mechanical properties of the ECL TPU film were exam-
ined. Figure 2a shows the stress—strain relationship of the ECL

www.advmat.de

TPU films with different contents (0, 3, 6, 9 wt%) of the ECL
luminophore and 80 wt% of IL. Consistent with the structural
analysis above, the mechanical response of the ECL TPU film
remains nearly unchanged with the amount of ECL lumino-
phore loading. The series of ECL TPU films can be stretched
up to 800% (inset in Figure 2a) and their Young’'s modulus is
~1.2 MPa. We note that such a network polymer composite sur-
rounded by a liquid component can undergo unique mechan-
ical deformation under strain or stress, unlike common solids,
liquids, or polymers. For example, when a constant strain is
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Figure 2. a) Stress—strain relation of ECL TPU films with different loadings of ECL luminophore (0, 3, 6, 9 wt%) The content of IL is fixed to 80 wt%
for these films. Inset is a photograph of a stretched ECL TPU film (6 wt%). b) Different stress relaxation behaviors of different types of materials under
constant strain. c) Stress relaxation of ECL TPU film (6 wt%), ionic TPU film (80 wt%), and pristine TPU film. d) Distribution of ionic components in
an ionic TPU film (left) in equilibrium and (right) under pressure applied on the top. e) Open-circuit potential of an ionic TPU film (80 wt%) recorded
under cycles of pressure (10 kPa) application and removal. f) Distribution of ionic components in an ECL TPU film (left) in equilibrium and (right) under
pressure applied on the top. g) Open-circuit potential of an ECL TPU film (6 wt%) recorded under cycles of pressure (10 kPa) application and removal.
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applied to a solid material, it experiences a constant stress (if
the strain is within its elastic regime); however, when a constant
strain is applied to a liquid material, it relaxes the mechanical
stress immediately by flowing (gray lines in Figure 2b). The
behavior of regular polymers lies between those of solids
and liquids, which is typically observed in the form of viscoe-
lastic deformation: A fraction of stress is relaxed over a given
period of time corresponding to the rearrangement of polymer
chains, but after this time taken for molecular rearrangement,
the polymer experiences a constant stress, similar to that in
common solids (black curve in Figure 2b). Network polymer
composites surrounded by a liquid component, for example,
our ECL TPU, can show not only viscoelastic deformation
behavior by the rearrangement of the polymeric components
of the composite itself but also motions of the liquid compo-
nent by reconstruction of the pore structure, that is, poroelastic
behavior.¢37] The combination of these two behaviors, known
as visco-poroelastic deformation, is a characteristic of such
materials, and it leads to a continuous relaxation of stress on a
long time scale, even after completion of the viscous response
of the polymeric component (red curve in Figure 2b); the visco-
poroelastic responses of different materials occur over different
periods of time and for different lengths of time.l*®!

The visco-poroelastic behavior of the ECL TPU film (6 wt%)
was examined via a time-dependent stress relaxation test.
For comparison, the same set of tests was also conducted on
both the ionic TPU film (80 wt%) and the pristine TPU film.
A step strain of 5% was instantaneously applied to the films
and the relaxation of the loaded stress was monitored over a
period of time. Figure 2c shows the stress-relaxation behaviors
of the pristine (black), ionic (blue), and ECL (red) TPU films.
The pristine TPU film showed relaxation behavior typical of a
polymeric material, that is, viscoelastic behavior; the stress ini-
tially relaxed over a period of time and subsequently attained
equilibrium. For both the ECL TPU film and the ionic TPU
film, the stress relaxed continuously over an extended period of
time (longer than at least 20 000 s). We conjecture that the IL
in the ionic TPU and the IL/luminophore mixture in the ECL
TPU film were actively involved in the poroelastic relaxation of
the composite upon deformation of the pore structure of the
network.

Interestingly, the visco-poroelastic deformation of the ECL
TPU film leads to a change in the spatial distribution of mul-
tiple ionic components within the scaffolding polymer matrix,
which we refer as the piezo-ionic effect.?# The piezo-ionic
effect under a load originates from: i) the transient stress dis-
tribution built in the visco-poroelastic TPU film (ECL TPU
or ionic TPU film) along the normal direction of the applied
force, and ii) the different transport capability of the ionic com-
ponents in the film in response to the built stress distribution
(Figure 2d).*2] The more mobile components would escape
away from the interface where the force is applied, whereas
the less mobile components would remain relatively near the
contact.

The piezo-ionic effect could be confirmed by measuring an
open-circuit potential (AVocp) between two electrodes placed
on top and bottom of the TPU film under pressure.?**! We
first discuss the AVycp monitored for the ionic TPU film con-
taining only [EMIM]" and [TFSI]~ without ECL luminophores
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(Figure 2e). For the ionic TPU, the piezo-ionic effect is origi-
nated from the different mobility as well as different ion-matrix
interaction of [EMIM]* and [TFSI]” within the TPU matrix. The
binding energy of the TPU matrix with [TFSI]™ is estimated to
be an order of magnitude stronger than that with [EMIM]*,13134
therefore, [EMIM]" is expected to be more mobile in the TPU
matrix than [TFSI]". When pressure is applied onto an ionic
TPU film from the top, the more mobile ions, that is, [EMIM]*,
will be driven away from top, while leaving the less mobile
ions, that is, [TFSI]", behind. Consequently, negative and posi-
tive space charges can be built across the film. This is reflected
to the observation of positive AV cp values upon applying pres-
sure; once the pressure is removed, AVpcp will slowly recover
its original value until uniform distribution of ions is acquired
(Figure 2e).

The piezo-ionic effect is more complicated for ECL TPU
films where [Ru(bpy);]*" and [PF¢] are also involved within
the TPU matrix in addition to [EMIM]* and [TFSI]™ (Figure 2f).
In fact, completely different features in the AVycp profile are
acquired upon pressing such that the value of AVycp under
pressure is negative, and its magnitude is reduced (Figure 2g).
When pressure is applied onto the ECL TPU film from the top,
the spatial charge distribution described above for the ionic
TPU film would be less apparent (and therefore, the magnitude
of AVocp should be smaller), because the positive space charge
formed by the least mobile [Ru(bpy);]** (which would therefore
left behind near the top) will negate the negative space charge
formed by [TFSI]". Moreovet, because the valency of [Ru(bpy);]**
is more positive than that of [EMIM], negative AV cp (relative
to the bottom electrode) is read from the top electrode. When
the applied pressure is removed, the negative AVqcp will slowly
recover the original value 0, until uniform distribution of ions
is reformed. Overall, the apparent difference in the AVy¢p pro-
files obtained from the ionic TPU film and the ECL TPU film
strongly supports piezo-ionic effect in these films indicating
that the distribution of ionic components in the TPU matrix is
perturbated when stress is applied.

The piezo-ionic effect of the ECL TPU film could be
exploited to assemble the ECL skin device showing character-
istic response to mechanical stimuli. Luminescent characteris-
tics of the undeformed ECL skin (6 wt%) were first analyzed.
The test device for this analysis was prepared by sandwiching
the ECL TPU film between Au and indium tin oxide (ITO)
electrodes (see the schematic in Figure 3a). The poor lumines-
cence of the device achieved under a DC bias that arises from
the slow migration [Ru(bpy);]'* species generated at the cathode
and the [Ru(bpy);]** species generated at the anode could be
avoided by application of AC voltages.[*” Through the applica-
tion of AC voltages, both the reduced and the oxidized forms of
an ECL luminophore can be generated at the same electrode in
a time interval that depends on the AC operating frequency (all
devices in this study were driven at 60 Hz) (inset in Figure 3a).
The operating frequency-dependent luminescent characteris-
tics is described thoroughly in our previous work.? At a given
operating frequency (e.g., 60 Hz), application of a higher AC
voltage yielded stronger luminance (Figure 3a). More impor-
tantly, an increase in the concentration of the ECL luminophore
in the active layer enhanced the luminance of the device (ECL
luminophore concentration: red: 3 wt%, black: 6 wt%, and blue:
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Figure 3. a) Luminance of ECL skin plotted as a function of magnitude of applied AC voltage (at 60 Hz). The inset shows luminance of ECL skin plotted
as a function of AC operating frequency (at £3 V). b) Luminance of ECL skin (200 um) plotted as a function applied pressure. c) Luminance of ECL skin
plotted as a function of thickness of active layer. d) Distribution of ionic components in ECL skin under stretching e) Change in luminance of ECL skin
(223 um) with applied tensile strain. The data were collected at an AC potential of £3 V at 60 Hz. The contacting force between the Au electrode and
the composite layer was 10 kPa. f) Luminance of ECL skin plotted as a function of active-layer thickness, which was directly measured during tensile
test (blue). For comparison, data obtained from undeformed ECL composites with different thicknesses are also plotted (black).

9 wt%). This result is not surprising because for devices with
higher luminophore concentration, a larger number of the
reactant (i.e., ECL luminophore) would be involved in the redox
reactions in the vicinity of the electrodes. We emphasize that
this concentration dependence serves as the key source of the
stress-dependent luminance of our ECL TPU based on piezo-
ionic effect described above.

Figure 3b shows the normal-stress-dependent ECL intensity
of the AC-driven ECL skin. For this measurement, the ECL
composite laminated onto the ITO electrode was pressurized
using a force gauge coated with an Au contact (area: 6 mm?)
that served as the counter electrode. The variation in the ECL
intensity under application of an AC voltage (£3 V at 60 Hz)
between the ITO electrode and the Au contact was monitored
using a photodiode. With an increase in the applied normal
stress up to 60 kPa, the luminance increased approximately
eightfold compared with that obtained in the undeformed
state. The enhanced luminance was consistently observed
upon applying cycles of normal stress (Figure S2, Supporting
Information) and upon continuously applying a normal stress
(Figure S3, Supporting Information). This eightfold enhance-
ment of the ECL intensity can be attributed to several factors.
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The simplest explanation is that the reduced thickness of the
active composite layer can cause an increase in the ECL inten-
sity. To examine the influence of the thickness of the active
layer on its ECL intensity, we prepared a series of ECL films
with the same composition but different thicknesses. Com-
parison of the ECL intensities of the series of films in their
undeformed state under the same operating conditions (+3 V
at 60 Hz) revealed the contribution of the thickness variation
to the ECL intensity enhancement. As shown in Figure 3c, the
results obtained from the undeformed ECL skins with different
thicknesses (black points) revealed a thickness-dependent vari-
ation in the ECL intensity. The ECL enhancement factor was
1.2; we define this factor as the relative change in the ECL
intensity with a decrease in the film thickness by one order of
magnitude and express it in the unit of ECL-intensity/dec (this
factor can be estimated from the slope of the data). The thick-
ness dependence can be understood from variation in the effec-
tive electric potential applied near the electrode. Larger electric
field is applied at the electrodes of thinner ECL skins due to
the smaller bulk resistance of thinner film (note that the bulk
resistance of an electrical system cannot be simply neglected
even if a large fraction of the applied potential is compensated

© 2021 Wiley-VCH GmbH
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by the formation of electric double layer at interface). However,
we emphasize that the thickness variation cannot fully explain
the eightfold enhancement of the ECL intensity of our device.
The red points in Figure 3c were obtained by re-plotting the
black points in Figure 3b; they represent the ECL intensity
plotted as a function of the active-layer thickness, which was
recorded simultaneously during the ECL intensity measure-
ment. As can be found from the distinct offset in the slope, the
ECL enhancement factor is as large as 137 ECL-intensity/dec.
This result indicates that a factor more critical than the thick-
ness needs to be considered for explaining the normal-stress
dependence. We attribute the enhancement mainly to change
in the density of [Ru(bpy);]*" near the electrode/ECL TPU film
interface caused by the piezo-ionic effect, recalling that the
luminance of an AC-driven ECL device increases with the con-
centration of luminophore (Figure 3a).

The piezo-ionic effect in the visco-poroelastic ECL TPU layer
would be induced not only by normal stress but also by tensile
stress. However, the resulting distribution of ions within the
visco-poroelastic TPU film under tensile stress would be dif-
ferent from that under normal stress (Figure 3f). Due to the
symmetric deformation of the film under stretching, the dis-
tributions of ionic components in ECL TPU film should also
be symmetric to the central plane of the film, while the effec-
tive concentration of [Ru(bpy);]?", that is, the least mobile ionic
components, near the surface would be increased (Figure 3d).
Accordingly, we examined the ECL intensity of the ECL skin as
a function of strain (¢). We note that to investigate the inherent
contribution of the tensile stress applied to the ECL skin to
its ECL intensity, a stretchable electrode that shows negligible
variances in the resistance and transmittance over a range of
strains is necessary. However, to the best of our knowledge,
such an ideal electrode material is not yet available. Therefore,
we instead utilized an Au-coated force gauge as an electrode of
the device, which can form a direct contact with the ECL TPU
layer placed on the ITO electrode. This apparatus was used to
perform the measurement, which involved: i) stretching of the
composite layer, ii) lamination of the contact to the ECL TPU
layer by application of a designated pressure, and iii) recording
of the ECL intensity under AC voltage operation. Each time the
ECL TPU was to be stretched, the contact had to be removed,
and after each instance of stretching of the ECL TPU, the con-
tact was laminated to the film. Unexpected effects of changes in
the contact area, sheet resistance, and contact resistance could
be prevented by using a nondeformable contact (area: 6 mm?)
and setting of the contact pressure. Figure 3e plots the ECL
intensity as a function of strain, which was recorded under
the condition of formation of a contact at a pressure of 10 kPa
(this pressure corresponds to the minimal force required to
achieve uniform emission over the contacted ECL skin). As ¢
increased to 100%, the ECL intensity increased by a factor of
1.5, without significant hysteresis. We emphasize that such
a positive e-luminance relation can open up new avenues in
stretchable optoelectronics; conventional stretchable devices
exhibit inferior performance when they are stretched signifi-
cantly. The origin of the ECL enhancement under stretching
cannot be explained simply by the reduced thickness of the ECL
skin layer upon stretching. Figure 3f plots the ECL intensity as
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a function of the ECL skin layer thickness—which was directly
measured during the tensile tests—along with the results
obtained for undeformed samples with different thicknesses.
The measured ECL enhancement factor upon stretching was
5.6 ECL-intensity/dec, which is larger than the value of 1.2 ECL-
intensity/dec in the unstretched state; the higher value in the
stretched state reflects the sole dependence of the ECL inten-
sity on the thickness. As also surmised from the results under
normal stress, we conjecture that the more critical contributing
factor to the ECL enhancement is the increased concentration
of [Ru(bpy);]*", that is, the least mobile ionic components, near
the ECL TPU/electrode interface.

By exploiting the unique rheological characteristics of the
ECL TPU, we fabricated an ECL skin device capable of trans-
ducing strain-sensitive, local mechanical stimuli into visual out-
puts. Figure 4a depicts the structure of the device, which com-
prises a planar ITO electrode, an ECL skin layer, and copper
wire electrodes shaped in alphabetical letters A, B, and C.
The device was fabricated simply by laminating the two sides
of the ECL TPU film with ITO and copper wire electrodes.
With an increase in the normal stress applied to the ECL
skin (from 0 to 60 kPa), the emission of the device along the
shape of the electrode increased gradually (Figure 4b), which
demonstrates the stress-dependent emission of the ECL skin
originating from its unique visco-poroelastic response. In addi-
tion, when only one of the three letter-shaped copper wires was
selectively pressurized to concentrate the stress on this wire,
luminescence was concentrated only on this pressurized wire
despite all the three letter-shaped wires being connected electri-
cally (Figure 4c). Similarly, when two of the three letter-shaped
wires were selectively pressurized, luminescence was observed
from underneath both these wires even though electric poten-
tial was applied to all three electrodes. These results imply that
it is possible to achieve a spatially resolved emission from the
ECL skin without any precise efforts directed toward the forma-
tion of spatially resolved patterns of the active material.

3. Conclusion

We have demonstrated that a composite comprising a polymer
matrix surrounded by liquid ECL active material (a mixture
of the luminophore and electrolyte) shows a visco-poroelastic
response to mechanical stress leading to change in the distri-
bution of ions inside. We then successfully exploited this char-
acteristic to design a device platform termed ECL skin that
transduces mechanical stimuli into visual readout. This device
platform is designed simply by sandwiching the composite layer
between two electrodes, and it exhibits both normal-stress- and
tensile-stress-dependent emissions. Because the mechanical
response of the composite can occur locally and induce changes
in the distribution of the luminophore over a limited regime,
stress locally applied to the ECL skin can be spatially resolved
into emission without the use of spatially distributed arrays of
pressure sensors. The simple fabrication and unique opera-
tion of the ECL skin demonstrated herein are expected to pave
the way to new strategies for the design of tactile sensors for
human-machine interactive electronic skins.

© 2021 Wiley-VCH GmbH
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a

0 kPa Pressure applied 60 kPa

electrode 1 letter is pressed 3 letters are pressed

2 letters are pressed

Figure 4. a) Schematic depiction of ECL skin device used for stress-sensitive, local visualization of mechanical stimuli. The photograph shows the
copper wire electrodes placed on the ECL skin. b) Series of photographs of ECL skin captured under increase in load applied to electrodes from 0
to 60 kPa. c) Series of photographs of ECL skin captured under various loads selectively applied to one (60 kPa of pressure applied), two (30 kPa of
pressure applied), or all three (20 kPa of pressure applied) copper wire electrodes, which were shaped like letters A, B, and C. All photographs were
captured at an AC potential of £3 V at 10 Hz.

4, Experimental Section Sigma-Aldrich. TPU pellets were purchased from Kolon Industries,
Inc. (product number: KA-480). All these chemicals were stored in a

Chemicals ~ and ~ Materials:  Tris(2,2"-bipyridine)ruthenium(ll)  glovebox. 1-ethyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)
hexafluorophosphate ([Ru(bpy)s][PFel2 (97%)) and N,N-  imide ([EMIM][TFSI], high grade) was purchased from C-TRI (Korea).
dimethylformamide (DMF; 99.8% anhydrous) were purchased from  Before use, the IL was stored under vacuum overnight to remove any
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residual moisture. Poly(dimethylsiloxane) (PDMS; Sylgard 184) was
purchased from Dow Corning Corp. ITO-coated glass substrates (ITO
thickness: 1430 + 100 A, sheet resistance: 11 + 1 Q sq™") were purchased
from AMG (Korea). Au/Cr (150/20 nm)-coated PET substrates were
prepared by thermal evaporation and cut into slices with dimensions
of T mm x 6 mm. Before use of these electrode-coated substrates,
they were cleaned by ultrasonication in acetone and isopropyl alcohol
sequentially for 10 min each; they were then cleaned by UV/Oj; treatment
(lamp power: 28 mW cm2 at a wavelength of 254 nm) for 15 min.

Fabrication of Electrochemiluminescence Thermoplastic Polyurethane: As
an example, the precursor solution for the ECL TPU containing 6 wt%
of the ECL luminophore (relative to the TPU and IL contents) was
prepared by dissolving [Ru(bpy)s][PF¢], (0.5 g) and TPU (2 g) in a mixed
solvent consisting of [EMIM][TFSI] (8 g) and DMF (6 g). The weight
composition of this precursor solution was [Ru(bpy);][PFe],: TPU:[EMIM]
[TFSI:DMF = 1:4:16:12 (Wt%). Precursor solutions for the ECL skin films
with different contents of the ECL luminophore were prepared by the
same approach for different weight ratios of [Ru(bpy)s][PF¢], and [EMIM]
[TFSI]. The precursor solution was stirred at 80 °C for 12 h. The stirring
speed was initially set at 300 rpm but gradually reduced to 60 rpm
because the viscosity of the solution increased with the dissolution of
TPU. The well-mixed precursor solution was dropped onto the PDMS
substrate and spin-coated for 60 s. The PDMS substrate was used for
easy separation of the self-standing ECL TPU film formed after spin
coating. The film thickness and uniformity could be controlled by
altering the rotational speed of the spin coater (50, 200, 500, 1000, and
3000 rpm). The resulting ECL films were placed under vacuum for more
than 72 h to completely remove the residual solvent. It should be noted
that the residual DMF in the film has a significant impact on the film’s
luminescence characteristics. Thus, vacuum drying for a long time was
critical. The spin-coated ECL film was then cut using a dumbbell cutter
and then transferred onto a sample holder using tweezers.

Device Fabrication: The test device in Figure 3a was fabricated in
two steps (see Figure S4, Supporting Information). First, a ECL TPU
film (prepared separately on a PDMS substrate) was gently laminated
onto a glass substrate that was coated with ITO. Subsequently, another
glass substrate coated with thin Au layer (thickness 100 nm) was placed
on top of the ECL TPU film. The two glass substrates (coated with
ITO and Au, respectively) sandwiching the ECL TPU film were gently
pressurized by a bulldog clip to form good contact. The luminescence
characteristics of the ECL skin under normal pressure (Figure 3b) and
tensile strain (Figure 3e) were obtained using a homemade apparatus
(see Figure S4, Supporting Information). Here, glass coated with ITO
was placed into the holder then the ECL TPU film (prepared separately
on a PDMS substrate) was gently laminated onto the ITO-coated glass
substrate. Instead of using the Au film coated on glass substrate as it
was for Figure 3a, a force gauge directly coated with Au (area = 6 mm?)
was utilized, which could apply pressure in control onto the ECL TPU
film. For the tensile-stress-dependent luminescence measurement in
Figure 3e, the ECL TPU film had to be stretched up to a designated
strain value and then the stretched ECL TPU film was laminated onto the
ITO-coated glass substrate. Finally, the Au coated force gauge was gently
contacted onto the underlying stretched ECL TPU film. Each time the
ECL TPU was to be stretched, the contacts (the ITO underneath and the
Au coated force gauge on top) had to be removed. After each instance
of stretching of the ECL TPU, the contact was re-laminated to the film.

Supporting Information

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