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ABSTRACT: Measurements of an individual’s water metab-
olism dynamical information can provide us rich biological
information in a noninvasive way. This concept is hindered by
the trade-off between the sensitivity and responsive velocity of
traditional moisture sensors. Herein, inspired by the molecular
detecting system based on weak bond interactions in natural
organisms, we designed a new concept of a tunable graphene-
polymer heterogeneous nanosensing junction by confining a
reasonable thickness sensing material into graphene nano-
channels. The fundamentally new sensing mechanism based
on dynamical hydrogen bonds endows the sensor with over 4
orders of magnitude sensitivity toward a wide range of relative
humidity (RH) (from 0% to 97%) with unprecedented fast

response (20 ms) and recovery times (17 ms) with little humidity hysteresis. The promising advantages of the sensor allow us to
record humidity fluctuation information in real time during a user’s speech and breath, which can both reveal the speech feature
and monitor the respiration rate accurately. Importantly, this advanced sensor provides a new opportunity for accurate and
reliable physiological and psychological monitoring by detecting the subtlest RH fluctuations on human skin in a noncontact

way.

B INTRODUCTION

Recently, wearable health monitoring devices are increasingly
appealing in modern electronics, because they are capable of
continuously recording physiological biomarkers of an individ-
ual human. Over the past decade, a large number of powerful
wearable devices have been developed.' > However, most of
them can only enable real-time monitoring of an individual’s
physical activities and some vital signs (such as respiration rate,
skin temperature and relative humidity, heart rate, and brain
activity) by direct physical contact with applied pointers but fail
to provide insight into the users’ health state at molecular levels
by noncontact and real-time detection of certain gas molecules
diffusing from the human body.”~"" Water is an indispensable
substance to life on Earth and plays a vital role in human health.
In this regard, water molecules can be suitable candidates of
signal source, because of their extremely important role in most
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humans’ metabolism processes. Therefore, it is practically
feasible to obtain physiological and psychological information
on an individual through real-time monitoring of the content
and distribution of water molecules around the human skin
12719 However, this promising approach
has been neglected for wearable health monitoring applications
for a long time, because there exist critical challenges of
traditional humidity sensors for humidity fluctuation detecting,
such as humidity hysteresis, stability, narrow sensing range, and
the trade-off between the sensitivity and responsive velocity of
the traditional moisture sensors,'”~>” which further hampered
the real-time detection of this weak and dynamical biological

surfaces and exhaled air.
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Figure 1. Fabrication and characterization of GNCP humidity sensots. (a) Schematic fabrication layer-by-layer stacking process of the GNCP high-
order superlattice sensing junction structure. (b) Photograph of @ dfop-casted GNCP sensing element and AFM image of nanosize layered structure
GNCP film on it. (c) Illustration of superlattices composed of alternating atomic scale PDA/graphene layers. (d) AFM image of graphene before (up)
and after PDA modification (down). (e) XPS spectrum of the GNCP. (f) Raman spectra of GO and GNCP samples. (g) XRD patterns of GNCP with
different RGO and PDA weight ratios. (h) The interlayerspacing due to the periodic and atomic scale tunable graphene sheet distance evaluated by

XRD.

signal. Thus, the further development of a, new sensing
mechanism for the fabrication of a high performance humidity
fluctuation sensor is significantly important.

A promising way to realize highly sensitive and fast moisture
responsiveness is by mimicking the natural system. In natural
organism systems, noncovalent intermolecular weak interac-
tions play a crucial role in many biological interactions, including
the interactions between proteins and other proteins and
between proteins and other small molecules, providing the basis
of how cells detect and respond to signals.zg’29 For instance, the
human or some animal nose that takes advantage of various weak
supramolecular interactions to bind a targeted odorant can
realize odorant discrimination with an ultrahigh sensitivity of 0.1
femtomole (fM) within milliseconds.’”*" Thus, it seems quite
appealing to develop a bioinspired artificial moisture sensing
system, which can bind low-concentration of water molecules in
the environment via weak noncovalent interactions. Among
various supramolecular interactions, hydrogen bonding is
particularly interesting, because it is only of moderate strength
(2—8 kcal/mol)** and thus undergoing constant breaking and
formation at room temperature.””*° This unique dynamic
feature makes hydrogen bonds promising interactions to
construct functionalized devices with fast response. For example,

4344

biological enzymes can function as fast as 10° times per second
via hydrogen bonds.”® Inspired by this, we speculate whether it is
possible to fabricate a new sensitive moisture responsive device
with ultrafast response, in that the sensory materials take
advantage of reversible hydrogen bonds to bind water
molecules.

Herein, we report a robust flexible high performance humidity
sensing material with alternating poly(dopamine)/graphene
layers, (graphene nanochannels confined poly(dopamine)-
(GNCP)), the interlayer spaces of which can be continuously
tuned from 0.7 to 1.4 nm. Owing to the atomically precise
tunable structure, high specific surface area, which is critical for
gas molecular absorption, and prominent electrical properties of
graphene”” " and the numerous O/N-containing groups of
nanometer thick polymer coating with PDA chains,*™** the
hybrid materials can immediately “capture” water molecules at
high RH via hydrogen bonds interaction and easily “release”
water molecules at low RH with ultrafast speed.*” Therefore, the
sensor can experience a charge carrier transport occurring via
proton hopping at low RH conditions and via a hydrogen bond
network of water molecules®” at high RH atmosphere, resulting
in high sensitivity and ultrafast response over a very long
operating range (RH = 0%—97%). The promising advantages of
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Figure 2. Quantitative study of the GNCP humidity sensor performance. (a) The RH (0% to 97%) depended resistance response range of GNCP
sensors as a function of PDA content. (b) Histogram plots of absorbed water of GNCP-4 at different humidity atmospheres. (c) The derived RH-
dependent resistance changes of GNCP-4 and its magnified curve of the low RH region from 0% to 35%. (d) The changes in the measured current from
the film at 1 V as RH was switched between dry air (RH ~ 10%) and humidity air (RH ~ 80%) (right). Estimated results showed the ultrafast response
(20 ms) and recovery (17 ms) times (left). (e) The approximate exponential behavior of resistance value vs humidity and temperature parameters
according to the equation. (f) Comparison of sensitivity (AR/R) and recovery time of our GNCP sensor with that of many previously reported ones.
(g) The device was bent to different angles and tested by the I—V curve under 1 V bias voltage. The results show no remarkable difference between the
flat and bent states. (h) The sensor response to different organic vapor.

the sensor allow us to record the very weak and subtle ambient
humidity fluctuations information caused by speaking, singing,
and breathing, exercising, or even thinking and lying.
Considering the facile and scalable preparation of the developed
sensory materials as well as their powerful sensing ability, the
proposed flexible moisture sensor holds great potential to be
constructed as practically useful physiological and wearable
psychological monitoring devices.

B RESULTS

Fabrication and Characterization of GNCP Humidity
Sensors. Our strategy for fabricating bioinspired sensors of
GNCP is schematically illustrated in Figure 1. As illustrated in
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Figure 1a, dispersion of PDA modified GO (Figure S1)**° was
drop-casted on the commercially flexible PI substrates, which
have been sputter-deposited with Ni/Au interdigital electrode
(IDE) (Figure S2). After slowly evaporating the solvent at
closed conditions (=12 h), the PDA-RGO nanosheets will
spontaneously self-assembly into a 40 nm (Figure 1b, Figure 1c,
and Figure S3) thick GNCP film in which monolayer graphene
(~0.8 nm thick, Figure 1d-up) alternates with PDA molecular
layers (~1.2 nm thick, Figure 1d-down)). Thus, abundant
graphene-polymer heterogeneous sensing junctions with
previously inaccessible structures in the GNCP material are
formed. On the basis of the possible modulation of their
conductive and sensory features, GNCP materials with different
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Figure 3. Sensing mechanism of the GNCP humidity sensor. (a) The possible mechanisms of proton transport in GNCP hybrid materials, including
proton hopping mechanisms under low RH conditions (left) ‘and Grotthuss mechanisms under high RH conditions (right). (b) The conductivity of
the sensor increases with the rise of temperature under dry conditions (N, atmosphere), which is a typical behavior in proton hopping conductors. (c)
The conductivity of the sensor sharply decreases near afctitical temperature point (45 °C) at wet atmosphere ([H,0] ~ 8858 ppm). (d) FTIR
spectra of GNCP film under dry (left) and wet (right) atmospheres, respectively. (f) Nyquist plots of the impedance (imaginary part Z” versus real part

Z') of an GNCP sensor at various RH conditions.

interlayer spacing and degree of reduction of GQ were produced
by carefully controlling the feed ratio of PDA to GO. As shown
in Figure le, the XPS spectrum provides direct evidence of the
successful attachment of PDA (285.8 eV, C—N bond) onto the
surface of graphene. As seen in Figure 1f, the Raman
spectroscopy shows that the D band intensity decreases as the
PDA content increases, indicating the reduction of GO reduced
by dopamine (Figure S4). Further analysis of the X-ray
diffraction (XRD) patterns (Figure 1g) was used to determine
the interlayer spacing of GNCP. The calculated results (Figure
1h) show that the interlayer spacing enlarges with increasing
PDA content, thus the size of the sensing junction is controlled
exactly by regulating the PDA content. Interestingly, above a
critical point (37 wt %) of PDA content, the interlayer spacing
increases more dramatically. Thus, by carefully controlling the
PDA feeding content, the degree of reduction of GO and
interlayer spacing of the sensing junction can be regulated
precisely.

Quantitative Study of the GNCP Humidity Sensor
Performance. Chemical architecture and nanoscale assembly
are critical to optimizing proton transport in polymer
materials.”’ Thus, the degree of reduction of GO and the
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interlayer spacing of the sensing junction are two key factors that
affect the sensor’s performance. To screen the ideal sensory
systems with satisfying detection sensitivity and fast response,
the sensing features of the GNCP materials with varying PDA
content were studied. Figure 2a presents the RH-dependent
resistance response range of these sensory materials with
different PDA content of 9 wt % to 44 wt %. Obviously, the
widest resistance response range and relatively low resistance are
observed for GNCP-4 with 37 wt % of PDA (Figure 2b).
Therefore, GNCP-4 was chosen as a typical example and
subjected to a systematical investigation. Figure 2¢ depicts the
electric conductivity of GNCP-4 in different environmental RH.
As can be seen, GNCP-4 is highly sensitive to variation of
environmental humidity, as evidenced by the fact that its
resistance has been improved by almost 4 orders of magnitude
when the relative humidity changed from 0% to 97% with little
hysteresis. At low RH range (<35%), the conductivity of GNCP-
4 was very low. Interestingly, a sharp conductivity increase was
noticed when RH reached over 35%. This may be attributed to a
transition of the sensing mechanism. In particular, we have
observed that the dependence of the resistance R on the RH
relationship can be approximately described by two calibration
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equations under dry and wet conditions (see Figure S5).
Remarkably, the maximum sensitivity (defined as (Rgi-Ry) /Ry
dry) of the as-established device can reach as high as 20000,
which is significantly superior to GO or RGO humidity sensors.
More importantly, its RH-dependent resistance plot (Figure 2c
inset and Figure SS5a) shows a good RH-resistivity linear
correlation under low RH values (less than 35%), which is a clear
advantage for low-humidity sensing tasks. Furthermore, in
experiment observation, the dependence of the resistance value
(R) on RH and T parameters can be approximately described by
an exponential relationship (Figure 2e).

Response and recovery time of GNCP-4, which is defined as
the time to go from 10% to 90% of the high humidity value and
vice versa, were also investigated. Figure 2d presents its response
kinetics performance according to a reported method.'” It shows
that the response and recovery time of GNCP-4 are about 20
and 17 ms, respectively (Figure 2d-right), which are faster than
most of the previously reported highly sensitive humidity
sensors. It implies that the developed moisture sensor can not
only perform with high sensitivity but also respond and recover
with ultrafast speed compared to other types of humidity sensors
(Figure 2f) (for a systematic comparison see Table S1).'%7%’
More importantly, the small hysteresis property endows the
sensor output stable square signal in fast continues humidity
fluctuation detection process, which is critical for signal
processing and accurate measurement in practical use.
Considering that long-time storage may result in the
conductivity change of the humidity sensor, the storage stability
of GNCP-4 was also examined. In a typical experiment, GNCP-4
was stored in a closed chamber with constant humidity value (T
=25 °C, RH = 53%) for 60 days, and the I—V behaviors were
then recorded. As shown in Figure S6a, it is found that the [-V-
behaviors of the present sensor keep nearly constant over time
within experimental error, clearly demonstrating the satisfying
stability of our sensor at room temperature.

Enlightened by the highly sensitive and ultrafast conductivity
response of the GNCP-based flexible sensor to moisture, we
investigated the possibility if the sensor may enable ‘wearable
health monitoring applications, for example, real-timie recording
of human exhaled air or the development of a wearable human
skin humidity detecting device. Hence, their.ability to withstand
the stress of daily human wear and physical exercise was
investigated, and the results are summarized in Figures 2g and
S6b. It is obvious that the moisture sensing performance of the
flexible sensor keeps almost constant within experimental error
under different bending angles, demonstrating their potential as
promising flexible wearable sensing devices. More interesting,
the sensor can also respond to other volatile polar organic
molecules (ethanol, acetone, ethyl acetate, dimethyl sulfoxide,
dichloromethane) but in a different manner, indicating its great
potential application in organic molecules sensing (Figure 2h).

Sensing Mechanism of the GNCP Humidity Sensor. As
expected, the conductivity of the GNCP hybrid material is very
sensitive to the variation of relative humidity environments,
indicating its great potential as a smart humidity sensor. To gain
insight into its moisture sensing mechanism, the effect of RH on
the structure and properties of GNCP hybrid material was first
studied. PDA polymer contains a large number of hydroxyl
(—OH) and amino groups (—NH,) that can act as proton
donors and acceptors, providing a possible proton transport
mechanism at low humidity by proton-hopping among the
carboxyl and amino groups.” The presence of water molecules
enables additional pathways of proton transport, beyond the

4347

distance between two groups. Therefore, a slight increase in RH
will significantly increase the conduct pathway and result in
much enhanced conductivity of the GNCP hybrid material.>®
Consequently, this fact may enable water sensing at very low
humidity conditions (Figure 3a-left). While at high RH, the
Grotthuss mechanism of proton transport occurs via the
formation and cleavage of hydrogen bonds wire or network’
of water molecules (Figure 3a-right).””>> Since the activation
energy of the Grotthuss mechanism (E, ~ 0.11 eV) is proved to
be much lower than that of the proton-hopping mechanism (E,
= 0.5 to 0.9 eV),*** the more efficient Grotthuss-like proton
transport pathway will dominate at high humidity levels.

Direct evidence for these two proton migration mechanisms
comes from temperature-dependent proton conductivity experi-
ments. As is known,”” typical proton hopping type conduction
complies with the following equation

2 ool )
O = —¢ E—
7 P\ %er

where 0 is a pre-exponential factor, k is the Boltzmann constant,
and E, is the activation energy. According to this equation,
proton conductivity of the proton-hopping type mechanism is
expected to increase with the increase of temperature, which
agrees well with“the experimental results obtained at low RH
(Figure Bb), ‘On the contrary, proton conductivity of the
Grotthuss“type mechanism should be much less sensitive to
temperature variation at high RH, because it has a lower
activation barrier for proton migration. However, it is worth
noting that, similar to proteinase inactivation occurring at high
temperature, the relatively weak hydrogen bonds “wire” or
“network” in the GNCP sensor may also be destroyed at high
temperature (>45 °C), leading to the loss of water and
essentially to a reduction of conductivity (more theoretical
discussion is shown in Supporting Information Figure S7). As
expected, as the temperatures reach a critical point (%45 °C),
the conductivity of the samples sharply decreased by 1 order of
magnitude (Figure 3c). Further quantitative analysis revealed
that the resistance (~10°Q) values at the critical temperature
(45 °C) in wet conditions is approximately equal to the values in
dry conditions (N, atmosphere) at the same temperature point,
indicating a shift in the dominating conduction mechanism from
the Grotthuss mechanism to the proton-hopping mechanism in
high temperature conditions (>4S °C).

FTIR studies were further used to confirm the above-
mentioned moisture sensing mechanisms. As shown in Figure
3d, in the presence of water molecules, the original PDA
absorption peaks at 1590 cm™" (N—H) and 1241 cm™ (C—N)
shifted to 1576 and 1214 cm™, respectively,*” implicating that
PDA does absorb water molecules via hydrogen bond
interactions. Additionally, electrochemical impedance spectros-
copy (EIS) of the sensory system was also conducted, because it
is a very useful method to analyze the electrolyte ion transport
and the electrochemical behavior. As shown in Figure 3e, there is
a dramatic difference in Nyquist plots of the GNCP impedance
spectrum at different RHs. For example, there is a semicircle at
the high frequencies region connected with a long “tail” at the
low frequencies region (mass transfer control region) in the
impedance spectra at 65% and 75% RHs. This is consistent with
typical spectrum of the Grotthuss mechanism, because it is the
rate-limiting step.sg’58 In contrast, a much shorter “tail” is
observed at relatively low RH (53%), which corresponds well to
the proposed proton-hopping sensing mechanism, because it is
an activation energy limiting pathway.
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Figure 4. Humidity fluctuation information for voiceprint recognition anticounterfeiting. (a).Schematic illustration of a humidity sensor for human
exhaled air detection during speaking. (b) Repeated responses of a GNCP sensor to 3 different words. (c) Responses of a GNCP sensor to the song

“Twinkle Twinkle Little Star” sung by two different volunteers.

Humidity Fluctuation Information for Voiceprint
Recognition Anticounterfeiting. Based on the promising
results of the GNCP humidity sensor, the ability to develop a
flexible sensor to record voice tones was then studied by singing
and speaking to the flexible sensing device. As shown in Figure 4,
when a person spoke (Figure 4b and Movie S1) or sang (Figure
4c) a portion of the song “Twinkle Twinkle Little Star”, the
sensor was allowed to capture fine features of voice tones
through real-time and ultrafast determination of the moisture
variation during the person’s speech. These results successfully
demonstrate the excellent ability of the flexible sensor.to, finely
record human bioinformation features during speaking as well as
singing. Although sound is a good signal for individual
recognition in practical use (In fact, it has altéady been used
in some areas, such as personal identification systems.),
however, the human voice can be easily recorded, stored, and
imitated by a machine (such as a computer and smartphone),
thus rendering voiceprint recognition unsafe in practical use. As
this complex dynamic humidity fluctuation information is hard
for a machine to store and imitate, thus it may be helpful for
voiceprint recognition anticounterfeiting in practical use by
combining humidity fluctuation information with voiceprint
information.

Humidity Sensor Application in Human Respiratory
Monitoring. Monitoring of respiratory information, such as
respiratory rate, respiratory depth, and exhaled air components,
has become a simple yet powerful noninvasive method to help
assess the medical condition of a person and diagnose diseases. It
is also an important index to evaluate training intensity for
athletes and fitness enthusiasts. Water vapor is one of the most
important components of exhaling air. Therefore, it should be
possible to take advantage of the sensitive and fast-response
moisture sensor to conduct accurate and facile recording of
human respiration by noncontact and real-time determination of
moisture variation around. Toward this end, we fabricated an
efficient wireless wearable human breath real-time monitoring
device. The device consisted of an GNCP humidity sensor and a
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modified breath receiving mask (typically used for oxygen
supply'to patients). The signal of the sensor was then exposed to
transduction, conditioning, and processing by a microcontroller
and sent to a computer or an on-board wireless transceiver. The
transceiver facilitates wireless data transmission to a Bluetooth-
enabled smartphone for analysis or even uploads the data to
cloud servers (Figure Sa, Figure Sb, and Movie S2). We have
monitored the RH present in nasal breath instead of from
mouth, as the former is a better representative measure of the
lung hydration levels without interference from mouth saliva.
When an individual breathes out into the mask, the exhaled
airflow reaches the sensor and the RH value increased to RH,
immediately, thus generating an exhaled signal (green part of the
breath curve in Figure S8). In reverse, when the individual
inhales, the relative dry air flow in ambient air reaches the sensor
and the RH value decreases to RH}, to generate an inhaled signal
(red part of the breath curve of Figure S8). Thus, the respiratory
signals can be divided into a series of intervals of exhaled and
inhaled time sequence: (T%, T'"), (T%%, T%"), (T5Y, T4)--(TE,
T,), (TE, T*) (Figure S8). Hence, each time interval (T%*,
T[") represents one complete breathing cycle from exhaling to
inhaling, and the respiratory rate R, in each breath cycle was
deduced as follows:

60
Breaths/min
TEx + TIn( )

n n

res

The smart mask was comfortable to wear on a volunteer face
for a real-time respiratory monitoring data collection. The
respiratory pattern of the volunteer was recorded in about 225 s
with three different breathing states including slow, medium,
and rapid. The obtained corresponding exhaled air RH value
(RH,,) and inhaled air RH value (RHp,) and respiratory rate R,
data are shown in Figure Sc. To this end, a smart wireless mask is
capable of monitoring simultaneously in real-time the exhaled
flow humidity and respiratory rate fabricated successfully.

To validate performance under realistic conditions, the above
setup was tested on different conditions. We first tested the
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Figure S. Humidity sensor application in human respiratory monitoring. (a) Image and schematic illustrations of the wearable human respiratory
monitoring device system. (b) Photograph of the wearable device on a respiratory monitoring subject. (c) Raw respiratory signal recorded in 225 s with
three different breathing states including slow, medium, and rapid and the obtained corresponding exhaled air RH value (RH,,) and inhaled air RH
value (RHp,) and respiratory rate R,,.. (d) Illustrations of the subject to test the effect of wind speed (WS) to breath signal. (e) Real-time respiratory
monitoring results of a volunteer during an outdoor jogging exercise (~3 m/s).

performance of the device under wet (RH =~ 75%) and dry (RH
~ 35%) conditions (Figure S9). The raw signal respiratory
curves are sharp and clear under both wet and dry conditions.
Importantly, the sensing performance of our sensors is not
affected when varying the distance between nose and the sensor
(Figure S10). Therefore, we believe that the device can work
well in most of our daily lives. Considering respiratory
information is an important index to evaluate the training
intensity and physiological condition of fitness enthusiasts and
professional athletes in outdoor exercise, we further evaluate the
effect of air flow to breath signal (Figure Se). Although under
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extreme conditions (wind speed > 10 m/s) the fast air flow may
mix with the exhaled air, which may further affect the exhaled air
RH value, the breath signal is still sharp enough for the
calculation of respiratory rate. The entire system can work well
in most daily lives, thus delivering a practical wearable sensor
technology that can be used for prolonged indoor and outdoor
physical activities. As shown in Figure Se, taking advantage of
this high performance wireless respiratory monitoring device, we
successfully monitored the respiratory signal of a volunteer
during outdoor exercise in real time. We envision that the large
cloud computing platform that could be collecting data through
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Figure 6. Real-time physiological and psychological monitoring: (a) proposed overview and system design of the wearable on-body real-time humidity
analysis device. (b) Comparison of ESR signal and our RH sensor signal for skin activity monitoring during physical exercise of a volunteer. (c) Block
diagram of the skin monitoring prototype (SMP) showing the RH signal transduction, microcontroller, LED indicator, and data analyzer (computer or
mobile phone). (d) Photograph of the SMP system and its application for lie detection (e).

our device, along with voluntary community participation,
would enable data-mining techniques with which to generate
predictive algorithms for understanding the health status and
clinical needs of individuals and society, which may provide
valuable advice for our training and health improvement.
Noncontact Human Skin Activity Real-Time Monitor-
ing Device. The human skin is the largest organ of the
integumentary system. It not only plays an important immunity
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role in protecting the body against pathogens and excessive
water loss but also provides an opportunity for measuring
human physiological and psychological parameters relevant to a
wide range of conditions, diseases, health, and performance
states in a continuous, real-time, and noninvasive manner.”’ For
example, in early 1939,°° Leonarde Keeler added galvanic skin
response channel to his lie detector and patented it, because
sweat gland activity is one of the most important physiological
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parameters in the deception detecting process. Since then,
Keeler’s device was the first instrument purchased by the Federal
Bureau of Investigation (FBI) and became the prototype for the
modern polygraph.®’ Nowadays, numerous electrical skin
resistance (ESR) devices have been created and widely used
for the purpose of locating acupuncture points, diagnosis,
treatment in the clinical practice, and monitoring the physiologic
effect of physical activity.”> To date, galvanic skin response is
one of the few techniques used for skin activity monitoring.
However, galvanic skin response is a very weak signal to detect,
and worse the variable contact impedance between electrodes
and tissue, the variation of pressure on electrodes, angle, or
duration of the measurement can influence the results
dramatically.”> Thus, such approaches cannot support con-
tinuous, real-time measurements, therefore limiting their use to
applications where stationary, infrequent tests are sufficient. As a
result, further progress in this area will require new signal sources
and hopefully allow for continuous and simultaneous sensing in
noninvasive and noncontact ways.

Motivated by the ultrafast response and high sensitivity of the
NPDA-RGO sensor, we fabricated an ultrahigh sensitive smart
hand band to detect the subtlest fluctuation of skin response
through RH values on the skin surface (Figure S11). By
fabricating sensors on a mechanically flexible polydimethylsilox-
ane (PDMS) substrate, a wearable and soft human skin RH real-
time monitoring device was formed (Figure 6a). Compared to
the ESR method for skin activity monitoring, our new device can
detect weak signals with higher sensitivity in a noncontact way.
As shown in Figure 6b, the RH sensor signal is nearly 100 times
stronger than the ESR signal with little delay. Note that these
signals were detected on the surface of wrist skin simultaneously
during an elbow plank exercise. Taking advantage of our high
performance device, it may provide new opportunities for
accurate real-time skin activity monitoring during physical
exercise in a noncontact way without considering the effect of
contact impedance. The device was comfortably worn, on
various body parts, including wrists and forehead. Fignre S12
shows a person wearing the smart device, packaged\asa “smart
wristband”, allowing for real-time skin activity monitoring on the
wrist simultaneously during mild exercise. During the exercise,
the subtle change of human skin RH was recorded by external
monitoring instruments and was found to increase with
increasing time, as shown in Figure S13a. Interesting, the skin
RH increased very slowly and remained on a relatively low level
during exercise (before 300 s). However, after the volunteer
took a rest, the skin RH rose dramatically at about 400 s
(probably because of muscle heat conductance to the skin
surface, taking time for skin to respond) and then remained
stable before it finally decreased gradually to its initial level. The
human brain makes up 2% of a person’s weight. Despite this,
even at rest, the brain consumes 20—25% of the body’s energy.
The brain consumes energy at 10 times the rate of the rest of the
body per gram of tissue, thus the brain is easily heated up and
needs to be cooled down through skin by water evaporation.**
This inspired us to develop a new noninvasive way to detect
brain activity. By wearing the ultrahigh sensitive device on the
forehead, packaged as a “smart head patch”, we found that even
the psychological activity can be monitored and studied
simultaneously. The RH levels on the forehead during heavy
brainwork followed similar trends to those obtained at wrist
during physical exercise (Figure S13b). Interestingly, when an
individual is in a relaxed state by listening to light music, the RH
value on the forehead skin is not as stable as on the wrist. This is
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probably because the brain is very active even in the absence of
explicit input or output signals and consumes substantial energy
and produces considerable heat even at rest.*®

Furthermore, a lying person would sweat first on the forehead
and then the dorsum of the hand, chest, and neck and least in the
palm hand and finger of the skin than a truthful person.’*®’
Although the sweat signal forms on the forehead with least delay,
most modern polygraphs detect galvanic skin response on the
finger of the skin for its relatively stronger signal. Here, we
designed a skin monitoring prototype (SMP) which can detect
the weak and dynamical skin sweat gland activity on the
forehead directly (Figure 6¢ and Figure 6d). Lying or
psychological stress leads to excessive sweating on forehead
skin immediately, and this subtle signal can be detected by the
RH sensor and sent to the microcontroller and computer. As
shown in Figure 6e, the tension level can be signified by different
LED indicators, and the origin data was sent to a computer for
further analysis (see Movie S3).

B CONCLUSION

In conclusion, we, have presented a GNCP nanofilm-based
humidity sensorswith high sensitivity, ultrafast response, and
little hysteresis, which is quite suitable for continuous fast
humidity fluctuation detection. The sensor design takes
advantage of dynamic hydrogen bonds between PDA and
water “molecules, which results in a maximum resistance
response of over 4 orders of magnitude toward moisture with
amunprecedented response time (20 ms) and recover speed (17
ms) with little hysteresis. The fast response devices have been
effectively employed for live monitoring of human speech and
breath. The promising advantages of the sensing system then
encouraged us to develop a new type of wearable health
monitoring device, which can detect the subtlest change of RH
on human skin and thus provide real-time physiological and
psychological rich information on an individual in a noncontact
way. Hence, this sensor delivers an opportunity for more
accurate and more reliable ways for skin activity monitoring. In
view of the facile preparation of the present humidity sensors
and wearable health monitoring devices, we believe that this new
concept of a bioinspired sensor based on weak hydrogen bond
interactions may be applied in other molecular detection
systems, which may be further generalized for the fabrication
of wearable sensing systems for other important physiological
parameters.

B METHODS

Reagents and Materials. The giant GO nanosheets (10—30 ym)
(Figure S1) were prepared by expansion, preoxidation, and oxidation
according to our previously reported method.** Dopamine hydro-
chloride and Tris(hydroxymethyl)aminomethane were purchased from
Sigma-Aldrich and used without further purification.

Preparation of PDA-RGO. 400 mL of homogeneous GO
dispersion was mixed with 100 mL of Tris buffer solution (pH = 8.5)
with vigorous stirring for 2 h. Then, the dopamine hydrochloride was
added slowly into the mixed solution in an ice bath with stirring for
several minutes. After that, the reaction mixture was stirred at 40 °C for
24 h using the centrifugation washing method, and the PDA-RGO
precipitate was repeatedly washed with deionized water for 6 d to
remove free PDA particles and Tris for a clean PDA-RGO dispersion.

Fabrication of GNCP Sensors. An interdigitated Ni/Au
interdigital electrode (IDE) was sputter-deposited on the PI substrate
(Ni: 3 pm thick; Au: 0.07 pm thick). The IDE pattern on the PI
substrate provided an outline dimension of 13 mm X 30 mm. Typical
dimensions of the interdigitated electrodes were 150 um electrode
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width, 150 um electrode separation, and 11 mm electrode length, and
the number of electrodes was 42. (More details are available in
Supporting Information Figure S2.) PDA-RGO aqueous solutions
(0.01 g/L) were deposited onto the IDE coated PI substrate by drop
casting. Drop casting was carried out using a micropipette (volume of
deposited GO solution ~0.5 mL). After a slow drying process (% 12 h)
in a closed vessel, the GNCP nanofilms are formed on substrate. The as-
prepared sensor was connected to data acquisition and the computer to
collect data. Thus, the sensing experimental setup was assembled
successfully for further humidity testing experiments.

Characterization. Atomic force microscopy (AFM) images were
taken by a multimode AFM (Being Nano-Instruments, Ltd.) operating
in tapping mode using silicon cantilevers (spring constant: 0.15 N m™,
resonant frequency: 12 kHz for cantilever of contact mode, spring
constant: 3—40 N m ™', resonant frequency: 75—300 kHz for cantilever
of tapping mode). A Hitachi-S4800 field-emission scanning electron
microscope (FE-SEM) was used to investigate the morphology of GO
on silicon substrate. X-ray diffraction (XRD) patterns were collected on
an AXS D8 Advance diffractometer with Cu Ka radiation (4 = 1.5418
A). Fourier transform infrared spectroscopy (FTIR) was conducted
through a Thermo Nicolet 6700 spectrometer in the 4000—400 cm™"
frequency range, using thin film sample. The Raman scattering
measurements were performed at room temperature on a Raman
system (in Via-reflex, Renishaw) with confocal microscopy. The solid-
state diode laser (532 nm) was used as an excitation source with a
frequency range of 3200—1000 cm™'. The electrical impendence
measurements were carried out using an electrochemical workstation
CHI660E. Oscilloscope OWON HDS1021MN was used to measure
the voltage drop across resistors. The temperature was measured using
an IR camera JMS00XC. The controlled humidity environments were
achieved in a constant temperature (~25 °C) and humidity room
(~50%). The environment temperature and humidity were monitored
by using a hygrometer (TESTO 608-H2). The humidity environments
were achieved using saturated aqueous solutions of pure N,, LiCl,
CaCl,-6H,0, MgNOj;, NaCl, and K,SOy in a closed glass vessel at an
ambient temperature of ~25 °C, which yielded approximately 0%, 11%,
29%, 54%, 65%, 75%, and 97% relative humidity (RH), respectively.
The flow rate for response speed test was about 400 sccm. The organie
gas flows (ethanol, acetone, ethyl acetate, dimethyl sulfoxide,
dichloromethane, hexane) were saturated vapor of each organic solvent
at 20 °C. The Guilty Knowledge Test (GKT) and sKin.activity
monitoring were operated in a constant temperature (~20.°C) and
humidity room (~40%) for lie detection experiments decording to the
previously reported method.®®
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