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ABSTRACT: Point-of-care monitoring of physiological signals such as electrocardiogram (ECQG),
electromyogram (EMG), and electroencephalogram (EEG) is essential for prompt disease
diagnosis and quick treatment, which can be realized through the advanced skin-worn electronics.
However, it is still challenging to design an intimate and non-restrictive skin-device contact for
physiological measurements with high fidelity and artifact tolerance. This research presents a
facile method using a “tacky” surface to produce a tight interface between the ACNT skin-like
electronic and the skin. The method provides the skin-worn electronic with stretchability of up to
70% strain, greater than most common epidermal electrodes. Low-density ACNT bundles facilitate
the infiltration of adhesive and improve the conformal contact between the ACNT sheet and the
skin, while dense ACNT bundles lessen this effect. The stretchability and conformal contact allow
the ACNT sheet-based electronics to create a tight interface with the skin, which enables the high-
fidelity measurement of physiological signals (the Pearson’s coefficient of 0.98) and the tolerance
for motion artifacts. In addition, our method allows the use of degradable substrates to enable
reusability and degradability of the electronics based on ACNT sheets, integrating “green”

properties into on-skin electronics.
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1. INTRODUCTION

Physiological signal monitoring has long been a basic but crucial clinical practice for early
diagnosis of fatal diseases such as atrial fibrillation, a condition that causes an abnormal heart
rhythm and is a primary cause of strokes.! The physiological signals such as electrocardiogram
(ECG), electromyogram (EMG), electroencephalogram (EEG),? or haemodynamic parameters,’
can be measured by laminating conductive electrodes on the skin, which is called epidermal or
on-skin electronics.* Considering the great demand for personalized monitoring of those signals,
the electrodes should be robust, long-lasting, and small, thin, lightweight to be integrated with
other blocks such as amplifiers® or wireless communication.® Regarding high-quality monitoring,
highly electrically conductive electrodes with skin-like mechanical properties are required to
allow intimate and non-restrictive contact with the skin surface, enabling effective coupling
between the devices and the skin.”-® Intimate contact is essential for a larger contact area,
lowering the electrical impedance of the interface between devices and the skin,” and for
conformability that minimizes the displacement of electrodes under motion artifacts.'!” Thus, the

small electrodes with low contact impedance and tight device-skin interface are highly desired.

Conventional technology utilizes “wet” electrodes (with a large skin-covering area of ~ 10 cm?)
consisting of a hydrogel layer and a metal electrode to form a wet skin-electrode interface, which
has sensitivity substantially decreased with dehydration. Current “dry” electrodes are typically
made of bulky metals, which require skin moisture to fill the air gaps at the skin-electrode
interface to achieve low impedance.'! Therefore, it is still challenging to achieve an ultra-
conformal interface for artifact-tolerant sensing. Moreover, the conformal interface requires

scaling down the thickness of substrates to below 5 pm (soft substrates)’ or below 500 nm (hard



substrates),'? which results in the collapse of electronics/electrodes after use.'® Likewise, scaling
down the thin metal films (gold) with low fracture strain (~ 1%) to nanometer thickness is
accompanied by proper control of flexible shape (such as serpentine'#). This requires complex
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fabrication processes involving micro/nanofabrication technologies and the removal of

12,17 or laser beams'® that potentially cause contamination

materials by chemicals, cutting blades
to the remaining materials. Additionally, drawing conductive ink (silver flake mixed with

conductive polymer) directly on the skin can provide conformal contact for motion artifact-free
sensing due to the infiltration of the ink into creases of the skin.!” ! However, together with the

complication of the ink preparation, the repeated drawing process is low-scale, time-consuming,

and can cause discomfort to wearers.

Our research proposes a “tacky” approach using an adhesive surface to handle aligned carbon
nanotube (ACNT) nano sheets, leading to a tight skin-sensor interface for on-skin electronics.
The on-skin electrodes have a much smaller working area (~ 0.64 cm?) than commercial
electrodes (~ 4 cm?), but still maintain a secure device-skin interface, allowing for the capture of
high-quality ECG, EMG, and EEG signals and tolerance of motion artifacts. The utilization of
ACNT sheets as epidermal sensors demonstrates high performance compared to various other
on-skin sensors, including the use of random CNTs. ACNT sheets are renowned for high
electrical conductivity, excellent mechanical properties, intrinsically flexible, chemical stability,
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nanometer thickness, and easy fabrication which makes them exceptionally well-suited

for use in conformal skin-worn electronics. Working with ACNT sheets offers the facile,
chemical-free, cleanroom-free, and large-scale fabrication of epidermal electronics. Although
there have been debates about the biocompatibility of CNTs, the recent review study by
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Margarita et.al “° revealed that CNTs located on a substrate could be considered as a potential



conductive base for growing cells. Moreover, we have found that moderately dense ACNT
bundles favour conformal skin contact with stable and low electrical impedance of the device-
skin interface, although a high density is expected to provide more contact area. The method also
provides the tight interface with a large stretchability of skin-worn electrodes of up to 70% strain
with insignificant change in electrical properties. This capability satisfies the requirement of all
skin applications that normally require up to 63% strain depending on body location,” while most
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common epidermal skin electrodes only work up to 30% strain and show large change

in electrical resistance!? 2’

upon stretching. Additionally, our epidermal electrodes can be reused
(such as becoming strain sensors) or degraded to promote sustainability, whereas most on-skin
electronics have not been reported to possess these “green” properties.'% 12-15-26.27.28 Therefore,

our study provides valuable insights into the potential applications of diverse substrates (such as

flexible, stretchable, and degradable substrates) for on-skin sensors based on ACNT sheets.

2. RESULTS AND DISCUSSION

2.1. Facile “Tacky” Method

The fabrication process is illustrated in Figure 1A. First, we used a conventional dry-spinning
method to draw an ACNT membrane from a CNT forest;?* 2° CNTs were aligned in the drawing
direction (Movie S1). The membrane was stacked on a non-adhesive substrate to form 1-layer, 3-
layer, 5-layer, and 7-layer ACNT sheets. The optical microscope images of the sheets (Figure
1B) indicate their alignment as well as their density (ACNT sheets with more layers look darker).
Next, we applied a “tacky” transfer method by pressing an adhesive substrate onto the drawn
ACNT sheets with the adhesive side facing the sheets, and the sample was then cut into portions.

By peeling off the adhesive layers (the ACNT sheets were transferred and secured on the



adhesive layers), we achieved the “tacky” on-skin electrodes that are thin, small, flexible and can
be directly attached to human skin (Figure 1C and Figure S1). Therefore, the overall process is
facile, chemical free, and can be integrated into largescale roll-to-roll manufacturing. It is worth
mentioning that we used commercial adhesive tape (made of poly (methyl methacrylate)
(PMMA) or polyvinyl alcohol (PVA)) as adhesive substrates for a quick demonstration of proof-
of-concept. In terms of non-adhesive substrates used for stacking ACNT membranes, they can be
copper, aluminum, Teflon foil, or even the non-adhesive surface of a single-sided tape. However,
a release liner is preferred because its easy release facilitates the detachment of ACNT sheets
during transfer. Whereas the others could be stuck to adhesive substrates, resulting in difficulty

peeling off ACNT sheets and damage to the sheets (Figure S2).

The as-drawn ACNT sheets are facing fragility problem that precludes them from direct contact
with the skin (Figure 1D), whereas the transferred ACNT sheets show no visible damage against
skin interaction or even during scratching by a pair of tweezers (Figure 1E, 1F, and Movie S2).
The transferred sheets are bonded securely to adhesive substrates due to the extrusion of
adhesives through pores in CNT membranes.?* The adhesives offer additional forces to hold
CNTs firmly together apart from the Van der Waals forces, reducing the separation and slippage
between CNTs. This test indicates the excellent capability of ACNT sheets to be attached to

human skin and act as on-skin electrodes without being physically damaged.
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Figure 1. Fabrication and characterization of ACNT sheets. (A) Schematic illustration of the
fabrication process, from drawing to transferring ACNT sheets. (B) Optical microscope images
of 1-layer, 3-layer, 5-layer, and 7-layer ACNT sheets, showing the parallel alignment of CNTs.
(C) A photo of the transferred ACNT sheets on human skin. (D), Photo showing damages of an
ACNT sheet before transferring. (E), (F) Photos showing no visible damage of a transferred
ACNT sheet after it contacted a finger or was scratched by a pair of tweezers, respectively. (G)
Sheet resistance vs. the number of layers of ACNT sheets (1 L, 3L, 5L, and 7 L indicate 1-
layer, 3-layer, 5-layer, and 7-layer ACNT sheets, respectively). The mean values are determined
by measuring the electrical resistance of the samples 4-6 times, and the maximum and minimum
values are presented as error bars. (H) An AFM image of a 1-layer ACNT sheet.

We characterized the electrical properties of transferred ACNT sheets by measuring their
electrical resistance, as shown in Figure 1G. Their resistance decreases as the number of stacked

layers increases (increasing the thickness®). For example, 1-layer ACNT sheet shows around 2



kQ sq’!, higher than around 200 Q sq”! for a 7-layer ACNT sheet due to the increase in the cross-
section of conduction path. Additionally, we investigated the morphology of a 1-layer ACNT
sheet by an atomic force microscope (AFM) at three different positions (Figure 1H and Figure
S3), resulting in its average thickness of approximately 41 nm. Thus, its electrical conductivity

was found to be around 1.2 X 10* S m'!, which is in the range of reported conductivities.?!

The morphology shown in Figure S3 provides helpful information about the structure of ACNT
sheets, which dictates their mechanical and electrical properties. First, CNTs were pulled out in
parallel and formed bundles because of the Van der Waals forces. Second, junctions between
CNTs and CNT bundles were also formed, as circled in those images. Third, as CNTs have not
been twisted together like yarn processing, CNTs or CNT bundles can still move/slip against
each other. Based on that structure, as CNTs become more aligned (high degree of parallel), the
number of junctions decreases, and their inter-tube contact enhances. These improvements allow
for stronger interacting forces between the CNTs as well as the easier movement of electrons.?”
31 The results are higher conductivity and higher axial tensile strength that can minimize the
breakage of ACNT sheets.?! In contrast, junctions and slippage negatively impact the electrical
conductivity of ACNT sheets. Junctions can form gaps that tend to enlarge gradually,** and
slippage both increases the length of CNT bundles and reduces the inter-tube contact areas of
CNTs;*!:3? hence, they hinder electron conduction. In brief, alignment enhances the electrical
conductivity of ACNT sheets, while junctions and slippage have the opposite effect. Therefore,
minimizing the occurrence of slippage and gap widening can effectively enable the electrical
robustness of ACNT sheets against deformations, especially when the sheets undergo friction
with the skin. We achieved that robustness by transferring those sheets onto adhesive substrates

by the facile “tacky” method.



2.2. Electrical robustness of ACNT sheets under deformations. We investigated the electrical

stability of a 7-layer ACNT sheet and a 3-layer ACNT sheet after transferring them onto flexible

adhesive substrates (e.g., a conventional single-sided tape). They were subjected to bending

deformations, twisting deformations, and skin deformations (Figure 2A, 2B, and Figure S4,

Movie S3). In the skin deformation test, the transferred sheets were attached to the skin and then

compressed with the skin following the alignment direction of the sheets. The bending radius,

twist angle, and degree of skin compression are approximately 0.7 mm, 30°, and 27%,

respectively.
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Figure 2. Electrical robustness of ACNT sheets under deformations and peeling of ACNT
sheets on adhesive substrates from the skin. (A) Photos of an ACNT sheet under bending and
twisting deformations. (B) A photo of an ACNT sheet on human skin under skin deformation.
(C) Changes in the electrical resistance of a 7-layer ACNT sheet with respect to the number of
deformation cycles; three types of deformations (twisting, bending, and skin deformation) are
presented. Ro is the initial electrical resistance, and R is the electrical resistance during
deformations. SD is standard deviation of electrical resistance changes. (D) Photos of the pre-
strained ACNT sheet at 0 %, 70%, and 100% strain. The enlarged image represents a visible
crack at 100% strain. (E) Strain dependence of the electrical resistance of the pre-strained ACNT
sheet. (F) The electrical resistance of the pre-strained ACNT sheet and voltage of a blue LED
with respect to time under strains, respectively. The left and right sections indicate the on and off
states of the LED. (G) Measurement of peeling force by 90-degree peel test. (H) Comparison of
the peeling force between 1-layer, 3-layer, 5-layer, and 7-layer ACNT sheets on single-sided tape
and the pure single-sided tape. The error bars are standard deviation calculated from the
corresponding peeling force signal in Figure S12.

The experimental results show that bending and twisting deformations did not induce significant
changes in the electrical resistance of the two sheets during 1000 cycles (less than 3%), as shown
in Figure 2C and Figure S5. These results are consistent with previous observations.*® 3 The
portions of raw data of their resistance are given Figure S6, showing small changes. A detailed
explanation for this phenomenon is discussed in Note S1. Briefly, the calculated strains of CNTs
are small, unable to break them. Additionally, their length was roughly 400 um (approximately
the height of a CNT forest), long enough to maintain connections during bending.’! Moreover,
adhesive forces kept the CNTs/CNT bundles closed, minimizing the impact of slippage and gaps.
However, the 7-layer sheet shows a greater change in electrical resistance than the 3-layer sheet
does. This can be the effect of slippage and gap widening in the outer layers of the 7-layer sheet
because adhesives could not penetrate totally and uniformly to those layers compared to the 3-
layer one (see illustration in Note S1). The drift behaviour could be ascribed to two potential
factors. The first is a result of the relaxation from polymer chains and the conductive network.>®

The second is the impact of Joule-heating effect in the first few minutes after supplying voltage
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to the aligned CNTs which show negative temperature coefficient of resistance.*® Detailed

discussion is given in the Note S2.

The effect of skin deformations on the electrical resistances was also minor, with the resistance
changes of less than 6% for the 7-layer and 3-layer sheets. However, the impact was stronger
than that of bending and twisting deformations due to the influence of two possible additional
factors. One is the friction between the sheets and the skin, which can distort the CNT structure.
The other is the deformations that impair the contact between CNTs and copper tape (used to
connect ACNT sheets with the alligator clips of measurement devices). The portions of raw data

of their resistance are given in Figure S6.

We examined the electrical stability of a 5-layer ACNT sheet during stretching deformations.
The sheet was transferred onto a stretchable substrate that was pre-strained to 100% strain. The
pre-strained sheet exhibits a wrinkled structure, as illustrated in Figure S7. This structure can

t.>7 Since the human skin can be

accommodate stretching deformations due to the buckling effec
stretched to up to 70% strain,'? we stretched the pre-strained sheet to 100% strain for the
electrical examination. The sheet was observed to be free of cracks within 70% strain, while a
visible crack can be seen at 100% (Figure 2D). This observation was consistent with the
measured electrical resistance of the sheet against strains (Figure 2E), where 70% strain
corresponds to just 5% resistance change. The negligible change in electrical resistance up to
70% strain, which can satisfy almost all the area in human body,’ is superior to most common

10, 13, 15, 26

epidermal skin electrodes that show failure within 30% strain or large change in

electrical resistance'> %7 during stretching.
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We demonstrated the use of the pre-strained 5-layer ACNT sheet by constructing a simple
electronic circuit (Figure S8). The sheet acted as a stretchable resistor with its initial resistance of
around 4.6 kQ. It was connected in series to a group of conventional resistors that were
paralleled to a blue LED. Hence, we could observe the state of the LED to qualitatively evaluate
the workability of the sheet during stretching deformations. The experimental results show that
the LED remained bright until the sheet reached its strain of 95% (Figure S9, and Movie S4). For
quantitative evaluation, we measured the LED voltage as well as the electrical resistance of the
sheet in real time, as displayed in Figure 2F. During the strain up to 90%, the LED voltage
decreased slightly, corresponding to a minor increase in the sheet’s resistance. After that, the
resistance surged because of the crack shown in Figure 2D, resulting in a steep drop in the
voltage. This measurement is consistent with the above observation, confirming the electrical

stability of the pre-strained ACNT stretchable resistor.

For a comprehensive study, we also examined the electrical stability of a non-pre-strained ACNT
sheet. Another 5-layer ACNT sheet was transferred onto the same type of stretchable substrate,
but the substrate was not pre-strained. The non-pre-strained sheet was also integrated into the
same electronic circuit with its initial resistance of roughly 2.6 kQ. We quickly observed the off
state of the LED after stretching the sheet to 15% (Figure S10 and Movie S4,). The electrical
resistance of the sheet and the LED voltage were also measured, showing a dramatic increase in
resistance and a sudden decrease in the voltage after 15% strain. This poor performance of the
sheet is due to the early appearance of cracks at 15% strain (Figure S10). It is worth mentioning
that its initial electrical resistance (2.6 kQ) was almost half the value of the pre-strained one (4.6

kQ); hence, the resistance is further from the critical value for switching the LED off. However,
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the non-pre-strained sheet rendered the LED off faster than its counterpart, indicating the

superior performance of the latter.

To examine the effect of pre-stretching ACNT sheet in another direction (pre-strained to 100%),
we have pre-strained and then stretched an ACNT sheet in the transverse direction
(perpendicular to the alignment direction) (Figure S11). The sheet can retain its electrical
resistance (< 5% changes) up to the strain of 26%, higher than that of the corresponding non-pre-
strained one as expected (6% strain). So, our transfer method offers a simple approach for
generating a stretchable resistor as well as a stretchable electrode for electronic skin®® or a

stretchable bridge for circuit connection.®

As the ACNT sheets should be attached on the skin for electrophysiological monitoring, we
measured the peeling force of ACNT sheets on single-sided tape by the 90°-peeling test*® (Figure
2G and Figure S12). Although the deposition of ACNT sheets on the tape reduces the adhesive
force of the tape, the peeling force of 3-layer and 5-layer ACNT sheets on the tape is a round
0.67 N (0.39 N cm™), the highest is about 0.75 N (0.44 N cm™) for 1-layer ACNT sheet (Figure
2H), and the 7-layer ACNT sheet has the lowest peeling force (about 0.6 N or 0.35 N cm!). This
is because the 1-layer ACNT sheet has low density of CNTs (Figure 1B), allowing more
adhesive to penetrate through pores and reach the skin. Whereas the 7-layer ACNT sheet has
high density of CNTs, blocking the penetration of adhesive. The results of peeling force are
consistent with the observation of the change in electrical resistance of ACNT sheets under
deformations (Figure 2C and Figure S5). The peeling force of the 3-layer sheets after 3 hours is
given in Figure S13, showing an overall decrease in the force owing to skin wet. We have also

measured the peeling force of an ACNT sheet on viscous stretchable tape (Figure S14). The
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sheet on the tape has higher peeling force than the sheet on the single-sided tape due to the
higher adhesion of the pure viscous tape compared the single-sided tape. However, the viscous
tape is too thick (~ 1000 pm thickness), which is not appropriate for skin-worn device. Then we
use the conventional ACNT sheets on single-sided tape as epidermal sensors (the thickness of the
tape is ~ 60 pm). It is worth mentioning that future optimization on adhesion and thickness of

substrates is desired as the ACNT sheets can be easily deposited on different types of substrates.

2.3. ACNT sheets as on-skin sensors. ACNT sheets exhibited sturdy structure and electrical
robustness upon skin contact and skin deformation after being transferred onto adhesive
substrates. As a result, we utilized those transferred sheets as “tacky” epidermal sensors to
monitor human electrophysiological signals. ACNT sheets act as the measuring electrodes and
are in direct contact with the skin. We chose the electrode size of 8mm x 8mm as it has been
reported that the dimension of the electrode should be less than 10 mm for optimal results.” 4!
We placed the sheets in different positions to obtain ECG, EMG, and EEG signals (Figure 3A).
These signals were also recorded via commercial Ag/AgCl gel electrodes to validate the
performance of the ACNT sheets. However, as the signal quality is highly dictated by sensor-
skin interface impedance,*” we measured the contact impedance of an ACNT sheet-skin interface
and a gel electrode-skin interface beforehand. The measurement was taken without skin

preparation in the frequency range of 50 Hz to 2000 Hz when the sheets and the gel electrodes

were positioned on the left forearm of a human subject (Figure S15A).
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Figure 3. Measurement of contact impedance and monitoring of ECG signals under hand
grip exercise. (A) An Illustrative image of the placement of electrode pairs for monitoring
human electrophysiological signals (black pads represent ACNT sheets). (B) Comparison of
contact impedance between ACNT sheets with different layers and commercial Ag/AgCl gel
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electrodes. Frequency ranges from 50 Hz to 2000 Hz. Inset, an enlarged image showing the clear
difference in contact impedance measured from ACNT sheets. (C) Comparison of errors of
contact impedance measured from ACNT sheets with different layers. The mean values are
determined by measuring the impedance 3 times, and the maximum and minimum values are
presented as error bars. (D) (left) Illustration of the infiltration of adhesives into pores in sparse
ACNT bundles, bringing the bundles close to the skin. (right) [llustration of dense ACNT
bundles that hurdle the infiltration of adhesives, resulting in non-conformal contact with the skin.
(E) ECG signals recorded by ACNT sheets and commercial electrodes, with crucial waves (P
wave, QRS complex, T wave, and J point) presented. (F) The stability of ECG signals measured
from ACNT sheets at rest and under low artifacts from hand grip exercise with 50% of the
participant’s maximum voluntary contraction (MVC) at different frequencies. (G) The effect of
intense artifacts on ECG signals from hand grip exercise maintained at 60% MVC with repeated
2 s hand contractions alternated with 2 s of relaxation until fatigue.

The contact impedance between the skin and ACNT sheets with different layers is quite similar.
However, 1-layer, 3-layer, and 7-layer ACNT sheets show lower contact impedance than the 5-
layer (Figure 3B and 3C). Higher conductivity* and higher density (higher contact area)** is
expected to lower contact impedance. Thus, the low impedance of 7-layer ACNT sheets is
understandable as it has the highest conductivity (Figure 1G) as well as high density (Figure 1B).
However, 1-layer and 3-layer ACNT sheets also show lower contact impedance because of the
assistance of adhesive. Due to the fact that those sheets contain sparse ACNT bundles compared
to 5-layer and 7-layer ACNT sheets. Adhesive can penetrate through pores more and provide
additional adhesive forces to make 1-layer and 3-layer ACNT sheets close to the skin. This
benefits more contact area, minimization of gaps, and a secure interface between ACNT bundles
and the skin (Figure 3D, left panel). Nevertheless, the 1-layer ACNT sheets show a large bias in
their sheet resistance (Figure 1G), which affects the stability of their contact impedance (large
errors shown in Figure 3C). Similarly, the large errors of contact impedance are also observed in
the case of the 7-layer ACNT sheets (Figure 3C). Although the 7-layer sheets have a small bias

in the sheet resistance, the dense ACNT bundles hurdle the penetration of adhesive, reducing the
16



benefit of adhesive forces to bring the bundles close to the skin as well as tightening the existing
contact between the bundles and the skin (Figure 3D, right panel). In contrast, the 3-layer and 5-
layer ACNT sheets exhibits stable contact impedance (Figure 3C) due to high conductivity, small
bias in their conductivity (sheet resistance) and moderate density of ACNT bundles that allow
the additional adhesive forces to provide conformal contact with the skin. The effect of sweat on
the contact impedance is given in Figure S16. The impedance of the 3-layer sheets was decreased
after 3 hours, which is consistent with previous reports.*> We have also measured the contact
impedance of 1-layer ACNT sheets on viscous stretchable substrates as shown in Figure S17.
Their impedance is lower than that of 1-layer ACNT sheets on flexible single-sided tape and
higher than that of commercial electrodes. This can be attributed to the higher adhesive force of
the viscous substrates as mentioned above (Figure S14), leading to minimizing air gaps between
the skin and the devices. Therefore, ACNT sheets on viscous substrates can be good epidermal
sensors. However, the aforementioned 1000 um thickness makes the sensors bulky and should be
optimized in future work because thinner substrates also help minimize gaps at skin-device
interface and improve signal quality.” When compared to the device-skin electrical impedance of
the commercial Ag/AgCl gel electrodes, ACNT sheets on flexible single-sided tape exhibits
higher impedance values as shown in Figure 3B. This can be ascribed to the smaller working
area of the ACNT sheets (64 mm?) compared to that of the commercial ones (401 mm?)*** and
less conformal contact with the skin. The effect of area on the impedance was confirmed by the
measured contact impedance of 121 mm?and original (401 mm?) commercial electrodes given in
Figure S18. The less conformal contact with the skin was previously analyzed with ACNT sheets
on viscous substrates (Figure S17). Therefore, there is still room for improvement. However, to

demonstrate the capability of using ACNT sheets for effective monitoring of
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electrophysiological, we utilized either 3-layer or 5-layer ACNT sheets on flexible single-sided

tape in the following measurement.

Figure 3E, we achieved the ECG signals of both ACNT sheets and commercial electrodes by
placing those in the left and right sub clavicular spaces while the reference electrode (Ag/AgCl
gel) was on the right iliac crest*é (Figure S15B). The signals were filtered through a bio-bandpass
filter within 0.3 Hz and 50 Hz. The ECG signals obtained from ACNT sheets are comparable to
those from commercial electrodes, showing explicitly the crucial waves (P wave, QRS complex,
T wave, and J point). The magnitude of R peak of ECG from ACNT sheet is smaller than that
from commercial electrodes because of the higher contact impedance shown in Figure 3B.

However, the Pearson’s coefficient, », between the two signals is calculated by:

nExy) - E0EY)
J[anz - E0)nEy? - @]

Here, n is the number of elements in data. x or y is the element of ECG data from ACNT sheets

and commercial electrodes. Thus, 7 is calculated to be ~ 0.98, showing excellent similarity of the
ECG signals decoded by the sheets and the commercial electrodes. Besides, the signal-to-noise
(SNR) ratio of ECG using ACNT sheets is 21.22 + 0.74 dB, similar to that of commercial ones
(21.57 £ 0.57 dB). It also confirms the performance of ACNT sheets comparable to commercial
electrodes. The stability of ECG signals from the sheets is shown in the top image in Figure 3F
(at rest), proving the workability of the ACNT sheets in achieving continuously reliable heart
signal. The above ECG signals were obtained by the 5-layer ACNT sheets and commercial
electrodes. In comparison, the 3-layer sheets also show similar performance to the commercial

electrodes and lower R peaks. Detailed information and discussion are given in Figure S19.
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Then, we examined the influence of artifacts from hand grip on the quality of the ECG signals.
The participant was asked to hold a grip dynamometer tightly by the dominant hand to assess the
participant’s maximum voluntary contraction (MVC). The MVC was estimated by taking a
maximum of three holding attempts. With the interference of the low artifacts from hand grip
exercise (i.e., 50% MVC at different frequencies), the ACNT sheets still exhibit excellent
stability (Figure 3F). Accordingly, the increase in heart rate (HR) can be clearly observed due to
the denser R peaks (typically, from ~62 bpm to ~78 bpm). However, the intense exercise can
induce larger artifacts to the ECG signals (Figure 3G). The participant was asked to maintain
MVC of 60% with the repeated 2 s hand contractions alternated with 2 s of relaxation until
fatigue. When the participant can maintain the grip force during the exercise, the ECG signals
exhibit stable performance with minimal effect from artifacts. But right before fatigue happened,
the artifacts elevated the signal and during the fatigue, the ECG signals are distorted following
the frequency of the applied grip force. This distortion can be ascribed to the possibility that the
muscle in the forearm of the participant cannot be maintained during fatigue stage. Therefore, the
participant must use muscles from the shoulder (by forcefully shrugging the shoulder) to
maintain the designated %MVC during 2s, which can displace the sheets a little (the sheets are
positioned near the shoulders). However, the HR during the intense exercise can still be deduced
and shown in Figure S20, with the increase in HR from ~62 bpm at rest to ~85 bpm during the
exercise and fatigue stages, which is compatible with previous findings.*’ The increase in HR is
attributed to the increase in oxygen consumption.*® It is worth noting that minimizing the effect
of intense artifact can be done by improving the stability of the sheet-skin interface. As the
sheets are already nanoscale in thickness, the minimization can be achieved by making the

adhesive substrate thinner, softer, or stickier.*’
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Figure 4. Monitoring of EMG and EEG signals. (A) EMG signals measured by ACNT sheets
and commercial electrodes at designated grip force of 25%, 50%, 75%, and 100% MVC. (B) A
linear relationship between the mean values of the root mean square of the EMG signals and the
magnitude of MVC. Error bars represent standard deviations calculated from the root mean
square values. (C) Comparison of signal-to-noise (SNR) ratios of EMG signals obtained by
ACNT sheets and commercial electrodes at difference MVC. (D) EEG signals recorded by
ACNT sheets with the signal in the (top) time domain and (bottom) frequency domain. (E) A 3-
D view of a time-frequency spectrogram of the EEG signals recorded by ACNT sheets. (F) 2D —
view of the time-frequency spectrograms of EEG signals recorded by ACNT sheets (top) and
commercial electrodes (bottom).

Using the same grip dynamometer and the same MVC scale, we compared the EMG signals

measured from ACNT sheets and commercial electrodes. They were placed alternately on the
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right forearm and near the wrist (Figure S15C). A reference electrode was attached at the elbow
of the same arm. As the EMG signals reflect the muscle contractions in the forearm, which are
triggered by hand squeezing®® the participant was asked to maintain different levels of designated
grip force (MVC of 25%, 50%, 75%, and 100%). We obtained the EMG signals corresponding
to each MVC after filtering them through a bio-bandpass filter (1 Hz — 500 Hz). As shown in
Figure 4A, the sheets captured higher EMG signal magnitude compared to the commercial
electrodes. In addition, raising MVC triggered larger EMG signal responses, as confirmed by
calculating the signals’ root mean square (RMS) (Figure S21). Hence, we achieved a linear
relationship between the RMS values and the MVC (Figure 4B), with the angular constant for
the commercial electrodes (0.96 mV) smaller than that for the sheets (1.34 mV). This can be
attributed to the different positions of the sheets and the commercial electrodes on the forearm.
The commercial electrodes were placed nearer to the tendon area. This area has fewer and
thinner muscle fibers, thus triggering less EMG signal.’! Therefore, the corresponding SNRs of
EMG signals obtained by ACNT sheets are comparable or even higher than those of commercial
electrodes (Figure 4C). It can also be seen that raising the MVC increases the SNRs as the

amplitude of signals increases accordingly.

We recorded EEG signals by placing ACNT sheets and commercial electrodes on the left and
right posterior behind the ears. The reference electrode was placed on the right mastoid bone
(Figure S15D). During the EEG test, the participant was instructed to maintain open eyes for 30 s
and then close them for 30 s. Since the eyes-closed state is known to elicit alpha waves in the
brain (frequency range of 8 Hz to 12 Hz),>? the EEG signals were filtered through a bio-
bandpass filter (1 Hz — 60 Hz), followed by a digital bandpass filter (8 Hz — 12 Hz). Then, the

EEG signal recorded by the sheets was analyzed and displayed in the time domain and frequency
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domain, showing the two distinct states of eyes (Figure 4D). Also, the frequency peaks
concentrate around 9 Hz in the eyes-closed state, consistent with prior studies.> A Short Time
Fourier Transform (STFT) was applied to attain the time-frequency spectrogram of the signal,
revealing the consistent presence of alpha waves throughout the eyes-closed state (Figure 4E).
Regarding EEG signals recorded by commercial electrodes (Figure S22), the signal analysis
indicates inferior performance, as the time domain and frequency domain did not show a clear
difference between the two states of eyes. Moreover, the time-frequency spectrogram exhibits
inconsistent activity at the end of the eyes-closed state (Figure 4F). The sheets and the

3 and

commercial electrodes differ in EEG monitoring performance because of their positions,’
the negative impact of hair on contact impedance.>* We performed a compatibility test by
continuously wearing ACNT sheets on the arm of a participant for 24 hours. The skin under
ACNT electrodes did not show any evidence of itching, erythema during and after the test
(Figure S23). However, more study (such as growing cells on ACNT sheets on substrates) is
necessary. The comparison in measuring electrophysiological signals between ACNT sheets and
other materials in previous work is given in Table S1. The monitoring performance of ACNT
sheets is comparable to other sensors made from silver flakes, silver nanowires, or conductive
polymers. However, enhancing adhesion in future work could improve the stability of ACNT
epidermal sensors. Besides, ACNT sheets show high performance in decoding those signals
compared to random CNTs. ACNT sheet-based electrodes possess excellent stability as well as
good adhesion force owing to the alignment and porous structure. It is noteworthy that the

alignment offers CNTs unique advantages over the non-aligned one in terms of high electrical

conductivity?! achieved for an ultrathin nanomembrane structure, resulting in low density of
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CNTs for electronic applications required high conductivity. These distinct properties have

recently attracted considerable interests.?> >’

In comparison to the state-of-the-art digital printing technologies such as inkjet printing,¢
aerosol jet printing®” or direct ink writing.® Our simple stamping method using aligned CNT
sheets for health monitoring is in the early stage of development. Then, work is still needed to
identify the limitations of the method to improve and expand its capability. However,
highlighting the strength and limitations of each approach is necessary. Those printing
techniques benefit variety of materials for ink and substrates, customization of electrode shapes,
integration of complex circuits, high resolution, fast printing, and the capability to integrated in
roll-to-roll mass production. However, the ink formation and formular is not straightforward to
ensure meeting rheological criteria such as ink viscosity, surface tension, shear-thinning, and
yield-stress. Besides, the need for post-processing (optimal sintering temperature and time) is
indispensable to ensure electrical and mechanical reliability of devices, which can overall
complicate the production process (such as the integration of additional pulse thermal processing
technique). On the other hand, our stamping method with aligned CNT sheets also offers quick
fabrication of electrodes and conductive paths, capability to be integrated in roll-to-roll mass
production, and solution-free process. It does not need to meet those strict criteria for ink
preparation and may not require post-processing process. Nevertheless, there are also parameters
needed to optimize to uniformly growth CNTs using chemical vapor deposition such as reaction
temperature and gas flow rate. Besides, the first pulling to get uniform ACNT membrane could
be challenging, and it is not easy to make customized shape using ACNT sheets. The substrates

should be adhesive to transfer and hold the sheets securely. The additional process of pre-
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stretching substrates may be needed to ensure stable electrical properties under deformation,

which could hurdle the integration in automatic mass production.

2.4. Sustainable ACNT sheets on soluble substrates. In order to promote the sustainable
production of CNT-based devices, we transferred ACNT sheets onto polyvinyl alcohol (PVA)
substrates, referred to as PACNT sheets. The PACNT sheets can function as epidermal sensors
working the same as the aforementioned ACNT sheets on flexible substrates (conventional
single-sided tape). However, unlike the flexible tape that is hard to dissolve, PVA features a
biodegradable property and quick dissolution in water,*® favoring application in sustainable
health monitoring.®® Hence, PVA substrates can be dissolved to facilitate the reuse or

degradation of PACNT-based electronic devices (Figure S1C).

3
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Figure 5. Reusability and degradability of an ACNT sheet on a soluble adhesive substrate.
(A) Photos of the process of reusing a 5-layer ACNT sheet, including: (top left) transferring the
sheet onto a PV A substrate using our facile transfer method (referred to as PACNT sheet),
(bottom left) pressing a PDMS (facing CNTs) on the PACNT sheet, (middle) immersing the
PACNT sheet (attached to the PDMS) in water and stirring the water to facilitate PVA
detachment, and (right) the detachment of the PVA, leaving CNTs on the PDMS substrate. (B)
Photos of invisible cracks and visible cracks in the reused sheet at 0.01 strain and 0.04 strain,
respectively. (C) Changes in electrical resistance vs. strains of the reused sheet. (D) Photos of
bending curves with the radii of 1.6 mm and 1.2 mm. (E) Changes in electrical resistance vs.
bending radii of the reused sheet (blue dots indicate that the reused sheet returned to its original
position, and red dots indicate the reused sheet reached the end of the bending process). Error
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bars in (C) and (E) represent standard deviation calculated from the peak values of the
corresponding real-time data. RO is the initial electrical resistance, and R is the electrical
resistance during deformations. (F) Photos of the degradation process of a 1-layer PACNT sheet.
(G) Bar chart showing the comparison of degradation time between a 1-layer PACNT sheet
without external factors (stirring and heat) and 1-layer and 5-layer PACNT sheets with external
factors.

We demonstrate the reusable capability of a PACNT sheet by shifting the ACNT sheet from the
PVA substrate to a PDMS substrate; the ACNT sheet on PDMS then becomes a strain sensor.
The shifting process is illustrated in Figure SA and Movie S5, in which 1-layer and 5-layer
ACNT sheets were used to demonstrate the capability to transfer multilayer sheets. First, a thin
layer of PDMS was deposited on a PACNT sheet with the PDMS in contact with the ACNT
surface. Then, the sample was immersed in water, followed by stirring the water to facilitate
PVA detachment. Once the PVA was detached, the ACNT sheet remained adhered to the PDMS
due to the adhesion between them, referred to as an ACNT-PDMS sheet. Finally, the ACNT-
PDMS sheet was taken out of the water and dried in the air for one day. The photos of the 5-
layer ACNT sheet on either PVA or PDMS (Figure S24) indicate that the sheet structure was
preserved during the shifting process, although some CNT bundles could be lost during the PVA
detachment procedure. The electrical resistance of the dried sheet was initially around 5.6 kQ (or
3 kQ sq). However, it increased to about 20 kQ after being loaded on a testing machine. The
increase in resistance is ascribed to the appearance of cracks (Figure 5B and Figure S26A),
which implies the fragility of the ACNT sheet on the PDMS. This further affirms the efficiency

of using adhesive forces to reinforce ACNT sheets.
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Regardless of the resistance increase, the ACNT-PDMS sheet can function as a strain sensor
based on the crack effect.! We stretched the sheet and measured its change in resistance as
shown in Figure S25A. The cracks can be clearly seen in Figure 5B at 4% strain and Figure
S26A. The resistance responded linearly to strains in two regions (Figure 5C). One is up to 2%
strain, and the other is from 2% strain to 4% strain. The gauge factor is defined as GF =
(AR/Ry) /¢, in which Ry is the initial electrical resistance, AR is the change of electrical
resistance with respect to the initial resistance, and ¢ is the strain. Hence, the gauge factors are
calculated as GF; = 81.3 in the first region and GF, = 16.5 in the second region. Besides
stretching deformations, we also bent the sheet and obtained its resistance responding to bending
radii (Figure 5D). The real-time data is given in Figure S25B. The data includes high and low
peaks. The high peaks imply that the sheet returned to its original position. At that point, it was
stretched a little due to a quick change in direction, leading to an increase in its electrical
resistance. In contrast, the low peaks indicate that the sheet reached the end of the bending
process. Bending the sheet could help narrow the crack gaps of the sheet, reducing the distance
between CNTs on the two sides of the gaps (Figure S26B and S26C). As a result, the sheet’s
electrical resistance decreases upon bending deformations. Thus, we use the low peaks to
evaluate how the sheet’s electrical resistance depends on the bending radii. The calculation
indicates an exponential relationship between them, as depicted by the fitting curve y =

—0.92 e~ 17% (x represents the bending radius, and y represents a change in electrical resistance)
(Figure 5E). This exponential behavior can be explained by Simmons’s theory for tunneling
resistance that exponentially depends on the tunneling distance between adjacent CNTs.%? The
visualization of the bending process is provided in Figure S26B. These tests demonstrated the

reusability of an ACNT sheet. It is worth mentioning that the reused sheet was not post-
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processed before the tests; hence its performance could be improved by further treatments, such
as using ethanol or alcohol to densify CNTs.>* ¢ Then, the reused ACNT sheets can also act as

the active elements in respiration sensors, for example.®*

When it comes to the degradability of PACNT sheets, a PVA substrate can be dissolved quickly
in a water solution. However, CNTs are tricky to be degraded because of their strong physical
and chemical stability; hence, their degradation requires the presence of microbes, enzymes, or
macrophages.®® In this test, we utilized sodium hypochlorite (NaClO) solution to degrade
PACNT sheets, as it was proved to degrade CNT waste owing to the oxidizing ability of CIO~
that is also created from enzymatic reactions.®® ¢’ Figure 5F displays the degradation process of a
I-layer ACNT sheet on a PVA substrate (a 1-layer PACNT sheet). We placed it into a liquid
chlorine solution (common bleach containing 13% NaClO) and then stirred it for a few minutes
to break down the ACNT sheet and the PVA substrate. Then, the sample was left intact at room
temperature (about 25°C). The PVA disappeared after 30 minutes, but CNTs took weeks to be
degraded. During the degradation process, it was observed that thinner and shorter CNT
aggregates were degraded faster than thick and long ones. This was due to NaClO molecules
colliding with outer CNTs before reaching the inner CNTs of the aggregates. The collisions
evoked chemical reactions, Coyr + 2NaClO — CO, + 2NaCl, where CO, could be
transformed to carbonate ([CO3°~] or [HCO5']). Thus, CNTs were degraded into oxidized
graphene sheets as intermediate products, which were further degraded into carbonate and

carbon dioxide as the final product of the degradation process.®’

We conducted another degradation test with 1-layer and 5-layer PACNT sheets to assess the

effect of external factors (stirring and temperature) (Figure S27). They were also placed into the
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same liquid chlorine solution but subjected to stirring and high temperature (1500 revolutions per
minute and about 60°C, respectively). However, there were no external factors overnight (almost
18 hours). Their degradation rates were observed to be much faster than the previous 1-layer
sheet (around 1 day compared to weeks) (Figure 5G). Note that the sizes of these two sheets
were smaller than the previous one, but the CNT aggregates were observed in all cases. Such
aggregates were the main problem of degrading CNTs, as seen in the case for the previous sheet.
Hence, the results of the faster degradation rates indicated that stirring assisted in separating
thick aggregates due to the friction between themselves and between them and the solution. In
addition, the high temperature increased molecules’ dynamics, leading to increased collision
frequency between CNTs and NaClO molecules. We have not found any evidence of
disposability of ACNTs in the sweat environment. In addition, the choice of substrate will affect
the disposable capability of the electrodes. For example, if CNTs are integrated in PDMS, other

chemicals than NaClO must be utilised to degrade the electrode®®,

Regarding economic viability, the estimated cost of 3-layer ACNT sensor can be as low as ~0.2
USD. The price can be significantly dropped when CNT forests are mass-produced. The cost of

ACNT sensors can be reduced further as they are reusable.

3. CONCLUSION

We have presented a facile method using a “tacky” surface to create a tight sensor-skin interface
for skin-worn electronics made of ACNT sheets. The electrodes are free of damage upon skin
contact and electrically robust during deformations. High stretchability up to 70% strain enables
ACNT electronics to serve all applications relating to contact with human skin. The “tacky”

sensing surface with a moderate density of ACNT bundles provides a tight interface between the
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device and the skin, enabling the capture of high-quality ECG, EMG, and EEG signals with
minimization of impact from motion artifacts. The demonstrations of reusing ACNT sheets as a
strain sensor and degrading the sheet-based electronics provide comprehensive use of ACNT
sheets as on-skin electronics and foster the use of sustainable devices. However, with further
optimization on the substrates (thinner, breathable), the ACNT sheet-based electronics can work
more reliably on the skin without causing suffocation. Further efforts would be put into

producing curvature of ACNT sheets/ribbons to upscale their functions as electronics.

4. EXPERIMENTAL SECTION

Fabrication of ACNT sheets via dry spinning: A razor blade was used to draw an ACNT
membrane from a CNT forest growing on a silicon wafer by a chemical vapor deposition (CVD)
process. The membrane was slowly pulled out, forming a continuously long ACNT membrane.
The pulled CNT membrane was then deposited gently on the non-adhesive substrate that was
wrapped around the side of a drum-like pulley. The non-adhesive substrate could be (aluminum,
copper foil, the non-adhesive side of single-sided tape, or the release liner of copper tape).
Afterward, the pulley was spun at the speed of 5 ° s!. Each rotation of the pulley yields 1 layer of
an ACNT sheet. Therefore, 1-layer, 3-layer, 5-layer, and 7-layer ACNT sheets correspond to 1,

3, 5, and 7 turns of the pulley (Movie S1). Then, the ACNT sheets on the non-adhesive

substrates were released from the pulley and stored for later use. Since the ACNT sheets are

easily shattered and broken, they should not touch other objects during storage.

Transfer ACNT sheets onto flexible adhesive substrates: A layer of single-sided tape (Crystal
clear tape, Staples) was deposited on one of the ACNT sheets that were previously drawn on

non-adhesive substrates. The adhesive side of the tape was in contact with the ACNT sheet. The
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tape was pressed with a small force to ensure a complete transfer of the ACNT sheet to the tape.
Then, the non-adhesive substrates were peeled off, leaving the ACNT sheet mounted on the tape.
The ACNT sheet on the tape were cut into different portions (8mm x 8mm working area) to
measure their electrical resistances. They were also placed on human skin to monitor human

biopotential signals (Figure S1A).

Transfer ACNT sheets onto stretchable adhesive substrates: A 5-layer ACNT sheet on a non-
adhesive substrate was carefully cut into two narrow sheets, 1 cm long and 2 cm long. A
stretchable tape (3M VHB double-sided tape, Scotch brand) was cut into two 2 cm-long pieces.
One piece was stretched to twice its original length (i.e., its length became 4 cm) and kept that
way. Then, the 2 cm-long ACNT sheet was transferred onto it by the same transfer method as
using single-sided tape. After peeling off the non-adhesive substrate, the stretched piece was
released to its original length. Consequently, the 2 cm-long ACNT sheet shrank to 1 cm due to
the contraction of the stretched piece (Figure S1B). Then it was defined as a pre-strained ACNT
sheet. The other 1 cm-long ACNT sheet was also transferred onto the remaining stretchable
piece that was not initially pre-strained. This one was defined as a non-pre-strained ACNT sheet.
The pre-strained and non-pre-strained ACNT sheets in the transverse direction (perpendicular to

the alignment direction) are obtained in the same ways, and the 3-layer ACNT sheets were used.

Transfer ACNT sheets to soluble adhesive substrates: 1-layer ACNT sheets and 5-layer CNT
sheets were transferred to PVA adhesive tape (Water-soluble wave solder tape 5414, 3M) by the

same transfer method as using single-side tape (Figure S1C).

Electrical characterization of ACNT sheets under bending, twisting, and skin

deformations: Copper tape was attached at the two ends of an ACNT sheet on a flexible
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substrate to make a connection to measurement devices. The sheet’s electrical resistance was
measured by a handhold LCR Meter 879B or recorded in real time via a Keithley Source Meter
2450 connected to Kickstart software. A 3-layer and a 7-layer ACNT sheets on single-sided tape
were loaded on a homebuilt linear motor and connected to the measurement devices (Keithley
Source Meter 2450). Their electrical resistance was measured while they were bent and twisted
with a bending radius of approximately 0.7 mm and a twist angle of 30°. The tests were
conducted for 1000 cycles for each type of deformation. Then the two sheets were placed on the
upper part of a participant’s left forearm. They were compressed and released with the skin for
500 or 600 cycles while their electrical resistance was also measured by the Keithley Source

Meter 2450.

Electrical characterization of ACNT sheets under stretching deformations: Copper tap was
also used to make a connection to the measurement devices. The pre-strained or non-pre-strained
ACNT sheet on stretchable substrates were connected in series to a group of resistors (almost 8.3
kQ) that was paralleled to a blue LED (Figure S8). A supply voltage of 4 V was applied to the
circuit. The two sheets were loaded on the same linear motor and stretched to 100% strain while
their voltage was measured via the Keithley Source Meter 2450. The visualization of the tests is
given in Movie S4. Their electrical resistance was derived from the measured voltage and the Ul

curve of the LED (Figure S28), following the below formular:

Here, Ry is the electrical resistance of a stretchable resistor under strain. V is the supply

voltage (4 V); Vcnr 1s the measured voltage of the ACNT sheets. Ry is the resistance of the group
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of resistors (8.3 kQ). I; gp is the current of the LED, which is estimated from the voltage of the

LED (V,gp =V — Vcnr) and the UI curve of the LED.

Measurements of peeling force: 1-layer, 3-layer, 5-layer, and 7-layer ACNT sheets on single-
sided tape, 1-layer ACNT sheets on stretchable tape, pure single-sided tape and pure stretchable
tape were prepared with the overall size of 17 mm X 10 mm (width X length). First, the copper
tape with the same width was prepared and attached to the skin. Then each sample was loaded on
the copper tape with the skin-sample area controlled to be 17 mm X 8 mm. The peeling force on
the skin was measured by following the 90°-peeling test (Figure S12A) using the high-precision

force sensor.

Monitoring of human electrophysiological signals: The ACNT sheets on single-sided tape and
Ag/AgCl commercial electrodes (Ambu WhiteSensor 40713, Ambu Australia, Warriewood,
Australia, or Kendall 200 series foam electrodes, Cardinal Health, Australia) were placed in
different positions to measure contact impedance, ECG, EMG, and ECG signals (Figure S15).
For measuring contact impedance, the inter-electrode distance between a pair of electrodes was 2
cm. The impedance was measured via an LCR-6002 (GW instek). Human electrophysiological
signals (ECG, EMG, and ECG) were sampled continuously using a 16-channel analog-to-digital
data acquisition system (PowerLab 16/35; AD Instruments, Bella Vista, Australia) at 2000 Hz
and amplified using an ML138 Octal Bio Amp (AD Instruments, Bella Vista, Australia). Data
were filtered, recorded, and analyzed using LabChart v8.1.2 software (ADInstruments, Bella
Vista, Australia). MATLAB was used to estimate later data, such as the root mean square of

EMG signals or the Short Time Fourier Transform of EEG signals.
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Monitoring ECG signals during artifacts from hand grip exercise: The participant was asked
to perform hand grip exercise while monitoring the ECG signals (as shown in the Figure S15B
below). The participant was asked to perform 2 types of exercise. The first is to keep
participant’s maximum voluntary contraction (MVC) at 50% and change the frequency (low
artifact). The second is to maintain MVC of 60% with repeated 2 s hand contractions alternated

with 2 s of relaxation until fatigue (intense artifact).

Degradable and reusable characterization:

PDMS was used in the reusable experiment. The precursor and curing agent were mixed with a
ratio of 10:1 w/w. The doctor blade method was used to create a thin layer of the mixture on a
clean acrylic surface. Then the sample was placed in a desiccator for 30 minutes to remove
bubbles. Afterward, the sample was put in an oven and heated at 120 °C for 10 minutes to obtain

a thin, flexible PDMS layer (approximately 100 pm thick).

For reuse demonstration, a 1-layer or a 5-layer ACNT sheet on a PVA substrate was brought in
contact with a PDMS layer, with the ACNT sheet sandwiched between the two polymers. Then,
the sample was put in water. Gently stirring the water yielded the detachment of PVA, leaving
the ACNT sheet to remain on the PDMS (Movie S5). The sheet on PDMS was taken out of the
water and left in ambient conditions for drying for 1 day. Then, two copper wires were connected
to the 5-layer ACNT sheet on PDMS through conductive paste (silver epoxy). The sample was
loaded on the homebuilt linear motor to examine its electrical characteristics under stretching

and bending deformations.
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The degradability of ACNT sheets on PVA was studied using three samples: two 1-layer ACNT
sheets and one 5-layer ACNT sheet. One of the 1-layer sheets was larger in size than the other 1-
layer sheet and the 5-layer sheet. A Liquid Chlorine solution containing 13% NaClO (Hy-Clor
5L Liquid Chlorine, Bunnings, Australia) was used to degrade those sheets. After all the samples
were immersed in the solution, it was stirred for a few minutes to break ACNT sheets and PVA
substrate. Then, the larger 1-layer sheet was left intact at room temperature (about 25 °C) for
degradation observation. The other 1-layer sheet and 5-layer sheet were degraded by stirring the
solution at 1500 revolutions per minute (rpm) and heating to about 60 °C. The temperature was
measured by a thermocouple. Stirring and heat were maintained in the daytime, while the two

sheets were left intact at room temperature overnight (almost 18 hours) (Figure S27).

Morphology characterization: The morphology of a 1-layer CNT sheet was scanned by an
Atomic Force Microscopy - AFM (MultiMode 8-HR, Bruker) at three different positions. An
optical microscope (integrated into the AFM) was used to capture images of drawn ACNT sheets
with different layers and images of the pre-strained ACNT sheet. An Electronic Digital
Thickness Gauge 0-10mm 0.01mm/0.005" was used to estimate the thickness of the single-sided
tape, the thickness of the PDMS layer, and the height of the CNT forest used for drawing ACNT

sheets.

Experiments on human subjects: All experiments were conducted under approval from Human
Research Ethics Committees (HRECs) at the University of Southern Queensland at Australia.

(number: H22REA036)
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ASSOCIATED CONTENT:

Supporting Information.

The following files are available free of charge.

Explanation of electrical robustness of ACNT sheets under deformations; illustration of the

fabrication process; photos of damaged ACNT sheets after transferred from copper or alluminum

films; photos of fragility of ACNT sheets; AFM images of a 1-layer ACNT sheet; Photos of
deform ACNT sheets with the skin; electrical stability of ACNT sheets under deformations;
Photos of pre-strained ACNT sheets and their electrical responses to stretching; peeling force
test; locations of placing ACNT sheets to examine contact impedance and to monitor ECG,
EMG, and EEG:; heart rates during rest and exercise; root-mean-square values of EMG signals;

EEG signals obtained using commercial electrodes; photos of reused ACNT sheets transferred

from a PVA substrate to a PDMS substrate; photos and electrical responses of the reused ACNT

sheets during stretching and bending; photos of degrading ACNT sheets under heating and

stirring conditions; comparison with previous work (PDF)

Movie S1, Drawing ACNT sheets from a CNT forest (MOV)

Movie S2, Fragility test of an ACNT sheet on either a non-adhesive substrate or an adhesive

substrate (MOV)

Movie S3, Deformation test of ACNT sheets (MOV)

Movie S4, Stretching pre-strained and non-pre-strained ACNT sheets to change a LED state

(MOV)
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Movie S5, Shifting ACNT sheets from PV A substrates to PDMS substrates for reusability

(MOV)
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