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ABSTRACT: Tattoo-like epidermal sensors are an emerging class of truly wearable [El NN IIIEHIN EEEENELTS

electronics, owing to their thinness and softness. While most of them are based on thin

metal films, a silicon membrane, or nanoparticle-based printable inks, we report sub-
micrometer thick, multimodal electronic tattoo sensors that are made of graphene. The
graphene electronic tattoo (GET) is designed as filamentary serpentines and fabricated by
a cost- and time-effective “wet transfer, dry patterning” method. It has a total thickness of
463 + 30 nm, an optical transparency of ~85%, and a stretchability of more than 40%. The

GET can be directly laminated on human skin just like a temporary tattoo and can fully

conform to the microscopic morphology of the surface of skin via just van der Waals forces. The open-mesh structure of
the GET makes it breathable and its stiffness negligible. A bare GET is able to stay attached to skin for several hours
without fracture or delamination. With liquid bandage coverage, a GET may stay functional on the skin for up to several
days. As a dry electrode, GET—skin interface impedance is on par with medically used silver/silver-chloride (Ag/AgCl) gel
electrodes, while offering superior comfort, mobility, and reliability. GET has been successfully applied to measure
electrocardiogram (ECG), electromyogram (EMG), electroencephalogram (EEG), skin temperature, and skin hydration.
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have the potential to be applicable outside of hospital
and lab settings to allow for very broad modes of use,
including mobile health care, fitness tracking, human—machine
interactions, and so on.'™ However, existing medical sensors
are too restraining, and the technology is expensive to process
the multitude of physiological signals. For example, traditional
technologies for electrophysiological measurements use thick,
flat electrodes, which are taped to the surface of the skin and
have terminal connections to stationary data acquisition
facilities.* The skin is prepared by light abrasion, and
conductive gel or paste is applied at the electrode—skin
interface to reduce the contact impedance.” Such procedures
are time-consuming and unsuitable for long-term (e.g,
multiday) recording, since signal quality decays as the gel
dries out with time and the gel can be irritating to the skin.
The emergence of wearable electronics provides the
opportunity for continuous and ambulatory monitoring.
However, their functionality and signal quality are still limited.
In fact, commercially available wearable devices are still in the
form of rigid electrode sensors and chips mounted on bands or
straps to be worn on the wrist, chest, etc. They are capable of
activity tracking, heart rate recording, and even bioimpedance
measurements, but the data quality is still far from medical
grade.
Epidermal electronics or electronic tattoos (E-tattoos) are
recently developed wearable electronics that are hair-thin and

Long—term wearable biometric sensors with high fidelity
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skin-soft, allowing them to intimately couple with human skin
for long-term, high-fidelity biometric sensing. Possible
applications include but are not limited to continuous recording
of electrophysiological signals, skin temperature, skin hydration,
oxygen saturation level, and biomarkers in sweat.’”"> In
addition to being lightweight and soft, intimate sensor—skin
integration is a major advantage of E-tattoos. As skin is
microscopically rough, theoretical analysis has clearly predicted
that only ultrathin and ultrasoft tattoos can fully conform to
natural skin morphology without artificial adhesives.'”'* Such
conformability enlarges the contact area between the dry
electrode and skin and hence lowers the contact impedance,
which directly leads to a higher signal-to-noise ratio (SNR) in
recorded electrophysiological signals and less susceptibility to
motion.”"> Gold, a biocompatible and nonirritating material,
has been the most popular choice for dry electrodes and
interconnects in E-tattoos. Its thickness is often in the range of
tens to hundreds of nanometers, and it is supported by
translucent polyimide of greater thickness for mechanical
robustness.'”> However, gold is too pricy to be used in
disposable E-tattoos. Moreover, such sensors are obviously
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Figure 1. Fabrication process of GET. (A, B) Graphene was grown on copper foil using atmospheric pressure chemical vapor deposition
system (APCVD). (C) Less than 500 nm thick PMMA was spin coated on graphene. (D) Copper was etched away. (E) Graphene/PMMA
(Gr/PMMA) was transferred onto tattoo paper with PMMA touching the paper and graphene facing up. (F) Gr/PMMA was cut by a
mechanical cutter plotter. (G) Extraneous Gr/PMMA was peeled off from the tattoo paper. (H) Mounting GET on skin like a temporary

transfer tattoo. (I) GET on skin.

visible, which makes it unsuitable to wear on parts of the body
such as the face.

As the thinnest electrically conductive material, graphene is
optically transparent, mechanicallzf robust, electrochemically
stable, and biocompatible.'™** It has therefore been
successfully used in a tooth-integrated wireless bacteria
detector, a flexible and transparent electrode array for
simultaneous electrocorticography (ECoG) recordings and
neuroimaging measurement of skin impedance and temper-
ature and movement detection .>>”>” However, the total
thicknesses of these graphene-based sensors are tens or
hundreds of micrometers, which is too large to fully conform
to the skin like a real tattoo. Moreover, while the
aforementioned graphene biosensors were successfully pat-
terned by photolithography, the process can be costly and time-
consuming. The recently developed freeform “cut-and-paste”
process can be modified and employed to pattern chemical
vapor deposited (CVD) large area graphene.”

In this work, we have developed a stretchable and
transparent graphene based electronic tattoo (GET) sensor
that is only sub-micrometer thick but demonstrates high
electrical and mechanical performance. We demonstrate that a
GET can be fabricated through a simple “wet transfer, dry
patterning” process directly on tattoo paper, allowing it to be
transferred on human skin exactly like a temporary tattoo,
except this sensor is transparent. Due to its ultrathinness, a
GET can fully conform to the microscopic morphology of
human skin via just van der Waals interactions and can follow
arbitrary skin deformation without mechanical failure or
delamination for an extended period of time. Because of the
open-mesh design of the filamentary serpentines, the GET is
breathable and has negligible mechanical stiffness. It is,
therefore, almost imperceptible both mechanically and
optically. GET has been used for various physiological
measurements including electrocardiogram (ECG), electro-
myogram (EMG), electroencephalogram (EEG), skin temper-

ature, and skin hydration, each of which has been validated by a
corresponding gold standard sensors.

RESULTS AND DISCUSSION

The “wet transfer, dry patterning” fabrication process is
illustrated in Figure 1. “Wet transfer” refers to the copper
etching step, which retains the high continuity of the large-area
graphene grown on copper foil. “Dry patterning” refers to the
use of a programmable mechanical cutter plotter to carve out
the designed filamentary serpentine shapes on the graphene.
Compared with photolithography, the dry patterning process
minimizes the chemical contamination of graphene and is
significantly more time- and cost-effective. Stepwise, graphene
was first grown on a copper foil using atmospheric pressure
chemical vapor deposition (APCVD) as previously reported
(Figure 1A).”” As-grown CVD graphene on copper foil (Figure
1B) was characterized by scanning electron microscopy (SEM)
and Raman spectroscopy (Supporting Information Figure S1).
The SEM image (Supporting Information Figure S1A) clearly
shows adlayers scattered randomly over the monolayer
graphene. The Raman spectra at three random spots
(Supporting Information Figure S1B) demonstrate the
variation of the 2D to G peak ratios due to the difference in
the number of graphene layers. The Raman mapping
(Supporting Information Figure S1C) and corresponding
histogram (Supporting Information Figure S1D) over an area
of 100 ym X 100 pm suggest that graphene coverage on copper
is about 99%, out of which 30% to 40% has adlayers and the
rest is monolayer. We found that the existence of adlayers is
beneficial to the continuity of large-area CVD graphene.

To retrieve the graphene from copper, sub-micrometer-thick
poly(methyl methacrylate) (PMMA) was spin coated onto the
as-grown graphene (Figure 1C), followed by copper etching
(Figure 1D) and rinsing with deionized (DI) water. The
graphene/PMMA (Gr/PMMA) bilayer was then transferred
onto a piece of tattoo paper (Silhouette) with graphene facing
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Figure 2. Mechanical and optical characterization of the GET. (A) Picture of the as-fabricated GET with a white background, labeled with
different sensors including graphene-based electrophysiological sensors (GEPS), a resistance temperature detector (GRTD), and a skin
hydration sensor (GSHS). (B) The thickness of PMMA was measured by a profilometer to be 463 + 30 nm. (C) Optical transparency of bare
PMMA and Gr/PMMA. (D) Normalized resistance of the GET versus applied tensile strain. The linear GET ribbon ruptures at 20%, whereas
the serpentine-shaped GET can be stretched up to 50%. (E) Less than 6% change in GRTD resistance after 1300 cycles of 15% stretching. (F)
GET mounted on skin. (G, H) GET on skin compressed and stretched by 25%, respectively. (I) Change in GEPS and GRTD resistance after
all kinds of skin-tolerable deformations. (J to L) Magnified photographs of a GET on relaxed, compressed, and stretched skin, which

demonstrate its full conformability even under skin deformation.

up and PMMA in contact with the paper (Figure 1E). The
sheet resistance of the Gr/PMMA was measured to be 1994.33
+ 264 Q/[]. Supported by the tattoo paper, the Gr/PMMA
bilayer was carved into filamentary serpentine ribbons by a
benchtop programmable mechanical cutter plotter (Silhouette
Cameo) (Figure 1F). The serpentine ribbons were designed
with a width of 0.9 mm and a radius of 2.7 mm to ensure the
GET has a stretchability greater than that of skin.’>*' The
extraneous areas of the Gr/PMMA were manually peeled off
(Figure 1G), leaving a completed GET sensor on tattoo paper.
The fabricated GET sensor can then be transferred onto any
part of the glabrous or less-hairy skin, regardless of its curvature
or shape, simply by bringing the graphene side in contact with
the skin and wetting the backside of the tattoo paper to detach
the GET from the paper (Figure 1H), exactly like a temporary
transfer tattoo. No skin preparation or skin adhesive is
required; the ultrathin GET can stay attached to the skin via
just van der Waals interactions, as shown in Figure 1I (see
Supporting Video VS1 for the process of laminating a GET on
the skin).

In addition to transparent PMMA, a popular substrate often
used in flexible electronics, polyimide (PI), was also applied to
support graphene following a procedure similar to Gr/PMMA.
The schematics for the fabrication process of graphene/
polyimide (Gr/PI) sensors are shown in Supporting
Information Figure S2. As the PI thickness was 13 um, the
Gr/PI sensors cannot stay attached to human skin by just van
der Waals interactions. Therefore, the Gr/PI sensors were
transferred onto a 3M Tegaderm tape with graphene facing up
and then taped onto the skin for measurements. The effect of

the sensor’s thickness on sensing quality was studied by
comparing the functionality of thick nonconformal Gr/PI
sensors with that of the ultrathin, conformal GET sensors,
which will be discussed later.

A picture of an as-fabricated Gr/PMMA-based GET is shown
in Figure 2A, in which different types of physiological sensors
are labeled: graphene-based electrophysiological sensor
(GEPS), resistance temperature detector (GRTD), and skin
hydration sensor (GSHS). The GSHS shares one electrode
with the GEPS. The total thickness of the GET was measured
to be 463 + 30 nm using a profilometer (Dektak 6 M Stylus)
(Figure 2B). The optical transmittance of Gr/PMMA was
measured by a Cary 5000 UV—vis—NIR spectrometer at five
random spots over an area of 2 cm X 3 cm (Figure S3A). The
average transmittance of PMMA and Gr/PMMA in Figure 2C
indicates that within the wavelength range of 400 to 800 nm the
transmittance of bare PMMA is 96.5% to 98%, and the
transmittance of GET is 84% to 88% due to additional light
absorption by graphene.

The mechanical performance of the GET has been
analytically modeled and experimentally measured. Neglecting
the sub-nanometer-thick graphene layer, the bending stiffness
of the GET is essentially that of the supporting PMMA
substrate. With a reported Young’s modulus of 3.3 GPa, the
463 nm thick PMMA has a bending stiffness of 2.7 X 107'! N-
m, which is an order smaller than the bending stiffness of Au-
based ultrathin epidermal electrodes (e.g., 3.49 X 10™'° N-m for
100 nm thick Au on 700 nm thick polyimide).”* Besides
superior flexibility, polymer-supported CVD graphene was
reported to have fracture strains around 10%.** By performing
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Figure 3. Electrical performance of the GET on skin. (A) Without any skin preparation, GET—skin contact impedance is almost on par with
that between commercial gel electrodes and skin. (B) EEG sensing on the forehead with both the GET and gel electrodes (left). When the
eyes were closed, an & rhythm of 10 Hz is visible in both spectrograms. (C) ECG measured synchronously by the GET and gel electrodes.
Characteristic ECG peaks can be measured by both electrodes. (D) EMG sensing on the forearm with the GET and gel electrodes when the

subject squeezed the hand exerciser three times.

uniaxial tensile tests on Gr/PMMA with in situ electrical
resistance measurement (Figure 2D), we found that the linear
Gr/PMMA ribbon ruptures at strains around 20%, while the
serpentine-shaped Gr/PMMA ribbon remains electrically
conductive up to a strain of 50%, which is well beyond the
stretchability of human skin (~30%).** The mechanical
stiffness of a freestanding GET serpentine ribbon (463 nm
thick, 0.9 mm wide, and 2.7 mm in radius) is calculated to be
1.48 N/m according to our previous analytical models, which is
less than half of that of the human epidermis (3.9 N/ m). 252033
The performance of the GET under a cyclic tensile strain of
15% is demonstrated in Figure 2E, Figure S4, and Supporting
Video VS2. The increase in resistance is within 6% after 1300
cycles (Figure 2E).

Figures 2F to H and Supporting Video VS3 offer pictures and
a video of the GET on relaxed human skin and skin subjected
to various kinds of deformations. Electrical resistance of the
GEPS and GRTD was measured before and after arbitrary skin
deformation in Figure 2I, and no significant change could be
identified. According to an analytical model we built previously,
the GET has to be thinner than 510 nm to achieve full
conformability with human skin (see Supporting Information
Figure $5).*° With our GET thickness being just 463 nm,
optical micrographs of it on skin (Figures 2J—L) confirm the
ultraintimate coupling between the GET and skin, even under
severe skin deformation.

Electrode—skin conformability directly dictates the contact
impedance. Classical electrical circuit concepts suggest that the
electrode—skin interface impedance is inversely proportional to
the contact surface area.”” Since conformal contact increases
the effective contact area, it is therefore expected that interface
impedance decreases. We measured the GET—skin interface
impedance and compared it with commercial Ag/AgCl gel—
skin interface impedance, the latter of which is considered the
gold standard for medical applications. The measurement was
performed by laminating a GET on a human forearm without
any skin preparation. The GSHS was connected to an LCR
meter (Hioki 3532-50) using a customized flexible connector
(Supporting Information Figure S6). A pair of Ag/AgCl gel
electrodes were placed next to the GSHS with the same
interelectrode distance, and the electrodes were connected to

the LCR meter by alligator clips, as displayed in Figure 3A. The
impedance was measured from 42 Hz to 2 kHz. The result
shows that the GET—skin interface impedance is comparable
with the gel electrode—skin impedance, although the GSHS
surface area (~0.245 cm?) is more than 10 times smaller than
that of the gel electrode (~2.6 cm®). A similar measurement
was conducted with a 13 pm thick Gr/PI electrode of the same
shape as GSHS. The Gr/PI electrode had to be held by a 3M
Tegaderm tape to stay attached to the skin (Supporting
Information Figure S7A). The contact impedance of Gr/PI was
more than 1 order of magnitude higher than that of the gel
electrode and the GET, which indicates that the 13 pm thick
Gr/PI was not able to conform to the skin as well as the 463
nm thick GET.

Low contact impedance is essential for a high SNR in
electrophysiological measurements.’”® EEG, ECG, and EMG
signals were measured using the GET (Figures 3B—D) and Gr/
PI electrodes (Supporting Information Figures S7B—D). The
EEG signal was measured by laminating the GET on the
forehead next to a commercial gel electrode, as shown in Figure
3B. Reference and ground electrodes were placed on the
mastoid bone behind the right ear and on the forearm,
respectively. No skin preparation was performed before
mounting all the electrodes on the skin. The signal was
amplified and recorded using a BrainVision recorder. During
EEG measurement, the subject was asked to keep his eyes open
for 1 min and then close his eyes for another minute. An alpha
thythm of frequency between 8 and 13 Hz is expected to
appear in the EEG when the subject closes his eyes and relaxes.
EEG signals recorded in the time domain by both the GET and
gel electrodes are displayed in Supporting Information Figure
S8A, with a 60 Hz notch filter applied. Spikes in Supporting
Information Figure S8A are likely induced by eye blinking
because they disappear after eye closure. Fast Fourier
transforms (FFT) were performed in MATLAB on EEG
signals measured by the GET during eye opening and eye
closure. Plots of these results are shown in Supporting
Information Figure S8B. The alpha rhythm with a peak at 10
Hz is clearly visible in the eye-closed EEG. It is evident in
Figure 3B that the spectrograms of EEGs measured by the GET
and gel electrodes are almost identical, and the blinks and alpha
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thythms are clearly visible in both measurements. Similar
experiments were carried out for Gr/PI electrodes (Supporting
Information Figures S7B, S8C,D). Comparing the EEG
spectrograms measured by Gr/PI and gel electrodes in
Supporting Information Figure S7B, it is obvious that the
Gr/PI EEG is more noisy, which is also true when we compare
the EEG signals in the time domain (Supporting Information
Figure S8C).

The GET can also be laminated on the human chest to
measure an ECG. Figure 3C shows the measurement setup and
the ECG signal recorded by an AvatarEEG through both a
GEPS and commercial gel electrodes, with a 60 Hz digital
notch filter applied. Characteristic ECG peaks (P, Q, R, S, T,
and U) were clearly visible in both sets of data, but the GEPS
measurement showed slightly higher signal magnitude. The
SNR of the ECG measured by the GEPS was found to be 15.22
dB, which is higher than the SNR of the gel electrodes (11 dB).
This can be attributed to the higher surface charge density and
surface electric displacement field of graphene compared with
Ag/AgCl gel, which results in the more efficient capturing of
electrical potential.” Similar ECG measurement capabilities
have been demonstrated by Gr/PI electrodes, as shown in
Supporting Information Figure S7C. However, the data show a
considerably higher noise level and the SNR is only 7.2 dB for
Gr/PI electrodes.

Application of a GET for EMG measurement was
demonstrated by laminating a GET on the human forearm.
The electrical activity of the forearm flexor muscle was
measured using both the GEPS and commercial gel electrodes
when the subject was squeezing a handgrip (Figure 3D). An
AvatarEEG was used to record the signal, and a 60 Hz digital
notch filter was applied to both sets of recorded EMGs. The
difference between the signals measured by the GET and gel
electrodes in Figure 3D is attributed to the offset of electrode
placement. Gr/PI electrodes have also been applied for EMG
measurements, and the comparison with gel electrodes is
shown in Supporting Information Figure S7D.

To obtain an in-depth understanding of the effects of
conformability on signal strength, circuit models were proposed
and simulations were performed for conformal (Supporting
Information Figure S9A) and nonconformal (Supporting
Information Figure S9B) electrodes using the Microwave
Office software. In this simulation, the electrical model of the
skin is adopted from a reference. It can be represented by a
resistor (Ryy), which represents the dermis and subcutaneous
layers, in series with a capacitor (C,) and resistor (R,,) in
parallel, both of which represent the epidermis, as depicted in
Supporting Information Figure S9C.”" In the case of non-
conformal electrodes, there are air gaps between the electrode
and skin, which can be modeled by another capacitor (C,y,)
and resistor (Ry,) in parallel, as illustrated in Supporting
Information Figure S9D. These air gaps increase the contact
impedance drastically. When the contact impedance is much
lower than the load impedance of the amplifier (ie., the
conformal scenario), the transfer ratio of V,, to V,, remains
close to 1. Otherwise (i.e., the nonconformal scenario), the
transfer ratio will drop significantly. Simulation results are
presented in Supporting Information Figure S9E.

Another disadvantage of conventional dry electrodes lies in
their high susceptibility to motion.”* However, because of the
ultimate skin conformability of the GET, we expect that the dry
GET will have motion artifacts comparable with those of gel
electrodes. To validate this hypothesis, we placed commercial

gel electrodes next to a GEPS on the chest and induced artificial
motion in the skin by poking the chest with a glass rod at equal
distances from both pairs of electrodes during ECG measure-
ment, as shown in Figures 4A and B. The raw ECG signals
recorded using the GET and gel electrodes, displayed in Figure
4C, indeed show similar motion artifacts.

55 61 67 73 79
Time (S)

Figure 4. Comparison of motion artifacts in GET and gel
electrodes. (A, B) The motion was induced by poking the chest
using a glass rod. (C) ECG synchronously recorded by a GET and
gel electrodes shows comparable susceptibility to motion.

In addition to electrophysiological measurements, the GET is
also able to measure skin temperature and hydration. Previous
studies have demostrated that skin hydration level is monotoni-
cally correlated with skin impedance.” Before performing real-
time measurments, we calibrated the GSHS with a commercial
corneometer. Skin hydration was tuned by applying body lotion
on the skin. As the lotion dried out, the skin hydration level
gradually decayed. Every time the skin hydration was measured
with the corneometer, the impedance between the two GSHS
electrodes was measured using an LCR meter at frequencies
between 42 Hz and 1 kHz. The calibration curves are presented
in Supporting Information Figures S10A and B. It is evident
that the magnitude of impedance increases with decreasing
hydration level and that the sensitivity of the GSHS is higher at
lower frequencies, as reported by other works.”*' To do real-
time skin hydration measurement using the GET, body lotion
was applied to the skin prior to measurement. Then the skin
impedance and hydration level were measured using the GSHS
and a corneometer. Using our calibration data, we calculated
skin hydration based on the impedance measured by the GSHS
and plotted it against the corneometer measurement, as shown
in Figure SA. The GET result parallels the corneometer
measurement, which validates the GSHS. Compared with the
coneometer, a major advantage of the GET is its wearability
and capability of continuous skin hydration measurement.
Similar calibration curves (Supporting Information Figures
S10C,D) and real-time skin hydration measurements (Support-
ing Information Figure S7E) were obtained for Gr/PI
hydration sensors. The slower decaying rate in hydration
measured with Gr/PI (Supporting Information Figure S7E) is
attributed to the coverage of the Tegaderm adhesive, which
prevents the skin from breathing naturally. In contrast, the
open-mesh GET guarantees breathability and hence has a rate
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Figure 5. Demonstration of a GET as a skin hydration and skin
temperature sensor. (A) Skin hydration sensing right after the
application of body lotion, using both a GSHS and a commercial
corneometer. GSHS calibration curves are provided in Supporting
Information Figure S10. (B) Skin temperature sensing with an ice
bag placed in the vicinity of the GRTD and a thermocouple. GRTD
calibration curves are provided in Supporting Information Figure
S11.

of hydration drop that is comparable with the corneometer
measurement (Figure SA).

Resistance temperature detectors (RTDs) are mostly made
of long metal wires whose electrical resistance changes due to
the change of temperature, as expressed by the following
equation: s

A—R = aAT (1)
Ry

where AR and AT are the change in resistance and
temperature, respectively, and a is the temperature coefficient
of resistance, which is a material property. For a given
temperature change, a large AR requires a large R,. Since
metals in general have low electrical resistivity, a large R,
requires long metal wires or strips. To the contrary, graphene
has a sheet resistance that is orders of magnitude higher. As a
result, RTDs made of graphene can be much shorter in length
and smaller in size. We fabricated a graphene-based filametery
serpentine ribbon RTD (GRTD) using this concept, as labeled
in Figure 2A, and performed skin temperature measurements.
Before real-time measurement, the GRTD was calibrated using
a commercial thermocouple by placing it on a hot plate next to
the thermocouple and measuring its resistance change as the
hot plate temperature ramped up. Eventually the AR/R, of the
GRTD was plotted as a function of AT, as shown in Supporting
Information Figure S11A. A similar calibration curve for a Gr/
PI-based RTD is plotted in Supporting Information Figure
S11B. The a coeflicient was found to be 0.0042 and 0.0009
°C™!, respectively. Both coefficients are higher than the
graphene-based RTD reported in the literature (0.00015), in
which graphene was supported by an epoxy (SU8-2)."* The
discrepancy among the different RTDs indicates that the
behavior of graphene is highly dependent on its substrate,
which is not surprising considering the large surface-to-volume
ratio of graphene. More studies have to be carried out to reveal
the underlying mechanisms of different polymer substrates. To
validate the GRTD in measuring real-time skin temperature, we
laminated the GET on the human forearm and placed a

thermocouple next to it (Figure SB). We then placed an ice bag
next to the GET and recorded the change in skin temperature
using both the GRTD and the thermocouple (see Supporting
Information Figure S7F for the result of the Gr/PI-based
RTD). Both results show the skin temperature dropped
gradually after placing an ice bag next to it, and close
similarities can be found between the GRTD and the
thermocouple.

The durability of the GET was tested by laminating it on the
forearm and measuring the skin—GET impedance every few
hours while the subject maintained normal daily activities
(Supporting Information Figure S12). When no tape, adhesive,
or liquid bandage was used, the GET stayed conformal to the
skin for more than 4 h. The first delamination was observed
after 4 h and 23 min (Supporting Information Figures SI12F,G).
Liquid bandage has been applied by previous researchers to seal
electronic tattoos directly printed on the skin.*’ Following this
practice, in a second experiment we sprayed less than 1-ym-
thick liquid bandage over the GET immediately after it was
transferred on the skin (Supporting Information Figures
S12H—]J). No cracks or delamination was observed for up to
52 h after the transfer, and the contact impedance remained
low (Supporting Information Figure S12K). However, 96 h
after the transfer a crack was visible in the serpentine ribbon
(Supporting Information Figures S12J) and hence the
corresponding impedance increased by 1 order of magnitude
(Supporting Information Figure S12K). The wearability of the
GET during athletic activity was tested by placing three GEPS
on different locations including the chest, bicep, and forearm
(Supporting Information Figure S13). Liquid bandage was
sprayed over one of the electrodes of each GEPS. The subject
kept running on a treadmill for 25 min at a speed of 6.5 mph.
We did not observe delamination in any of the electrodes after
running (Supporting Information Figure S13.) After use, the
GET can be easily peeled off from the skin by a piece of
adhesive tape (see Supporting Video VS4).

CONCLUSION

We invented a sub-micrometer-thick transparent GET that can
function as a stretchable and noninvasive electronic tattoo for
multimodal biometric sensing. It is manufactured by a low-cost
“wet transfer, dry patterning” process on tattoo paper, which
can minimize the chemical contamination of the GET. The
GET can be directly transferred on human skin from tattoo
paper. Although no adhesive is applied, the GET can fully
conform to the microscale morphology of skin and follow
arbitrary skin deformation without any fracture or delamination
for an extended period of time. The GET was used to measure
EEG, ECG, EMG, skin hydration level, and skin temperature.
As dry electrodes, the GET—skin interface impedance is almost
as low as that of Ag/AgCl gel electrodes, which can be
attributed to its ultimate conformability. As a result, the GET
has achieved comparable SNR with gel electrodes and also
demonstrated similar susceptibility to motion. As tattoo-like
wearable skin hydration and temperature sensors, the GET has
been validated by state of the art gold standards. We believe
that the GET has opened a door for two-dimensional materials
to be applied in biosensing electronic tattoos, as well as many
other applications.

METHODS
Fabrication of the GET. Graphene was grown on a copper foil
(OAK-MITSUI, 99.4%) using APCVD at 1030 °C by flowing
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hydrogen at 10 sccm for 15 min, followed by flowing methane at 2
sccm and argon at 300 sccm for 10 min.

To transfer the graphene, sub-micrometer-thick PMMA (950 A4,
MICRO-CHEM) was spin-coated on the graphene at 3000 rpm,
followed by etching the copper using copper etchant and rinsing with
DI water. The graphene/PMMA bilayer was then transferred onto a
piece of tattoo paper (Silhouette) with graphene facing up and PMMA
in contact with the paper. The Gr/PMMA bilayer was cut into
serpentine ribbons using a programmable mechanical cutter plotter
(Silhouette Cameo). The extraneous areas of the Gr/PMMA were
manually peeled off, leaving a complete GET sensor on the tattoo
paper.

Fabrication of Gr/Pl Sensors. Graphene was grown on copper
foil using the same method explained earlier. Next, the PI precursor
(P12574, HD MicroSystems) was spin-coated onto the Gr/copper at a
speed of 3000 rpm and cured in a vacuum oven. Then copper was
etched away and the Gr/PI was transferred onto thermal release tape
(TRT). The Gr/PI on TRT was cut into serpentine ribbons using a
programmable mechanical cutter plotter. The Gr/PI/TRT layers were
heated on a hot plate at 80 °C to decrease the adhesion strength of the
TRT and allow the extraneous area to be peeled off. Finally, Gr/PI
sensors were transferred to the skin with the help of medical adhesive
film, Tegaderm (3M).

Experiments on Human Subjects. All experiments were
conducted under approval from the Institutional Review Board at
the University of Texas at Austin (protocol number: 2015-03-0082).
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Figure S1. Scanning electron microscopy (SEM) image and Raman spectroscopy of as-grown
graphene on copper. (A) SEM photo reveals the existence of ad-layers on monolayer CVD graphene.
(B) Raman spectroscopy of the graphene. Blue, red and black curves were measured at different
spots on the graphene. (C) Raman mapping over an area of 100 um x 100 um with resolution of 3
pum. The values of 2D/G ratio were denoted by different colors, which indicates the number of layers.
(D) Histogram of the 2D/G ratio, suggesting that roughly 60% to 70% of the area is monolayer
graphene.



Fabrication process of graphene/polyimide (Gr/Pl) sensors

To study the effect of sensor thickness on its functionality, we fabricated graphene
sensors using 13-pum-thick polyimide (PI) support instead of 500-nm-thick PMMA. The
fabrication process of graphene/polyimide (Gr/PI) sensors is illustrated in Fig. S2. First,
graphene was grown on copper foil using APCVD. Then liquid polyimide (Pl 2574, HD
Microsystems) was spin-coated on graphene and cured in vacuum oven. In the next step, copper
was etched away and Gr/PI bilayer was transferred to a thermal release tape (TRT) while
graphene was faced up. Thereafter, Gr/Pl bilayer was cut to the same patterns as Gr/PMMA
(GET) using the Silhouette Cameo mechanical cutter plotter. Gr/PI/TRT was heated at100 C
for about 3 minutes followed by peeling the extraneous areas. Finally, the Gr/PI sensors were

transferred on a Tegaderm tape to for lamination on skin.
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Figure S2. Fabrication process of Gr/PI sensors. (A) Graphene was grown by atmospheric
pressure chemical vapor deposition system (APCVD) on a copper foil. (B) Polyamide
precursor was spin-coated on graphene and cured in vacuumed oven. (C) The copper foil
was etched away. (D) Gr/PI bilayer was transferred on a thermal releasing tape (TRT) with
graphene facing up. (E) The bilayer was patterned using cutting machine. (F) The
Gr/PI/TRT was heated at 100°C on a hot plate. (G) The excess was peeled off. (H) The device
was transferred on Tegaderm. (1) The Gr/P1 was mounted on human skin.
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Figure S3. Optical transmission of Gr/PMMA and Gr/Pl measured by Varian Cary 5G UV-VIS-
NIR spectrophotometer. (A) Optical transmission of Gr/PMMA measured at 5 random spots. The
averaged transmission spectra has been plotted as well. (B) Optical transmission of the Gr/PMMA
and Gr/PI was compared over the wavelength from 400nm to 800nm.
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Figure S4. Cyclic test of GET on a skin replica under 15% applied strain. (A) Resistance

change of GRTD up to 1300 cycles. (B) The zoomed-in resistance of the red box in Fig.
S4A.



Analytical model of GET conformability on skin:

The conformability of GET on human skin can be predicted by the energy minimization method
proposed by Liu et al.* The total energy of GET-skin system can be expressed as

Utotal = Ubending + Uadhesion + Uskin

where Upenaing is the bending energy of the GET, Uggnesion IS the interface adhesion energy

between GET and the human skin, and Uy, is the elastic energy stored in the deformed skin.
Reasonable parameters to be used in this model are listed in Table S1.

Table S1. Detailed mechanical parameters used in energy minimization method.

Model parameter Value
Graphene-skin work of adhesion () 18 mJ-m? ?
Plane strain modulus of human skin (Ey) 130 kPa 8
Human skin roughness wavelength (1) 250 um 4
Human skin roughness amplitude (h) 50 um 5
Plane strain modulus of PMMA (E,,,) 3.3 GPa

Our model predicts that GET has to be thinner than 510 nm to achieve full conformability, as
shown in Fig. S5. Since GET thickness was measured to be 463 + 30 nm, it is predicted to fully
conform to skin morphology, which is validated by experimental micrographs in Figs. 2j-2l.
Gr/Pl, however, is 13-um-thick and thus far from being able to conform. Therefore Gr/PlI
requires Tegaderm tape to hold it on skin.

contact ratio

510 t(nm)

Figure S5. The plot of conformability versus the thickness of graphene sensors. Our model
suggests that full conformability can only be achieved by sensors thinner than 510 nm.



Figure S6. Customized flexible connector. (A) A five channel flexible connector made
by cutting 100-nm-thick gold on 13-pum-thick PET. The boxed feature in every ribbon
was used as alignment markers used to align it with GET on skin. (B) GET on tattoo
paper. Alignment markers are cut open. (C) Flexible connectors were first fixed on
skin, followed by placing GET on skin and aligning it with the connecters.
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Figure S7. Functionalities of Gr/PI sensors. (A) Gr/Pl-skin contact impedance compared
with commercial-gel-skin impedance, which indicates non-conformal contact with skin. (B)
EEG measurement using Gr/Pl sensor and commercial electrodes. Gr/PIl spectrogram is
noisier than gel electrodes. (C) ECG recorded using Gr/Pl and gel electrodes. (D) EMG
captured by Gr/PI and gel electrodes. (E) Skin hydration sensing after applying body lotion
on skin. The slower decay measured by Gr/PlI may be attributed to the coverage of
Tegaderm, which limits the breathability of skin covered by the sensor. (F) Skin

temperature sensing. 1B stands for ice bag which was placed in vicinity of Gr/PI to regulate
skin temperature.
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Figure S8. EEG signals in time and frequency domains. Raw EEG data and the corresponding fast
Fourier transform (FFT) recorded using GET and Gr/Pl and the commercial electrode. (A) The
raw EEG signals from the GET closely matches that from commercial gel electrodes. (B) The FFT
of EEG signals recorded using GET. (C) The raw EEG signals recorded using Gr/Pl show more
motion artifacts than that from the gel electrodes. (D&E) The FFT of EEG signals recorded using
Gr/Pl and commercial gel electrodes. Although a rhythm is visible in all three spectra, the GET
spectrum is more similar to that of the gel electrode.
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Circuit model for electrode-skin interface

The conformability ratio has been defined as the ratio of electrode come in direct contact with
skin over total electrode area, in this model. Skin electrical parameters such as resistance and
capacitance at electrode-skin interface are obtained from literatures as listed in Table S2. Figure
S9A-D illustrate the schematic and circuit model for conformal and non-conformal electrode-
skin contact. The air gaps which usually form between non-conformal electrode and skin have
been shown and modeled in Fig. S9B&D. Microwave Office was used to simulate the variation
of output signal strength as a result of enhancement of conformability. Simulation results in
Fig. SOE clearly show that the signal loss decreases as conformability improves. Therefore,
high conformability results in high signal-to-noise ratio (SNR). The result of our modeling is
consistent with our experimental findings which indicate the GET-skin impedance is closely
comparable with that of gel-skin impedance (Fig. 3A) whereas the Gr/Pl-skin impedance is
more than one order higher (Fig. S7A). Our experiments also yield higher SNR of ECG signal
measured by GET (15.22 dB) than that measured by Gr/PI electrodes (7.2 dB).

Table S2. The skin model parameters and values used in simulation.

Model parameters Values

Skin epidermis resistance (Rse) 100KQ  °©
Skin epidermis capacitance (Cse) 4 nF 6
Skin dermis and subcutaneous resistance (Rsq) 326 Q 6
Gap resistance (Rg) 29TQ !
Gap capacitance (Cg) 0.43 nF
Electrode area 0.245 cm?
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Figure S9. Electrical circuit models and simulation results of conformed and non-conformed
dry electrodes to skin. Schematics showing (A) fully conformed and (B) non-conformed dry
electrodes on skin. (C) Circuit model of fully conformed dry electrode where only dermis
resistance (Rq4), epidermis resistance (Rg.) and capacitance (C,.) need to be considered. (D)
Circuit model of non-conformed dry electrode where the air gap contributes to extra Cgs and
Rgap and hence higher interface impedance. (E) Simulation result from Microwave Office shows
that the strength of the electrical signal increases as electrode-skin conformability increases.
The height of the gap is assumed to be 50 um in the simulation®.
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Figure S10. Calibration of skin hydration sensors of GET and Gr/PI sensor systems. Actual skin
hydration was measured by commercial corneometer. Body lotion was applied to tune skin
hydration. (A&B) Skin impedance measured by GET at different hydration levels and frequencies.
(C&D) Skin impedance measured by Gr/Pl electrodes at different hydration levels and frequencies.
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Figure S11. Calibration of RTDs of GET and Gr/P1 sensor systems on hotplate. Actual temperature
was measured by commercial thermocouples. Normalized resistance change as a function of
temperature change plotted for (A) GRTD and (B) Gr/Pl based RTD. The resistance of both RTDs
increases with increasing temperature. The temperature coefficient of resistance of GET and Gr/PI
were found to be 0.0042 and 0.0009, respectively. The discrepancy indicates that the behavior of
graphene-based RTD is significantly affected by its supporting substrate.
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Figure S12. Wearability and durability of GET. (A to E) Photographs of GET on skin without
application of any adhesive. The scale bar represents 5 mm. (F) First delamination was
observed at 4 hours and 23 minutes after GET was transferred on skin. (G) First rupture
was observed 5 hours after the transfer. (H to J) Liquid bandage was used to cover GET,

cracks were observed 96 hours after transfer. (K) GET-skin contact impedance escalated
when GET ruptured.
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Figure S13. The effect of exercise and sweat on GET durability. (A) Three GEPSs were
applied at three different locations of the subject’s skin. The subject then ran on treadmill
for 25 minutes at 6.5 mph. Photographs of the three GEPSs before and after the exercise.
GEPSs on chest (B&C), forearm (D&E) and bicep (F&G) were not affected by the exercise
or sweat.
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