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Ultraflexible Vertical Corbino Organic Electrochemical
Transistors for Epidermal Signal Monitoring

Inho Lee, Ji Hwan Kim, Youngseok Kim, Dongjoon Shin, Hyeongbeom Lee, Jonghyun Won,
Keehoon Kang, Jun-Gyu Choi, Myung-Han Yoon,* and Sungjun Park*

Skin-conformal organic electrochemical transistors (OECTs) have attracted
significant attention for real-time physiological signal monitoring and are vital
for health diagnostics and treatments. However, mechanical harmonization
amid the inherent dynamic nature of the skin surface and the acquisition of
intrinsic physiological signals are significant challenges that hinder the
integration of the ultimate skin interface. Thus, this study proposes a novel
4-terminal (4-T) vertical Corbino OECT, exhibiting high transconductance
(>400 mS) and offering remarkable resilience and operational stability at an
extremely low voltage of 10 mV (1.9% of minimal current change after 10*
biasing cycles and endurance up to 10? cycles of repetitive deformation with a
5 pm bending radius). Consequently, ultralow-power, motion-resistant
epidermal electrocardiogram, electromyogram, and electrooculogram sensors
are developed with an exceptional signal-to-noise ratio of 40.1 dB. The results

including high sensitivity,'*/ mechani-
cal flexibility,[*”! and biocompatibility.®-1]
Their unique ability to interlink ionic
and electronic charges allows their effec-
tive operation at the ion-rich interfaces
of skin and tissue, wherein, subtle elec-
trochemical physiological signals are con-
verted into electrical outputs with instru-
ment compatibility.['>'*] For optimal bio-
interfacing, several key factors must be
addressed. 1) Enhanced amplification at
minimal operating voltages, achievable by
eliminating parasitic resistances to mini-
mize the energy loss and foster an effec-
tive conduction path, 2) A rapid response
time paired with an expansive cutoff fre-

of this study present a significant stride in non-invasive, skin-interfaced
health-monitoring technologies and herald a new era in integrative health

technologies.

1. Introduction

Ultraflexible organic electrochemical transistors (OECTS) are
considered potential pivotal elements that facilitate physio-
logical signal monitoring owing to their distinct attributes,
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quency range where an optimized spa-
tial design in the volumetric occupancy
of the active layer can enhance ion trans-
port and redox reaction efficacy, 3) ro-
bust mechanical resilience, given the dy-
namic nature of human skin, that remains
unaffected by motion-induced distortions,
necessitating isotropic channel designs to withstand multidirec-
tional stresses and finally, 4) seamless adhesion to intricate skin
topographies facilitated with an ultrathin design of minimal flex-
ural rigidity, enabling a reliable and seamless human-machine
interface to adhere to various skin textures without bending or
fractures. Thus, to achieve optimal bio-interfacing with electronic
devices, it is essential to strike a balance between electrical perfor-
mance and geometrical constraints within a limited space while
ensuring consistent functionality even under mechanical stress.

State-of-the-art OECTSs have achieved profound advancements,
with high transconductance (g,,) values of 384 mS and cut-
off frequencies (f) of 1.2 kHz.['®] Such advances are attributed
to the innovative use of redox-active semiconducting polymers
blended with a redox-inert and photocurable polymer component
in a vertical architecture, which facilitates long-term and rapid
switching operations, demonstrating high-performance comple-
mentary circuits on a rigid substrate. Considering the flexibil-
ity benchmark, several flexible OECTs have been manifested on
few-um-thick polymeric substrates with transconductance values
of a few tens of millisiemens (g, <70 mS)[”! and cutoff fre-
quencies lower than 560 Hz.[*l These devices also show potential
for accurate sensing of physiological signals at skin and tissue
surfaces.[318-22]

Despite these advancements, efforts to improve device perfor-
mance often face limitations due to a trade-off related to channel

© 2024 Wiley-VCH GmbH


http://www.advmat.de
mailto:sj0223park@ajou.ac.kr
mailto:mhyoon@gist.ac.kr
https://doi.org/10.1002/adma.202410444
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202410444&domain=pdf&date_stamp=2024-11-03

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

geometry and applied bias, regardless of intrinsic material char-
acteristics. One strategy to increase the g, value involves enlarg-
ing the geometric factor, Wd/L, of the channel according to the
well-known dependence of g, g., = (Wd/L) X (uC*) X (Vo—Vi,),
where u represents the mobility, and C* is the volumetric capac-
itance, and W, d, and L are the channel’s geometric dimensions.
V. denotes the gate voltage (the electrical potential difference
between the gate and source terminals), and Vqy, is the thresh-
old voltage. This strategy is often realized by fabricating vertical
OECT architecture. However, as the channel resistance (R,) de-
creases following Rq, = p, X (L/Wd) with an increasing Wd/L,
the relative IR drop at the parasitic resistance (Rqyc 2a0d Ryje)
correspondingly increases. Consequently, even if g improves
with Wd/L, the degree is limited by the increasing relative IR drop
across the parasitic resistance components. Furthermore, the de-
vice response time generally slows down as Wi/ L increases(?*24]
(inversely proportional to d(LW)*°). As Maciej Gryszel and his
colleagues clearly demonstrated, vertical OECTs require a smaller
volume of channel materials, resulting in a switching time of 16—
20 times faster than that of planar OECTs.[*’! In addition, con-
ventional rectangular and large Wd/L channel geometry intro-
duces anisotropic mechanical strain during dynamic skin mo-
tion, impeding efficient charge transport through the channel.[2°]
Therefore, addressing the trade-off between channel geometry
and g, response time, and mechanical robustness simultane-
ously presents a considerable challenge.

This study proposed a motion-robust and skin-conformal ul-
traflexible 4-terminal vertical Corbino organic electrochemical
transistor (4-T vcOECT). The introduction of the 4-T architec-
ture eliminated redundant parasitic resistances to optimize the
g, value, thus providing an independent platform for extracting
intrinsic electrical parameters. Furthermore, a vertical Corbino
architecture resulted in impressive g, and f; values by maximiz-
ing the geometrical parameters (Wd/L), and exceptional mechan-
ical durability attributed to the isotropic stress distribution even
under significant strain. The resultant device yielded record-high
g, values exceeding 400 mS and increased cutoff frequencies (f))
up to 2 kHz. A negligible change in total current was observed
after 10* biasing cycles, and repetitive deformations up to 10° cy-
cles with a tight bending radius of 5 um. Owing to its small radial
channel structure with extremely high g, 4-T vcOECTs ensure
uniform detection of locally fluctuated ion concentrations on the
small channel region, which enables reliable and accurate detec-
tion of physiological signals, including electrocardiogram (ECG),
electromyogram (EMG), and electrooculogram (EOG) while op-
erating at only 10 mV with an outstanding signal-to-noise ratio
of 40.1 dB. This advancement will be instrumental in develop-
ing high-performance, ultralow-power, and motion-tolerant epi-
dermal sensors.

2. Design of Ultraflexible 4-Terminal Vertical
Corbino OECT (4-T vcOECT)

Figure 1a,b presents schematic representation and correspond-
ing equivalent circuit diagram of the 4-terminal vertical Corbino
OECT (4-T vcOECT) devices. The design drew inspiration from
the four-point probe method, aiming to minimize parasitic re-
sistance during measurements. This strategy enhances the accu-
racy of device characterization by reducing the influence of ex-
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traneous resistances. Two of the four terminals are dedicated to
applying current (Ig,,... and I ... ), facilitating the entry and exit
of current through these terminals. The other two terminals are
allocated for voltage measurement (Vs,,.; and Vg ,), ensur-
ing no current flows through them owing to the high electrical
impedance of the voltmeter. The operation principle of the 4-T
vcOECT slightly deviates from the conventional approach. In this
method, the voltage between the sensing terminals (V.. ; and
Vsense2) is constant, unaffected by the current applied between
the I and Ip,.., terminals, assuming negligible line resis-
tance. Consequently, the I, value displayed in the transfer curve
accurately represents the current between the Iy, .. and I . ter-
minals. This ensures that the voltage measured between V..,
and Vg, accurately reflects the set V, value (e.g., —0.6 V, as
shown in Figure 1f) without any loss due to line resistance. In-
stead of applying the voltage, a current is applied between Ig, ...
and Ip,,;, terminals to ensure that the voltage measured between
the two sensing terminals (Vg.,; and Vg, ,) reaches the set
Vp, value. During operation, the IR drop at Ry .y, and Ry v, is
nullified since no current flows through the Vg ., and Vg,
lines, attributed to the high impedance of the voltmeter. Conse-
quently, the voltage measured between Vg, .., and V., is con-
fined to the series resistance of Rqy,css Renr and Regpeps €X-
cluding Ry;,. s and Ry, . As the current source delivers current
until the voltage value matches the V},, it effectively evaluates V,,
across the series resistance of Rqy s, Reys and Regpe o disre-
garding line resistances. All devices can be measured using a con-
ventional source—measure unit in 4-wire mode without the need
for any additional measurement setup or equipment (Figure S1,
Supporting Information).

The vertical Corbino structure is defined by a patterned via hole
that exists between the top and bottom metal electrodes (the up-
per and lower layers serve as the drain and source electrode, re-
spectively) through the parylene-C (PaC) layer (Figure 1c). This
design allowed the channel to be distinctly delineated on the
sidewalls of the circular holes, thereby optimizing the device
footprint. Consequently, the channel length and width could be
precisely controlled by adjusting the thickness of the PaC layer
(Tp,c) and the perimeter (27t) of the via holes, respectively.25-%7]
This innovative design facilitates operation in both accumula-
tion and depletion modes with efficient redox reaction of the
whole active channel exposed to electrolytes. Incorporating ver-
tical and Corbino structured devices on a 1-um-thick ultraflexible
PaC substrate enables isotropic strain distribution, fully leverag-
ing the device’s thinness for highly sensitive physiological moni-
toring. These features significantly improve the sensitivity and
adaptability, particularly when interfaced with skin and tissue
surfaces. Figure 1d shows a cross-sectional transmission elec-
tron microscopy (TEM) image illustrating the vertical geome-
try of the 4-T vcOECT. The channel length of the OECT, repre-
sented by Tp,., was quantified to be ~500 nm, as determined
by both the analysis of the TEM image and the surface profiler
(Figure S2, Supporting Information). Figure le shows a photo-
graph of an ultraflexible 4-T vcOECT on a SU-8/PaC substrate
after being peeled off from the supporting glass substrate. The
1.2-pm-thick ultrathin SU-8/PaC substrate enabled the transfer
and attachment of the 4-T vcOECT device onto complex surface,
including human skin. The floral pattern does not serve a spe-
cific functional role related to the structure of the 4-terminal
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Figure 1. Design of Ultraflexible vcOECT and electrical performance. a) i) Schematic of the 4-T vcOECT device configuration. ii) Enlarged view of the
channel region featuring the vertical Corbino structure. b) Equivalent circuit diagram of the 4-T vcOECT device. c) Schematic of channel region of
vcOECT device. d) High-resolution cross-sectional transmission electron microscopy (TEM) image of channel region of the vcOECT. e) Photograph of
the ultraflexible 4-T vcOECT wrapped over a spatula rod. f) Transfer curve and g,, values before(red) and after(blue) peeling off. g) Output curve before
(red) and after (blue) peeling off (channel R= 70 um; L = 500 nm; d = 80 nm). h), Comparison of maximum transconductance values among reported

flexible OECTs, as a function of the substrate thickness.

vertical Corbino, but it highlights the importance of aesthetics,
which is an essential aspect of bioelectronics in skin engineering.
The fabrication process is detailed in the Supporting Information
(Figures S3 and S4, Supporting Information). When reducing the
channel length to 500 nm with a vertical structure, the transcon-
ductance value dramatically increased by more than eight times
compared with a planar type of relatively long channel length
OECT (Figure S5, Supporting Information) at the same channel
width. Figure 1f,g shows the transfer (sweeping V,; from —0.6 to
0.6 V with V; = —0.6 V) and output (sweeping the drain-source
bias, Vp, from 0 to —0.6 V, and stepping the gate-source bias, V,
from —0.6 to 0.2 V) characteristic curves of the ultraflexible 4-T
vcOECTSs with a channel length of 500 nm and Corbino radius of
70 pm before and after delamination from the supporting glass
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substrate. As evident, our ultraflexible 4-T vcOECT exhibited un-
precedented g, values of 392 + 8 mS and max 400 mS compared
to other state-of-the-art rigid and flexible p-type OECTS, achiev-
ing an accurate measurement without the influence of parasitic
resistance (Figure 1h; Figures S5-S7 and Tables S1, S2, and S5,
Supporting Information).

3. Electrical Characterization of 4-T vcOECT

For the electrical characterization and analysis of the 4-T
vcOECTS, as shown in Figure 2a, it is noted that the total re-
sistance Ry, can be contributed from the channel (Ry,), metal
line (R;), and the interfacial resistance (R.) between the active
and metal layers, all in series. Consequently, the Ry, values of
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Figure 2. Electrical characterization of 4-T vcOECT. a) Circuit diagram comparison of 2-T (top) and 4-T (bottom) measurement configuration. b) Com-
parison of total resistance between 2-T and 4-T OECT according to channel width. c) Relative IR drop at channel and metal line as a function of Wd/L.
d) g, values according to drain voltage —0.6 to —0.1 V. e) Transfer curve and transconductance values at drain voltage —0.01 V. f) g, values increase
linearly with drain voltage (R=70 um, L = 500nm, and d = 80nm). g) g, values as a function of Wd/L, obtained from vcOECT (red star) and pOECT
(black square). Filled and empty symbols indicate those measured by 2-T and 4-T method, respectively. h) g, value normalized by Wd/L plot reported
from 2013-2023. i) Frequency response of pOECTs and vcOECTs. j) Operational stability of 4-T vcOECT at different V = —0.6, 0.1, and —0.01 V. V
is switched between 0.1and —0.1V and extracted I at V; = —0.1V were displayed.

2-T and 4-T configurations are characterized as Ry, + R, + Rc The extracted all Ry, values for 2-T (open symbol) and 4-T
and Rq, + R, respectively. To assess the impact of parasitic re-  (open symbol) configurations are plotted as a function of W (Note
sistance on high g, OECT devices, we first prepared various pla- ~ S2, Supporting Information) for vertical (indicated by red stars)
nar and vertical devices with different geometrical factors (Wd/L),  and planar OECTs (pOECTs, dark navy circles) in Figure 2b. The
ranging from 0.08 to 73 um. Subsequently, Ry, was extracted  2-T pOECTs exhibited parasitic resistance (R + R;) of = 95 Q,
from the transfer characteristics in the saturation regime (at  while 4-T pOECTs showed a significantly lower resistance (R()
Vp > V—V;), as detailed in Note S1 (Supporting Information).  of ~2.7 Q, underscoring the efficacy of the 4-T measurement
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configuration in reducing R, . Due to differences in line patterns
between pOECT and vcOECT (Figure S8 and Note S3, Supporting
Information), the reduction in line resistance is less pronounced
in vcOECTs (57 Q for 2-T vcOECT and 1.6 Q for 4-T vcOECT, re-
spectively). However, as Wd/L value increases, the influence of
parasitic resistance becomes more dominant. This effect is visu-
alized in Figure 2c, which plots the ratio of potential drop at the
active material (R, + Rc) and metal electrode (R, ) as a function
of Wd/L (Note S1 and Figure S9, Supporting Information). These
results indicate that in a 2-T configuration, the applied potential
from the voltage source is not fully exerted in the active channel.
In contrast, 4-T configuration compensates for the potential drop
along the metal line using a potentiostat, ensuring that the desig-
nated potential level is effectively applied to the channel region,
free from parasitic line resistance.

The electrical properties of the 4-T vcOECT devices were char-
acterized. As shown in Figure 2d, the transfer characteristics with
Vp, varying from —0.6 to —0.1 V were analyzed. The peak g, value
at Vp = —0.6 V (dark navy) reached over 400 mS, representing
the highest metric among reported PEDOT: PSS-based OECT de-
vices, to our knowledge.[?-31] With V|, decreased to —0.1 V and
then further to —0.01 V, the corresponding peak g, values ex-
hibited 62.3 mS (Figure 2e) and 5.8 mS (Figure 2f; Figure S10,
Supporting Information). Remarkably, the g, at the low oper-
ation voltage of V, = —0.01 V was still higher than that of
conventional planar OECT devices operating at V|, above —0.6
Vi142032-34] (Tables S1 and S2, Supporting Information). This in-
dicates both superior performance and low power consumption
in device operation. Moreover, a clear monotonic trend of the g,
value with increasing V|, proves the minute controllability of g,
allowing easy calibration, tunable sensitivity, and high resolution
for signal acquisition. Additionally, the variation in peak g,, rela-
tive to the dimensional factor (Wd/L, at V; = —0.6 V, Figure 2g;
Figures S11-S13, Supporting Information) showed a consistent
increase with a slope of 1, spanning a Wid/L range from 10 to
70 um. This range corresponds to the radius of the Corbino struc-
ture varying from 10, 25, 37.5, 50, to 70 um, indicating that even
when the width is minimized down to 62.8 ym (R = 10 pm), a
high g, of ~49 mS was achieved. This result confirms that the
vcOECT operates under conditions where parasitic resistance is
significantly minimized. Mixed conduction figure of merit (uC*)
was extracted, yielding values of 210, 102, 71, and 4.6 F cm™
V=1 s7! for the 4-T pOECT, 2-T pOECT, 4-T vcOECT, and 2-T
vcOECT, respectively. As discussed in Figure 2c, this decrease
in uC* with increasing Wd/L value is also attributed to the in-
creasing IR drop due to parasitic resistance, diminishing effec-
tive voltage applied to the channel. The logarithmic plot of g,
versus Wd/L of our device was compared with those of other rep-
resentative vertical OECTs as shown in Figure 2g and Figure S13
(Supporting Information). Our vcOECTs, measured by the 4-T
configuration, exhibited a slope of ~1, while the values for other
vOECTs range from 0.12 to 0.58. A significantly lower value of
0.29 for 2-T configuration of our vcOECTs reflects the signifi-
cant impact of IR drop at parasitic resistance as Wd/L increases
(Figure S13, Supporting Information). This pattern is consistent
with recent research on vertical OECT structures for complemen-
tary circuits, which reported slopes of 0.31 to 0.58 for p-type and
n-type materials,[1®31%] highlighting the impact of parasitic re-
sistance. On the contrary, devices measured in a 4-T configura-
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tion exhibited the highest slope values. This suggests that with
further increases in Wd/L, the g, value of OECT devices is an-
ticipated to surpass previously reported values. In addition, the
4-T OECT maintains relatively high uC* values, despite the chal-
lenges associated with the high Wd/L values. These findings con-
firm that the 4-T configuration effectively addresses the problem
of parasitic resistance, thereby enabling more accurate extraction
of intrinsic charge transport properties, even in devices with high
Wd/ L values.

Additionally, we normalized g, values by Wd/L, comparing
them to reported works to date (Figure 2h). This comparison
covered vertical and planar OECT devices with Wd/L values over
10 (Table S3, Supporting Information) since devices with lower
Wd/ L values are less affected by parasitic resistance. The normal-
ized g, value in our work, obtained via the 4-T measurement con-
figuration, demonstrated the highest value. This underscores the
importance of reducing parasitic resistance in OECTs with high
Wd/L values (including vOECTs) for accurately assessing the in-
trinsic g, value of OECTs.

Ideally, the f. values are inversely proportional to the volume
of the channel.**] Due to the minimized spatial occupation of
an active layer in the confined structure of vcOECTs,/?’] the min-
imized channel volume leads to an enhanced cutoff frequency
(f) reaching up to 2 kHz (Figure 2i; Figures S14-S16 and Table
S4, Supporting Information). The 6.1-fold increase in f;, despite a
2.6-fold decrease in d(WL)%3, is attributed to the increased ion re-
sistivity of the channel, which results from the crystallized struc-
ture of PEDOT:PSS, induced by the incorporation of ethylene gly-
col and DBSA during film preparation. Structural factors such
as degree of crystallinity, crystallite size, and molecular orienta-
tion influence the ionic mobility of OMIECs,-*%! which in turn
affects the transit time of OECTs. Additionally, vcOECTSs utilize
an edge-on molecular orientation, which is optimal for facilitat-
ing ion transport in the out-of-plane direction and charge car-
rier transport in the in-plane direction. This arrangement sig-
nificantly impacts both efficient charge carrier transport and the
rapid transient response of the device.***!] The 4-T (open sym-
bol) configuration exhibits a higher transient response (as high
as 110%) compared to 2-T configuration due to the effective nul-
lification of line resistance, indicating potential of accurate and
stable measurements for various physiological signals. The rise
and fall times of 4-T vcOECTs, measured across various chan-
nel widths (Figure S17, Supporting Information), exhibited rise
times of 343 ps and fall times of 98 ps when the width is min-
imized down to 62.8 pm (R = 10 pm). This fast response in
vcOECTs is attributable to the low d(LW)*> value, which facil-
itates ion drift into the channel due to the short ion diffusion
length,[*!] comparable to the thickness of the PEDOT:PSS chan-
nel (~80 nm). To assess the long-term operational stability of the
device, the I, was monitored under different V, conditions by
periodically applying voltages of +0.1 and —0.1 V to the gate elec-
trode under repetitive gate bias switching (V, = —0.6, —0.1, and
—0.01 V, At = 0.5 s) as shown in Figure 2j and Figure S18 (Sup-
porting Information). This result suggests that the device with
Vp of —0.1 and —0.01 V remains stable for up to 10 000 cycles,
whereas the device with a V}, of —0.6 V showed significant reduc-
tions in current values. This stems from the irreversible morpho-
logical change and chemical degradation of the polymer, caused
by the significant volume expansion/shrinkage and oxygen
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reduction reaction occurring in the vicinity of the drain electrode,
respectively.*>*3] Additionally, the operational stability under full
doping/dedoping conditions (0 to 0.6 V) was monitored at differ-
ent V, bias conditions (Vp = —0.6, —0.1, and —0.01 V) (Figure
S19, Supporting Information). After 1000 cycles, the on-current
values were reduced by 59%, 37%, and 31% from the initial on-
current value for V, of —0.6, —0.1, and —0.01 V, respectively. By
fitting the operational stability test results with an exponential de-
cay function (Figure S19d, Supporting Information), it is antici-
pated that the on-current values will diminish by 93%, 86%, and
76% from the initial on-current values for V, of —0.6, —0.1, and
—0.01 V, respectively. This suggests that minimizing the redox
reaction of the active layer offers greater benefits for long-term
operational stability, aligning closely with the typical operational
conditions of biosignal recording.

4. Isotropic Mechanical Resilience of 4-T vcOECT

To develop a motion-robust epidermal biosignal monitoring sen-
sor, operational stability must be ensured under mechanical
deformation identical to the range of motion of the skin sur-
face. To evaluate the mechanical stability of the ultraflexible 4-T
vcOECT, we transferred the delaminated 4-T vcOECTs from the
supporting glass to a pre-stretched polymeric elastomer. Conse-
quently, the ultraflexible 4-T vcOECTs were gently laminated onto
a 200% outward pre-stretched polymeric elastomer, which was
pre-stretched to three times its initial size, that is, 200% tensile
strain (Figure S20, Supporting Information). Upon reducing the
stretching force till the initial elastomer size was reached, the ten-
sile strain was reduced, that is, 0% tensile strain was obtained.
At the same time, the vcOECTs were subjected to the compres-
sive strain range of 0-66% by reducing the tensile strain of elas-
tomers from 200% to 0%, respectively. Here, 0% tensile strain
indicated that the pre-stretched elastomers recovered to their ini-
tial size and 66% compressive strain was applied to vcOECTs.
Notably, the wrinkled surfaces of ultraflexible 4-T vcOECTs
was observed as the compressive strain increased toward 66%
(Figure 3a). The multiple wrinkles at 50% tensile strain of elas-
tomers were observed by a 3D confocal microscope (Figure 3b).
Also, the minimum radius of curvature of the multiple wrinkles
was identified to be within 6 pm with a high aspect ratio proved
by cross-sectional scanning electron microscopy (SEM) as shown
in Figure 3c.

The electrical characteristics of ultraflexible 4-T vcOECTs were
evaluated with tensile strains of 200-0% (measured with each
50% step of tensile strain). As shown in Figure 3d, the invari-
ant electrical characteristics of the ultraflexible 4-T vcOECTs were
observed with gradual mechanical deformation, attributed to the
mechanical durability with uniform stress distribution at vertical
channel region with circular geometry. Within a vertical struc-
ture, the current flows vertically between the bottom and the top
electrodes, and mechanical deformations within the flat plane no
longer impede the flow of current.!'#*] Furthermore, the circu-
lar geometry can facilitate stress dispersion regardless of direc-
tion. This enables it to effectively accommodate mechanical de-
formations arising from the stress applied in the diverse orien-
tations. To confirm superb mechanical durability, we measured
and compared the maximum g, values under the variable ten-
sile strain from 200% to 0% in the horizontal and vertical di-
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rections (Figure S20, Supporting Information) for pOECTs. The
maximum g, of the 4-T vcOECTs remained consistent with its
initial values, showing no significant variation in both the hor-
izontal and vertical directions, even after applying and releas-
ing 66% compressive strain (Figures S21 and S22, Supporting
Information). This stability suggests robust film adhesion and
the absence of delamination. In contrast, the maximum g, of
the pOECTs decreased sharply, nearing zero, which we attribute
to film delamination caused by the strain. For on-skin bioelec-
tronic applications, OECTs performance should be insensitive
within the range of maximum strain tolerated by human skin
(~30%).14546] We also tested the mechanical stability of the ultra-
flexible 4-T vcOECT by measuring the maximum g values over
1000 cycles at 100% compression strain. This was done using the
same gate voltage sweep range as in Figure 3d, where the gate
voltage was swept from —0.6 to +0.6 V. As shown in Figure 3e, the
minimal changes in max g, values after 1000 cycles of repeated
mechanical deformation were observed at different Vj, values,
with reductions from 400 to 341 mS at —0.6 V and from 4.7 to
3.7 mS at —0.01 V, indicating excellent mechanical durability.

In comparison to previously reported high-performance ver-
tical structured OECTs (Figure S23, Supporting Information),
this study exhibits outstanding performance across various as-
pects including device structure, materials, normalized g, cutoff
frequency, flexibility, and mechanical stability. The utilization of
the vertical Corbino structure and the 4-terminal measurement
configuration enabled us to surmount the channel geometry-g,,
trade-off, achieving record-high normalized g, values and rapid
transient responses. Simultaneously, the device maintained its
flexibility and operational stability under repetitive mechanical
deformation.

5. Skin-Conformal 4-T vcOECT for ECG, EMG, and
EOG Signal Monitoring

Finally, we demonstrated motion-robust detection of physi-
ological signals (electrocardiogram (ECG), electromyography
(EMG), and electrooculography (EOG)) using the ultraflexible 4-T
vcOECT attached to skin surfaces (Figure 4a). The 4-T measure-
ment configuration enhances the sensitivity of biosignal moni-
toring devices by eliminating parasitic resistance and increasing
the signal-to-noise ratio (SNR). This setup minimizes electrical
noise from the long line components,® which are typically un-
avoidable in connections between the device and measurement
equipment. Figure 4b shows the scheme of the ultraflexible 4-T
vcOECTs attached to the skin surfaces to monitor various phys-
iological signals, such as i) on the fingertip for ECG, ii) inside
the wrist for EMG, and iii) above the eyebrows for EOG. In these
demonstrations, we did not implement a universal design inte-
grating both OECTs and thin-film gate electrodes into a single de-
vice for diverse recordings, but conventional patch-type Ag/AgCl
electrodes were used to measure the electrical properties of pla-
nar and vertical structured OECTs. Due to the device’s ultrathin
structure (less than 2 pm),[*’! all devices can be tightly bound
to the skin surface with a minimal gap, thus enabling a firm
connection to the skin through capillary force using a droplet
of phosphate-buffered saline (PBS) solution. This arrangement
facilitates biosignal measurement with minimized noise. Phys-
iological potentials, derived from potential differences between
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Figure 3. Long-term and operational reliability under mechanical deformation. a) Photograph with tensile strain from 200 to 0%. b) 3-D confocal mi-
croscope image of the vcOECTs undergoing 50% compressive strain. A localized sinusoidal wrinkled surface with a high aspect ratio is formed with a
peak amplitude of 676 um. ¢) SEM image of the vcOECT surface at 50% tensile strain (left) and magnified image showing that the bending radius is less
than 6 um (right). d) Transfer curve and transconductance characteristics under various mechanical deformations (tensile strain from 200% to 0%). e)
Maximum transconductance values of ultraflexible 4-T vcOECT under repetitive cycles of compression—release (between 100% and 200%) with different
Vp = —0.6, —0.01V, respectively.

sensing and reference points, act as gate bias, triggering a redox  pect of on-skin bioelectronics: aesthetics. The flower-like pattern
reaction of the PEDOT:PSS channel with PBS electrolyte. Thisre-  not only diminishes the sense of foreignness experienced when
dox reaction alters the channel’s conductivity, thereby transduc-  electronic circuits are attached to the skin but also introduces a
ing the physiological potential into a change in the drain current. ~ new concept in on-skin bioelectronics, proposing the use of the
The scheme shown in Figure 4a,b also highlights an essential as-  device as a form of accessory.
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Figure 4. Physiological monitoring via skin-compatible 4-T vcOECT. a) Schematic of the skin-attached vcOECTs for physiological (ECG, EMG, EOG) signal
monitoring. b) Photograph of the skin-conformable 4-T vcOECT on the complex skin surfaces. c) ECG monitoring circuit schematic. d) Monitoring of
ECG signals before and after bending on index finger. ) EMG monitoring circuit schematic. f) Monitoring of the EMG signal on gripping a pressure
device. EMG signals extracted by applying force to the pressure device of 10, 20, 30, and 40 kg. g) Variations of the EMG signal amplitude according to
gripping force. h) EOG monitoring circuit schematic. i) Monitoring of EOG signals during up — down (blue) and right — left (red) eye movements.
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We first demonstrate the application of OECTs in ECG signal
monitoring. The ECG signal is a small electrical signal gener-
ated by the depolarization and repolarization of the cardiac mus-
cle. Because the ultraflexible 4-T vcOECTs exhibited mechani-
cal durability (Figure 3d,e), stable signal acquisition was verified
when the sensor was directly attached to the top surface of the
index finger. Moreover, measurements were secured even dur-
ing joint movements, where the sensor was stretched (Figure 4c).
As shown in Figure 4d, ECG signals, measured with very low
Vp =-0.01 Vand V, =0V bias for 4 s, exhibited a high SNR of
40.1 and 39.5 dB for before and after joint movements (Note S4,
Supporting Information), which was attributed to the low skin
interface impedance due to the skin conformability of ultraflexi-
ble 4-T vcOECT. Moreover, long-term ECG measurements were
conducted, showing that stable ECG signals were maintained
for up to 30 min of continuous measurement without loss of
SNR (Figure S24, Supporting Information). The seamless con-
tact between device and skin extended the evaporation time of
electrolyte, enabling reliable long-term signal acquisition with-
out any hydrogel or ionic gel-based electrolyte. The device also
exhibited stable shelf-life characteristics, remaining ready-to-use
for over 60 h (Figure S25, Supporting Information). In contrast
to conventional rigid sensors that are susceptible to the influence
of motion artifacts owing to frictional electrification effects, the
proposed ultraflexible 4-T vcOECTS established a stable electrical
contact between the skin surfaces and demonstrated impervious
effects on motion artifacts.

In our second application, we showcased EMG signal monitor-
ing using the ultraflexible 4-T vcOECT as an EMG sensor. This
device captures the electrical activity derived from neuromuscu-
lar activities culminating in muscle contractions. Drawing paral-
lels to our earlier ECG detection experiments, force application
on a muscle may alter EMG signal recordings due to the move-
ment of the wrist muscle. The ultraflexible 4-T vcOECT enhances
electrical contact with the skin, reducing motion artifacts from
muscle tremors, and leading to a more precise EMG signal ac-
quisition. As shown in Figure 4e, the muscles inside the wrist
contracted to induce an EMG signal depending on the force ap-
plied to the gripping device. To confirm that the proposed flexi-
ble device could sensitively monitor EMG signals following mus-
cle contraction at low driving voltages, forces of 10, 20, 30, and
40 kg were applied to the gripping device Figure 4f shows that
the peak-to-peak amplitude and signal intensity of the EMG sig-
nal increased with the applied force at low driving voltages (Vj, =
—0.01 V) and V =0 V bias for 20 s. Due to the fast response en-
abled by the compact active structure of vcOECTSs, high-frequency
spikes can be recorded without significant signal lag. The re-
duced channel dimensions also contribute to a more streamlined
footprint for integrated single devices compared to conventional
planar designs. The analysis of the root mean square (RMS) value
of each applied force and the corresponding EMG signal indi-
cated that, the higher the applied force, the higher the RMS value,
and the lower the amplitude of the EMG signal generated by the
smaller force that can be detected (Figure S26, Supporting Infor-
mation).

Lastly, we showcased EOG signal monitoring. Skin-attached,
low-operational voltage-driven 4-T vcOECTS offer high sensitivity
in tracking eye movements, making it valuable across various do-
mains such as medical diagnostics, sleep studies, virtual reality,
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and driving safety. We investigated the suitability of the ultraflexi-
ble 4-T vcOECT for this application by measuring both horizontal
and vertical eyeball movements. As shown in Figure 4h, horizon-
tal (right and left) and vertical (upper and lower positions) eye
movements induced EOG signals. Figure 4i shows the recorded
signals for horizontal and vertical eye movements. The monitor-
ing of electrical signals following vertical (blue) and lateral (red)
eye movements revealed similar amplitude changes. Differences
in non-identical eye movement amplitudes are expected to result
from unequal eye movement positions and forces. Consequently,
the EOG signals that exhibited current changes in the range of a
few microamperes at low driving voltages (V, = —0.01 V) and V
=0V bias for 9 s confirmed the feasibility of real-time monitoring
of eye movements. Overall, the skin-compatible ultraflexible 4-T
vcOECT underscores its unique advantages, which are attributed
to its high sensitivity, mechanical durability, and low operational
voltages, positioning it ideally for skin-interfaced electronic de-
vices.

6. Conclusion

In conclusion, our research has successfully pushed the bound-
aries of skin-interfaced physiological sensors by introducing an
innovative 4-T design incorporating vertical Corbino OECTS. This
unique configuration empowers us to overcome persistent chal-
lenges associated with parasitic resistance, marking a significant
advance in measuring the intrinsic properties of newly synthe-
sized materials within a device platform. The durability and re-
silience of the device, even under significant strain, further accen-
tuate its potential for real-world applications, especially in wear-
able health monitoring systems. Our device’s ability to operate
efficiently at ultralow voltages while maintaining high signal-to-
noise ratios sets a new benchmark in non-invasive health mon-
itoring. By seamlessly capturing essential physiological signals
like ECG, EMG, and EOG, our advanced OECT promises trans-
formative implications for the future of epidermal biosignal sens-
ing. As the demand for non-intrusive health monitoring systems
escalates, innovations such as ours pave the way for more sophis-
ticated, durable, and efficient wearable devices.

7. Experimental Section

Ultraflexible pOECT and vcOECT Fabrication:  To fabricate the ultraflex-
ible substrates, the glass substrates were sequentially cleaned with deter-
gent, deionized water, acetone, and isopropyl alcohol for 5 min each using
ultrasonic treatment. To facilitate easy peeling from the glass substrate,
a fluorinated polymer blended solution (Novec 1700:7100, 1:10vol%,
3MTM) was spin-coated onto the glass substrate at 2000 rpm for 60's, and
a T-um-thick PaC film was deposited onto the surface of the fluorinated
polymer/glass substrate through chemical vapor deposition. The 1-um-
thick PaC film was annealed at 120 °C for 1 h. For PaC film planarization,
a 500-nm-thick epoxy (SU-8 3005, MicroChem) layer was spin coated at
5,000 rpm for 60 s and pre-baked at 95 °C for 2 min. Thereafter, the 500-
nm-thick epoxy was exposed to UV light for 4 min and baked at 95 °C for
3 min. Finally, the 500-nm-thick epoxy was annealed at 120 °C for 1h. Ul-
traflexible pOECT and vcOECT devices were fabricated as described above
for the prepared SU-8/PaC substrate. The method of pOECT and vcOECT
can be found in the Supporting Information. Devices were fabricated as
described above for the prepared SU-8/PaC substrate.

Device Structure and Film Characterization: The vcOECT TEM im-
age measured the cross-section of a vertical Corbino structure with a
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channel radius of 70 um and a channel length of 500 nm using a Tec-
nai G2 F30 S-Twin microscope operated at 300 kV. The SEM image of the
ultraflexible vcOECT was obtained using a JSM-7900F microscope (Jeol,
USA) operating at 15 kV. For the measurement, the ultraflexible vcOECT,
laminated with a polymer elastomer (3 M VHB Y-4905)) pre-stretched to
200% and then compressed to a 50% strain, was loaded into the chamber.
The Confocal images were obtained using an OLS3000 microscope with a
300 mm auto-stage. The analyses and plots were generated using Origin
software.

Device Characterization and Analysis:  Electrical characterization of the
2-terminal and 4-terminal OECTs was performed in two source-measure
units (Keithley, 2400) under ambient conditions. All the electrical mea-
surements were conducted in a phosphate-buffered saline (PBS) solu-
tion, the Ag/AgCl reference electrode immersed in KCl solution was used
as the gate electrode. For both 2-terminal and 4-terminal measurements
were conducted using identical device geometry regardless of pOECT or
vcOECT, while measurement conditions were different. Detailed measure-
ment setup is presented in Figure ST (Supporting Information). To con-
duct 2-terminal measurement, the drain and source electrodes of the
OECT devices were connected to the HI terminal and LO terminal of the
source—measure units, respectively, for applying the drain voltage. The
drain current of the device is measured by this source—measure unit.
The Ag/AgCl gate electrode is connected to the HI terminal of another
source-measure unit, which is used for applying the gate voltage to the
OECT. The ground of the source—measure unit is shared by connecting
both LO terminals to the source electrode of OECT. The measurement
mode of source-measure unit for applying drain current is set to 2-wire
sense mode. All the measurements were conducted by controlling the op-
eration of source-measure unit using LabVIEW software. To conduct 4-
terminal measurement, source, drain, and gate electrode connection is
identical to the case of 2-terminal measurement, while the voltage probes
(Vsense,1 and Vsenee ;) are connected to the 4-wire sense connector of
source-measure units for applying drain current, and the measurement
mode of source—measure unit for applying drain current is set to 4-wire
sense mode. All the source—measure unit and measurement parameters
were controlled using LabVIEW software.

Frequency response of the 2-terminal and 4-terminal OECT devices was
characterized by using a source-measure unit and oscilloscope/function
generator equipment (Keysight Infinitives DSOX2002A). To perform the
2-terminal measurement, the drain and source electrodes of the OECT
devices were connected to the HI terminal and LO terminals of the
source—measure units, respectively, for applying the drain voltage. The
Ag/AgCl gate electrode is connected to the oscilloscope/function gener-
ator equipment, which is used for applying the gate voltage to the OECT.
To perform the 4-terminal measurement, source, drain, and gate elec-
trode connection is identical to the case of 2-terminal measurement, while
the voltage probes (Vsense1 and Vsense,)) are connected to the 4-wire
sense connector of source—measure units, and the measurement mode
of source—measure unit is set to 4-wire sense mode. A sinusoidal V sig-
nal (frequency range from 1 Hz to 10 kHz) with an amplitude of 50 mV
was applied at offset potential where the maximum g, was observed us-
ing a function generator. The drain current trace under a constant V, was
recorded using an SR570 preamplifier (Stanford Research Systems) and
an oscilloscope. The transconductance was calculated as Al /AV, and
the cutoff frequency was defined as the point where the transconductance
value decreases by —3 dB from its initial value.

Mechanical Stability Test of Stretchable vcOECT: The freestanding ul-
traflexible vcOECT device was laminated with 200% outward pre stretched
polymeric elastomer and placed in a compression machine. To accurately
measure the electrical signal of the flexible device after peeling, the device
pad was connected to an external wire using a Cr/Au (10/50 nm) line pat-
tern. External wiring was deposited on a 3-um-thick polyimide film through
thermal evaporation. The contact between the device and the Au wiring
was made with electrically conductive double-sided tape (3 M 9703-0.25"-
36YDS). All mechanical stability tests were performed in PBS solution on
polymer elastomers, and the Ag/AgCl reference electrode immersed in KCI
solution was used as the gate electrode. Mechanical strains were mea-
sured using a compression machine, with the edges of the Au wires con-
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nected to alligator clips. A drain bias was applied via a source meter (Keith-
ley 2400) connected to the Au wire.

ECG, EMG, and EOG Signal Measurement: To monitor ECG measure-
ments, an ultraflexible device was attached to the right index finger us-
ing a drop of PBS solution, and source contact was established with the
left chest using a gel electrode. For EMG measurements, the ultraflexible
device was attached to the inner left wrist using a drop of PBS solution,
and source contact was established with the inner right wrist using a gel
electrode. To monitor EOG measurements, the ultraflexible device was at-
tached to the upper and left areas around the eye using a drop of PBS so-
lution, and source contact was established with the lower and right areas
around the eye using a gel electrode. The connection to the gel electrode
was made by linking the device pad to an external wire featuring a Cr/Au
(10/50 nm) line pattern, fabricated using the same manufacturing method
as the stretchable vcOECT measurements. The edge of the Au wire was
connected to an alligator clip, which was attached to the gel electrode. The
drain bias for the ECG, EMG, and EOG signals was applied using a source
meter (Keithley 2400) connected to the Au wire. The ECG, EMG, and EOG
signals were recorded at a sampling rate of 1 kHz using an SR570 pream-
plifier (Stanford Research Systems) and a data acquisition system (DAQ).
The SR570 preamplifier was connected to the Au wire attached to the gel
electrode. ECG signals were collected using a signal recording setup pro-
cessed with a low-pass filter at 30 Hz. EMG signals were collected using
a signal recording setup processed with a band-pass filter ranging from
1 to 300 Hz. EOG signals were collected using a signal recording setup
processed with a low-pass filter at 30 Hz. The SNR was calculated as the
ratio of the peak signal current to the standard deviation of the current be-
tween two peaks. All participants for the skin-conformal biosignal sensing
experiments were co-authors of this manuscript and provided informed
consent, who were approved by the Ajou University Institutional Review
Board.

Supporting Information

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