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ABSTRACT: Incorporation of elastomers into bioelectronics that reduces the mechanical
mismatch between electronics and biological systems could potentially improve the long-
term electronics—tissue interface. However, the chronic stability of elastomers in
physiological conditions has not been systematically studied. Here, using electrochemical
impedance spectrum we find that the electrochemical impedance of dielectric elastomers
degrades over time in physiological environments. Both experimental and computational
results reveal that this phenomenon is due to the diffusion of ions from the physiological
solution into elastomers over time. Their conductivity increases by 6 orders of magnitude
up to 107° S/m. When the passivated conductors are also composed of intrinsically
stretchable materials, higher leakage currents can be detected. Scaling analyses suggest
fundamental limitations to the electrical performances of interconnects made of
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Reducing the mechanical mismatch between electronics
and biological systems has been demonstrated as one of
the important factors to enable chronically stable and
minimally invasive bioelectronic interfaces for long-term,
single-cell resolution, in vivo bioelectric interrogation and
intervention, which are critical for biology and biomedicine.'™*
Using stiff polymers to support and electrical passivation
materials to encapsulate thin-film electronic components could
realize flexible and stretchable bioelectronics.” " In these
cases, the flexibility of bioelectronics is quantified by their
bending stiffness, which scales linearly with the elastic modulus
of materials and the cube of the total thickness of devices. By
reducing the thickness of devices, the bending stiffness
becomes comparable to, or even smaller than, that of
subcellular components, enabling tissue-level flexible bioelec-
tronics, which have substantially improved the long-term
stability and reduced the immunoresponse in soft tissue
implantations (e.g, brain implants).""®'® To prevent the
electrical current leaking into the surrounding biofluid, the
electrical passivation layer in this type of bioelectronics
requires a thickness of hundreds of nanometers to micro-
meters. Further reducing the thickness of the devices has thus
been limited by the dielectric performance of the passivation
layer. Therefore, incorporation of low modulus and intrinsi-
cally stretchable materials such as elastomers and viscoelastic
materials into bioelectronics that could reduce the effective
bending stiffness as well as enable tissue-level soft, multilayer,
and multifunctional bioelectronics has been actively pur-
sued."' ™" A variety of intrinsically stretchable material systems
has been used in bioelectronics.' ">
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However, the aforementioned bioelectronics require chroni-
cally stable device performance in which the electrical
passivation layer should exhibit long-term stability in the
physiolo?cal conditions comprising a warm ionic aqueous
solution.””"” Results from our previous studies showed a
coupling of stretchability and permeability in materials,
suggesting that low-permeability and stretchability cannot
coexist.'® Above their glass transition temperature, elastomers
are liquid-like at the molecular scale, which suggests that ion
diffusion from biofluids in stretchable materials cannot be
neglected over the typical lifetime of the device.

Here, we use the electrochemical impedance spectroscopy
(EIS) to systematically characterize the electrochemical
instability of elastomers used as dielectric passivation layers
to encapsulate conductive interconnects in physiological
conditions (e.g., 1X phosphate buffered saline (PBS)). The
results show that the electrochemical impedance of dielectric
elastomers decreases when they are exposed to physiological
environments. This degradation occurs for all the tested
elastomers with different moduli. Notably, impedance does not
decrease when immersing elastomers in deionized (DI) water.
The characteristic time of degradation follows a diffusion
scaling when the thickness of the dielectric layer is changed.
The conductivity of elastomers increases linearly with the
surrounding ionic concentrations analogous to an aqueous
electrolyte. When the interconnects are also composed of
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Figure 1. Dielectric performance degradation of elastomers in physiological solution. (a) Schematic shows the basic unit of bioelectronics that
contains an electrode and a dielectric passivation layer encapsulated interconnect as a cable for signal collection and transmission to an external
voltage amplifier. (b) Equivalent circuit diagram shows that the cable can be modeled as a conductive interconnect with the distributed resistance,
R, insulated by the dielectric passivation layer with the distributed impedance, Zy. V;,, Z,, Vo and Z,,, representing amplitude of the input signal,
interfacial impedance of the electrode, amplitude of the output signal. and input impedance of the voltage amplifier, respectively. (c) Schematic
shows the structure of the device used for the EIS characterization of elastomeric dielectric soaked in the physiological environment. The overlaid
equivalent circuit diagram shows the components used to model the impedance collected from the EIS including series resistance in solution, R,,
and in conductor, R, interfacial impedance between the conductor and the dielectric, Z, bulk capacitance of the elastomer, C,, and the resistance
built by charged species in the elastomer, Ry. (d) Electrochemical impedance amplitude as a function of the soaking time in 1X PBS. Dashed lines
separate the initial fast degradation and subsequent stability of the impedance after soaking. Arrow indicates how the drop time, ¢, is defined for a
representative elastomer.

stretchable materials, we observed a further reduction of the at 37 °C. After soaking, samples are washed by DI water
electrochemical impedance. On the basis of the measured quickly to remove the ionic residues on the surface of the
degradation, we predict the limitations to the dimensions and sample and immersed in 1X PBS solution as the electrolyte for
bandwidth of fully stretchable interconnects used in bioelec- measurement. The thin-film gold electrode in each sample is
tronics. used as the working electrode. A platinum wire (diameter 300
We are investigating the most basic component in um, 1.5 cm immersed) and a standard Ag/AgCl electrode are
bioelectronics, a passive voltage sensor,'” which contains (i) used as counter and reference electrodes, respectively. The
an electrochemical impedance-based electrode for the signal distance between the counter and the working electrode is 1
collection, and (ii) a fully passivated conductor as the cm. EIS is measured at a frequency range from 0.1 to 10° Hz.
interconnect for the signal transmission from sensor to The overlaid equivalent circuits diagram shows the electrical
external amplifier and data acquisition system (Figure la). model: a segment of dielectric elastomer is represented as a
Both electrode and interconnect are immersed in biofluids. In capacitor with bulk capacitance, C;, which can be calculated
conventional sensors made of stiff materials, the interfacial using the intrinsic dielectric constant and thickness of the
impedance of the electrode, Z, is smaller than the input material. C4 is in parallel with a resistor, Ry, built by the
impedance of the voltage amplifier, Z,,,. The series resistance charged species in elastomer, which we will calculate from the
of conductor, R, is negligible and the electrochemical EIS characterization. We also consider the gold—elastomer
impedance of the dielectric passivation, Zg is orders of interfacial impedance, Z;, which is in series with Ry given that
magnitude larger than Z, R, and Z,,,. Collectively, they the interfacial impedance comes from the metal—electrolyte
define the transmission efficiency of biological signals (i.e., a double layer built by charged species diluted in the elastomer.
high V,../ Vi, ratio, where V. and V,; represent amplitudes of The combination of Ry, Cg and Z; represents the dielectric
output and input signals, respectively). The bandwidth is impedance of the elastomer.
further defined as the range of frequencies that can be We investigated three commercially available dielectric
transmitted along an interconnect above a certain level of elastomers that are used in stretchable bioelectronics:

attenuation (set by a given value of V,,/V). When the styrene—ethylene—butylene—styrene copolymer (SEBS), poly-
frequency of signals increases, Z; decreases, which increases isobutylene (PIB), and polydimethylsiloxane (PDMS). Figure

the signal attenuation. The bandwidth of an interconnect is 1d summarizes the magnitudes of their representative
usually estimated using a transmission line model,”” accounting impedances at 100 Hz as a function of the soaking time.
for the impedance of each component using lumped elements Notably, we observe a significant reduction of all impedances
per unit length (Figure 1b). to a lower equilibrium value after a characteristic drop time, ¢.
To quantify the stability of the electrochemical impedance of This phenomenon is consistently observed among all three
dielectric elastomers, we use a three-electrode setup to elastomers with various thicknesses (Figure 1d). Because the
measure the EIS of elastomer thin films soaked in aqueous electrochemical interfacial impedance of a nonpassivated gold
solution over time”' (Figures lc and S1). Specifically, electrode in 1X PBS (Figure S3) is more than 3 orders of
elastomers are spin-coated (thickness ~3—25 pm) and cured magnitude smaller than that of a passivated electrode, the
on Cr/Au (5 nm/100 nm) thin-film electrodes of area 1 or 4 reduction of impedances in passivated electrodes comes mostly
cm? (Figure S2). Samples are soaked in 1X PBS and DI water from the reduction of impedances in elastomer dielectric
225 DOI: 10.1021/acs.nanolett.9b03705
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Figure 2. EIS characterization of dielectric polymer films in aqueous solutions. (a—d) EIS characterization of SEBS (a), PIB (b), PDMS (c), and
SU-8 (d). (1, II) Bode plots of the normalized impedance of polymer films before soaking in aqueous solution after 1 week soaking in DI Water and
subsequently after 1 week soaking in 1X PBS. All the soaking experiments are conducted at 37 °C. Capacitance fits in (I) are calculated based on
the dielectric constant of each polymer from literature.*® (IIl) Statistic summary of normalized impedance at 100 Hz before and after soaking in DI
water and 1X PBS. Value represents mean + S.D; n = 4; *, P < 0.05; **, P < 0.01; *** P < 0.001; paired, two-tailed t test. (IV) Nyquist plots of
EIS characterization on polymer film before and after soaking in 1X PBS (value represents mean + S.D.). The zoom-in panels show the high-

frequency region of the plot.

layers. To eliminate the potential effect from water diffusion
and polymer swelling, we measured the EIS from each sample
before soaking, after 1-week soaking in DI water at 37 °C, and
after another 1-week soaking in 1x PBS at 37 °C (Figure 2). In
addition, we prepared a control sample using the epoxy-based,
nonstretchable SU-8 2002 as a dielectric layer coated on the
gold electrodes with the same geometry and soaked in the
same aqueous solutions for EIS characterization. To compare
values from different samples, we normalize the impedance by
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the ratio of the electrode’s area to its thickness as complex
resistivity, p. Results show that Ipl of all elastomers drops
slightly after samples are immersed in DI water and drops
significantly after they are immersed in 1X PBS (Figure 2b—c,
I), whereas the Ipl of control samples remains similar (Figure
2d, I). Notably, for many elastomer samples even less than 1
week soaking in 1X PBS is sufficient to reduce the values of Ipl
at 100 Hz to the equilibrium state. In addition, phase plots
show the phase values of all elastomer samples increase
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significantly toward less-negative values after soaking in 1X
PBS (Figure 2b—c, II), whereas phase values of control
samples remain at —90° (Figure 2d, II). Large standard
deviations on the phase plots at low frequencies can be
attributed to the limitations of the equipment, which we
explain in Supporting Information. Statistical analysis shows
that the values of Ipl at 100 Hz from all three elastomers drop
significantly after soaking in 1X PBS compared to the value
after soaking in DI water (Figure 2b—c, III), whereas the slight
drop of impedances after DI water soaking of control samples
is not significant (Figure 2d, III).

Nyquist plots of p (Figure 2b—c, IV) show similar shapes for
all of three elastomers: from high to low frequencies, the plot is
first curved toward higher resistances (horizontal axis) and
then follow a line of constant slope. This trend is analogous to
the Randles”' cells model of electrolyte—metal interfaces, as
the electrical model proposed in Figure lc. At high frequencies,
the metal—elastomer interfacial impedance is negligible
because the electrical double layer impedance is small.
Therefore, we can model the high-frequency regime (arbitra-
rily defined as frequencies above 10 Hz) of the Nyquist plot by
a simple Ry—C; parallel circuit (Figure S4). It corresponds to
the curved part of the Nyquist plot. First, C4 is determined by
the bulk, pristine capacitance of the dielectric elastomer before
soaking in aqueous solutions. Second, we can determine Ry
using the Ry—C4 model to fit the Nyquist plots after soaking.
Details of the fitting procedure are described in Supporting
Information. Similar Nyquist plots and electrical equivalent
circuits have been used to model the EIS of single ion—
polymer electrolytes.”””>° Third, from the measured Ry we can
extrapolate the ionic conductivity, o4 using eq 1, where Hy is
the thickness of the dielectric layer and A is area of the
electrode. The thickness of each sample is in the range of 3—10
um and measured by contact profiler (Figure SS)

_ 1 H

oy =
‘TR A

(1)

We summarize oy for all of the investigated elastomers in
Table 1. The values are in the range 9 X 107 — § X 107 S/m,

Table 1. Ionic Conductivities, Ions Diffusion Coefficient,
and Molar Concentration of Ions Inside Elastomers

material o (S/m)“ D (m¥/s)?
SEBS (9.44 + 0.70) x 107° 38X 1077 <D <7.5x%x 1077
(5.18 + 2.87) x 107%
PIB (2.28 + 1.40) x 1078 60X 1077 < D < 8.0 x 1077
PDMS 10:1  (4.45 + 2.68) x 107* 90X 1077 <D < 1.1 x 1071¢

(2.96 + 0.99) x 10~%

“At 23 °C after aging in 1X PBS YAt 37 °C. “AgNP electrode. 4CNT
electrode.

which can be compared to previously reported ionic
conductivity of polyvinyl chloride films soaked in 0.2 mM
potassium chloride solutions (2.5 X 1072 S/ m),”® but are still
orders of magnitude lower than single ion—polymer electrolyte
conductivities.”> >’

Several observations suggest that the conductivity is due to
the diffusion of ions in the elastomers. First, the impedance
does not degrade when samples are just immersed in DI water
(Figure 2). Second, typical diffusion coefficients of water for
elastomers fall in the range 107 — 107" m?/s,"%***° which
suggests that the diffusion of water across a micrometer-thick
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elastomer reaches equilibrium within seconds. Third, when
ions diffuse into an elastomer thin film, the drop time, ¢, of the
electrochemical impedance should be related to the thickness
of the film.”® We plot the thickness, H, of various samples as a
function of ¢ in log scale (Figure 3a). For each elastomer, the
trend closely follows the line with a slope of 0.5, which is
characteristic of Fickian diffusion. We can extrapolate an
effective diffusion coeflicient, D, following the scaling relation™®

H= Dt (2)

Resulting statistics of effective diffusion coefficients for all
three dielectric elastomers are summarized in Table 1. Fourth,
we measure the change in ionic conductivity of SEBS as a
function of the surrounding PBS soaking concentration. The
Nyquist plots for a given sample subsequently immersed in 1X,
2%, and SX PBS (Figure 3b) show that the impedance real
component has a higher value as the ionic concentration
increases. Ionic conductivities are extrapolated from Ry—Cg fit
and normalized to o6, (conductivity from samples just
immersed in 1X PBS). Normalized ionic conductivity is
plotted as a function of PBS concentration (Figure 3c), which
shows that the ionic conductivity of the elastomer increases
almost linearly with the increase of PBS concentration in this
range, analogous to a dilute electrolyte.

Taylor et al.”® also observed that the salt concentration of an
electrolyte in contact with a polyvinylchloride film decreases
quantitatively after reaching equilibrium, indicating that a
substantial amount of ions can be absorbed by the polymer. It
could be argued that the ionic conductivity of the elastomer is
due to the presence of pores and pinholes filled with
physiological solution in the film. In this case, 64 = 107° S/
m would correspond to a fraction of the surface of about § X
1077 covered by such defects. However, the diffusion rate
should be similar to that of DI water through the bulk
elastomer in that case.

To better understand this diffusion process, we performed
molecular dynamics (MD) simulations to compare the
diffusion of water and sodium chloride in stiff polymer versus
elastomer (molecular structures between SU-8 versus PIB).
Details on the simulation procedure are given in Supporting
Information (Figures S6 and S7, Table S1). The mean square
displacement (MSD) of the sodium ion inside the polymers is
plotted as a function of simulation time for different
temperatures (Figure 3d). The results show that the MSD of
the sodium ion in PIB is 1 order of magnitude higher than that
in SU-8 at 300 K. When the temperature is increased above the
glass transition temperature of SU-8, the MSD between PIB
and SU-8 becomes closer to each other. Extrapolated diffusion
coefficients are shown in the Arrhenius plot (Figure 3e) for
PIB. The diffusion coeflicients of ions are >3 orders of
magnitude smaller than that of water in the elastomer at
ambient temperature. From the linear fitting of the Arrhenius
plot, in PIB the diffusion coefficient of water is 2.1 X 107 m?/
s, whereas the average diffusion coefficient of sodium and
chloride ions is 1.8 X 107'* m?/s. These simulation results
explain some of our experimental results: (i) ions diffuse
slower than water in elastomers. (ii) ion diffusion is much
slower in PIB than in SU-8, especially at ambient temperature,
which is below the glass transition temperature of SU-8.
However, the simulated diffusion coeflicient for PIB is 2 to 3
orders of magnitude larger that the effective ionic diffusivity we
measure, which suggests a more complicated situation in ion
diffusion, such as solvation of ions by water molecules, or ion—
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Figure 3. Characterization and modeling of ion diffusion in elastomers. (a) Thickness of elastomers as a function of the drop time defined in Figure
1d. (b) Nyquist plots of EIS characterizations for representative SEBS dielectrics with thickness of 3.6 + 0.2 ym immersed in PBS with different
ionic concentrations. Values represent the electrochemical impedance of the film after reaching the equilibrium state in different PBS solutions. The
zoom-in panel shows the high frequency region of the plot. (c) Relative ionic conductivity to the concentration of PBS based on the semicircle fits
for SEBS. Value represents mean =+ SD. (d) Means square displacement (MSD) of sodium ions in SU-8 and PIB at temperatures below and above
the glass transition temperature for SU-8 as a function of simulation time. (e) Extrapolated diffusion coefficient of water and ions in a computer-
generated PIB structure to 1000/temperature based on five computer-generated structures for each data point. (f) Ionic conductivities of
elastomers extrapolated using the electrical model of Figure lc as a function of PBS concentration. **, Data points from the work of reference 31.

ion correlation, which might increase the effective size of the
diffusants and slow down the diffusion.

When soaked in 1X PBS solution, the ionic conductivity of
elastomers is in the range 6 = 107* S/m, which is 2—6 orders of
magnitude higher than that of pristine elastomers (Figure 3f).
Although the effective diffusion coefficients for all three
dielectric elastomers are 1077 to 107'¢ m?/s, which are smaller
than typical diffusion coefficients of water in elastomers and
plastics, we can estimate, using equation 2, that it requires at
least 40 pum thick elastomeric passivation to prevent ion
penetration to the electroactive layers in 1 year.'®***’ Notably,
the bending stiffness of a 40 ym thick elastic passivation layer,
however, is comparable to or even higher than that of a 1 ym
thick SU-8 passivation layer. In this regard, for ion-sensitive
devices using dielectric elastomers as electrical encapsulation
cannot further reduce the bending stiffness compared to a
device using stiff polymers.

In addition, in the real application the dielectric elastomer is
used to insulate stretchable conductors. Because our data
demonstrate that the degradation of the impedance is due to
the diffusion of ions in stretchable materials, we hypothesize
additional reasons that the degradation of the impedance could
happen to the device in which both conductor and dielectrics
are stretchable. First, the network or porous structures of the
stretchable conductor have larger surface areas than metal
conductors. Second, ions diffused across the dielectric
elastomer can further diffuse into the stretchable conductor
(Figure 4, I). To test our hypothesis, we fabricate two fully
stretchable dielectrics-conductor systems: (i) printed commer-
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cial Ag nanoparticles (AgNP)—polymer composite (Figure 4a)
with SEBS as the dielectric layer, and (ii) single-wall carbon
nanotubes (Figure 4b) with PDMS as the dielectric layer (see
Supporting Information, Methods). After fabrication, the
integrity of both systems is checked by microscopic imaging
(Figure S8). We characterize the chronic stabilities of parasitic
electrochemical impedance and series resistance of the
nonpassivated stretchable electrodes in 1X PBS. The results
confirmed that both values, after samples are immersed in 1X
PBS over the same period of time as previous testing, are still
orders of magnitude lower than the impedance from dielectric
elastomers (Figures S9 and S10). After 1 week immersion in
1X PBS, the EIS characterizations on SEBS/AgNP and
PDMS/CNT systems show that |pl values of fully passivated
electrodes drop significantly (Figure 4, II) and the phase values
increase toward less negative values (Figure 4, III). Notably,
the change in Ipl from the passivated stretchable electrodes is
much higher than that from the passivated gold electrodes at
low frequencies. Statistical results (Figure 4, IV) confirm
statistically significant drops at 100 Hz. The Ry—Cy4 semicircles
that fit the low frequency regime from Nyquist plots (Figure 4,
V) show that the ionic conductivities of SEBS/AgNP and
PDMS/CNT are comparable to these from SEBS/gold and
PDMS/gold electrodes (Table 1), which further confirms that
ionic diffusion is an intrinsic property for dielectric elastomers.
The above results suggest that intrinsically stretchable
interconnects have a higher low-frequency electrical loss
compared to nonstretchable interconnects due to the ionic
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Figure 4. EIS characterization of intrinsically stretchable electrode—elastomeric passivation devices. (a,b) Schematics and EIS characterization of
representative fully stretchable devices: SEBS/stretchable Ag nanoparticles (AgNP, PE873) conductor (a) and PDMS/CNT conductor (b) before
and after soaking in 1X PBS. (I) Schematics show fully stretchable device structures for EIS characterization. (II, III) Normalized impedance bode
plots (II) and phase plots (III) of EIS compare the gold electrode—elastomer device and the intrinsically stretchable electrode—elastomer device
before and after reaching the equilibrium state when soaking in 1X PBS. All the soaking experiments are conducted at 37 °C. Capacitance fits in
(I1) are calculated based on the dielectric constant of each polymer. (IV) Statistic summary of normalized impedance at 100 Hz of fully stretchable
devices before and after soaking in DI water and 1X PBS for 1 week. Value represents mean + S.D.; n = 4; *, P < 0.05; **, P < 0.01; ***, P < 0.001;
paired, two-tailed ¢ test. (V) Nyquist plots of EIS characterization on fully stretchable devices before and after 1 week soaking in 1x PBS. Value

represents mean + SD.

conductivity from dielectric elastomers and high parasitic
capacitance from the stretchable conductor.

We envision that this electrical loss will reduce the
bandwidth of the signal transmission. In our empirical model
(Figure 1c), the dielectric’s electrical properties are described
by two parameters: its bulk capacitance with a dielectric
constant, £;, and its ionic conductivity, o4. Then, a cutoff
frequency, fy, can be defined by eq 3
1 o4

2 &

Ja 3)

When the frequency of signals is larger than f;, the elastomer
behaves as a capacitor, in which the bulk capacitance will
dominate its impedance. When the frequency of signals is
smaller than f;, the elastomer behaves as a conductor in which
impedance shows more resistive characteristics. Bandwidth for
bioelectrical signal transmission is typically from 1 Hz to 10
kHz. When the conductivity of the dielectric passivation layer
increases, fy can reach to this range of frequency causing a
higher leakage current from the ionic conduction and thus
reducing the bandwidth of the interconnect. For a pristine
elastomer, Kong et al.*>" report a conductivity 6, = 107* §/m.
However, the typical ionic conductivity measured for these
three elastomers that we measured (Table 1) has o, =~ 1078 S/
m after soaking in 1X PBS solution. When we choose the
relative permittivity of the elastomer, &, = 3, we can calculate
the g4 = 2.7 X 107" F/m through &, = €,&,. Thus, the cutoff
frequency is f; = 5.9 X 10~* Hz for a pristine elastomer and f;
&~ 5.9 X 10" Hz for an elastomer soaked in PBS solution. The
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natural frequency is shifted within the frequency range of
interest, which can decrease the bandwidth of devices when
elastomers are used as electrical passivation.

The importance of ionic leakage currents depends on the
geometry of the interconnects. To test the transmission losses
through the stretchable interconnects, we test 40 cm long, 14
pum-thick, and 200 ym-wide SEBS/AgNW interconnects with 4
um-thick SEBS layer (Figure Sa,b and Figure S8). We soak the
device in PBS solution at 37 °C and characterize the
bandwidth of the interconnect over time using the rising
time method (Figure Sc). Specifically, a voltage pulse is sent at
one end of the interconnect and measured at the other end
using a voltage digitizer (Axon Digidata 15S0B). The
interconnect is surrounded by grounded 1X PBS solution.
The empirical relation between rise time T and bandwidth,
defined as the frequency with 3 dB losses for single pole filter
roll-off in the frequency domain, is

0.35

T(s) (4)

The results show that the bandwidth of the device soaked in
PBS decreases over time (Figure Sd), whereas the sample
immersed in DI water does not degrade after 1 week soaking.
We need to acknowledge that even a lossless dielectric will
have a finite bandwidth. Therefore, the transmission line model
is used to determine the bandwidth of a conductive
interconnect.”” A similar model can be used to predict the
effect of ionic conductivity on the bandwidth of an
interconnect insulated by a dielectric elastomer (Figure Se).

Bandwidth (Hz) =
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Figure S. Measurement and simulation of bandwidth in fully stretchable interconnects. (a) Schematic shows a fully stretchable interconnect setup
for the bandwidth measurement. (b) Photography of the setup. The conductive line is 40 cm long, 14 um thick, and 200 ym wide. The
encapsulation is about 4 yum thick (2L*/(H.*Hy) = 5.8 X 10°). The surrounding solution is grounded by the platinum electrode. A pulse signal (50
mV, 1 ms duration) is sent through the stretchable conductor and recorded by the data acquisition card (DAC). (c) Signals that are transmitted
through the fully stretchable interconnect are recorded by DAC through the setup in (a) at different conditions. The rise time, T, of the signal is
measured for calculation of bandwidth. The zoom-in panel highlights the difference in rise time between various samples. (d) Bandwidth as a
function of soaking time calculated from measurements. (e) Equivalent circuit diagram shows the simplified electrical model (assuming interfacial
impedance is significantly smaller than the ionic conductance of the dielectric elastomer) of the fully stretchable interconnect. (f) Schematic shows
the structure of a fully stretchable interconnect and its geometric factors for scaling analysis. (g) Relative amplitude attenuation of signals
propagated along different interconnects for a geometrical factor 2L?/(H *Hy) = 8 X 10°. (h,i) Relative amplitude attenuation of signals as a
function of the thickness of dielectric Hy at 1 kHz (h) and 100 Hz (i), all the other parameters for simulation are the same as (g).

In this case, we neglect the interfacial impedance of the upper band for a lossless transmission line. Low-frequency
conductor for simplicity. Because the attenuation of the signal losses depend on the ratio f;/f, which can be expressed as
at low-frequencies depends on the geometry of the electrode 2
. . fo_ 20 g
and the properties of the conductor, we derive the formula for “UH o
the amplitude of a forward-traveling voltage wave going along k. Hy o (6)
the interconnect a-s -a fu.nction of mate.rial parameters a'nd It is noteworthy that eq 6 is independent of the size scale of
geometry for a stripline interconnect (Figure 5f, Supporting the interconnect. However, the diffusion time for ions will
Information) increase as the square of the thickness of dielectric, H; From
eq 2 and the values of ionic diffusivities measured (Table 1),
V(L) 1 we estimated that a device insulated by a 40 um think
—=| = |exp|— —(jf+fd) dielectric elastomer could be sustained for one vyear.
V(0) k. (5) Considering a typical dimension of a bioelectronic inter-

connect where width W = 10 pum, thickness of conductor H, =
100 nm, thickness of dielectric Hy = 1 um, and length L = 2
cm, we plot the relative voltage amplitude of a forward-wave
traveling wave. In eq S, f, is directly related to the bandwidth that propagates along the stripline interconnect as a function of

with f = 1 B o and, f as the frequency of the forward-

c 4 IF gy
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frequency for different values of conductivity of the conductor
(from 1.5 X 10" to 4.5 X 107 S/m) and the dielectric (either 0
or 5.18 X 107® S/m), respectively (Figure Sg). This model
does not consider the electrode—dielectric elastomer interfacial
impedance. However, for the aforementioned geometry of the
device and o4 of the dielectric elastomer, which represents
standard values for many stretchable devices,”> >’ there is a
significant low-frequency loss when f; < f. (6, < 4 X 10* S/
m). Notably, when gold electrodes are used as conductors due
to their high 6. (4.5 X 10’ S/m) the ionic leakage current
through the elastomer is negligible. These results suggest that
the low-frequency losses through the dielectric elastomer are
imperceptible for the same geometric interconnects comprised
of highly conductive materials. In contrast, when the same
interconnects are comprised of materials with low conductivity
(e.g, hydrogel and ionic liquid conductors), low-frequency
losses will become significant when the electrode is immersed
in biofluids over time. Lastly, for the standard stretchable
conductors based on CNT electrodes and silver-nanoparticle
polymer composites, although their initial conductivities can
reach 10° S/m,"**® the conductivities decrease after a few
cycles of mechanical stretching™ so that low-frequency losses
can still become significant in this type of electrode over time.

In addition, to make this discovery tangible to the real
application, we calculate the signal attenuation to the thickness
of elastomer passivation layer. Notably, the lossy transmission
line model can also predict the level of leakage current. When a
monochromatic forward-traveling wave reaches the amplifier

IOUT

(Figure 1a), voltage and current attenuation, defined as R

IN
follow the same scaling (eq 6). Figure Sh,i show the calculated
attenuation of signal at 1 kHz and 100 Hz, respectively,
transmitted along interconnects with thickness of dielectric
layer from 10 nm to 10 gm. The result first suggests that when
the thickness of the elastomer encapsulation is reduced, the
relative amplitude of signals will be further reduced due to the
ionic leakage current through the dielectric elastomer
encapsulation (Figure Sh). Importantly, this reduction will be
significant at a frequency of 100 Hz and below (Figure S5i).
Notably, besides the thickness of the dielectric layer, the length
of interconnect will affect even more the signal attenuation
(egs S and 6) because f. scales as 1/L? Second, for conductors
with conductivity that is higher than 10* S/m, even a 200 nm
thick dielectric elastomer encapsulation can allow >50% signal
at 1 kHz or beyond to be transmitted, which is a typical value
for the best state-of-the-art stretchable conductors.*>*’
However, we need to recognize that other factors may become
important at the nanoscale, such as chronic chemical stability
of elastomers, crosstalk between neighboring electrodes for
multielectrode arrays, and mechanical stability of soft,
multimaterial composite structure.

In conclusion, we have investigated the chronic stability of
electrochemical impedance of dielectric elastomers in the
physiological environment. Results show that the impedance
values among all three investigated elastomers degrade over
time. Characteristic time of degradation, ion-concentration-
dependent conductivity, and simulation results suggest that
ions gradually diffuse from the surrounding physiological
solution into the dielectric elastomers. Ionic conductivities of
soaked dielectric elastomers can reach 107 S/m, which is 2—6
orders of magnitude higher than that in pristine elastomers.
The effective diffusivity is estimated to be on the order of 1077
m?/s. Our results demonstrate that the thickness of the
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dielectric elastomer needs to be thicker than 40 ym to prevent
the degradation of the dielectric impedance after 1 year
implantation to the value that significantly impacts the
bandwidth of the signal transmission in fully stretchable
devices. In addition, our results demonstrate that increasing
the conductivity and interfacial impedance of the stretchable
conductor could reduce the low-frequency losses. Therefore,
using dielectric elastomers to passivate nanoscale thick, flexible
metal electrodes with high conductivities can be realized with a
stable performance in physiological conditions. Whereas this
design does not provide stretchability, it can further reduce the
total bending stiffness of the device. Regarding fully stretchable
devices, the conductivity of the stretchable conductor is
required to be higher than 4 X 10* S/m to maintain the
performance of the device with geometry and aspect ratio that
have been investigated in this study. This work focuses on
several commercially available dielectric elastomers, but we
also note the ongoing development of novel viscoelastic and
self-healing dielectric elastomers. Their applicability in
bioelectronics, especially when used for long-term recording
and implantation, needs be carefully characterized.
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