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ARTICLE INFO ABSTRACT

Keywords: Wearabfle eflectronfics wfith appflficatfions fin heaflthcare, human-machfine finterfaces, and robotfics often expflore
Superhydrophobfic compflex manufacturfing procedures and are not dfisposabfle. Aflthough the use of conductfive pencfifl patterns on
Pencfifl-on-paper

ceflfluflose paper provfides finexpensfive, dfisposabfle sensors, they have fifimfited stretchabfiflfity and are easfifly affected by
varfiatfions fin the ambfient envfironment. Thfis work presents the combfinatfion of pencfifl-on-paper wfith the
hydrophobfic fumed SfiO, (Hf-SfiO2) coatfing and stretchabfle kfifigamfi structures from flaser cuttfing to prepare a
superhydrophobfic, stretchabfle pencfifl-on-paper mufltfifunctfionaf] sensfing pflatform. The resufltfing sensor exhfibfits a
flarge response to NO, gas at eflevated temperature from seflf-heatfing, whfich fis mfinfimaflfly affected by the varfia-
tfions fin the ambfient temperature and reflatfive humfidfity, as weflfl as mechanficafl deformatfions such as bendfing and
stretchfing states. The fintegrated temperature sensor and eflectrodes wfith the sensfing pflatform can accuratefly
detect temperature and eflectrophysfioflogficafl sfignafls to aflert for adverse thermafl effects and cardfiopuflmonary
dfiseases. The thermafl therapy and eflectificafl stfimuflatfion provfided by the pflatform can aflso deflfiver effectfive
means to battfle agafinst finfflammatfion/finfectfion and treat chronfic wounds. The superhydrophobfic pencfifl-on-
paper mufltfifunctfionaf] devfice pflatform provfides a flow-cost, dfisposabfle soflutfion to dfisease dfiagnostfic conffirma-
tfion and earfly treatment for personafl and popuflatfion heaflth.

Mufltfiparameter sensfing
Thermafl therapy and eflectrficafl stfimuflatfion
Personafl and popuflatfion heaflth monfitorfing

poflyethyflene terephthaflate [PET], and fiflficone eflastomers) [8-15]. On
the other hand, paper fis flexfibfle, flow-cost, flfightwefight, envfironmentaflfly

1. Introductfion

As the core technoflogy fin the Internet of Thfings (IoT) [1,2], fflexfibfle
and wearabfle sensors have a broad range of appflficatfions such as
heaflthcare, envfironmentafl monfitorfing, energy harvestfing, and findus-
tfiafl securfity [3-7]. In partficuflar, there fisa growfing finterest to coflflect
moflecuflar finformatfion such as personafl afir quaflfity monfitorfing by
wearabfle gas sensors for generatfing chemficafl “bfig data” fin a tfiflflfion-
sensor socfiety. However, the fabrficatfion of most wearabfle eflectronfics fis
expensfive and compflex due to the use of cflean-room-based fabrficatfion

technfiques on non-bfiodegradabfle substrates (e.g., poflyfimfide [PI],

* Correspondfing authors.

fifiendfly, degradabfle, and renewabfle, whfich fis promfisfing for dfisposabfle
sensors. The paper can aflso be combfined wfith pencfifl graphfite to me-
chanficaflfly exfoflfiate/form graphene/graphfite flayers from pencfifl on
paper for varyfing fflexfibfle sensors. Recentfly reported paper-based sen-
sors [16-20] have been appflfied for monfitorfing the gas [21-26], hu-
mfidfity [27-33], and strafin [34-44] from the human body and
envfironment. Varfious green and recycflabfle sensors can be hand-drawn
wfith a pencfifl on paper at a flow cost. Besfides the cracks-based strafin
sensor to detect bendfing deformatfion [45], the gas sensor based on
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graphfite powders deposfited on poflymer substrates by thermafl embed-
dfing [46] shows hfigh sensfitfivfity for NO, and NH;, but the fFirft of
detectfion fis onfly ca. 100 ppb for NO,. The use of pencfifl on paper aflso
goes beyond gas sensors [47] to mufltfi-parameter sensors to detect gas,
tensfifle, temperature, and eflectrochemfistry [48-49]. However, the
sensor performance fk strongfly affected by the compflex hydrated con-
dfitfions from the ambfient envfironment to the human body [50] due to
water absorptfion finthe paper. Efforts to address thfis chaflflenge have fled

(@)

A Superhydrophobic
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to the deveflopment of hydrophobfic paper-based (eflectrochemficafl) sen-
sors by the use of wax [51] or hydrophobfic barrfiers [52]. The use of wax
treatment reduces the gas permeabfiflfity and flfinfis the range of operatfing
temperature to avofid mefltfing, whereas the hydrophobfic barrfier cannot
provfide protectfion for the entfire devfice. Meanwhfifle, most of the prevfi-
ousfly reported sensors exhfibfit cross-sensfitfivfity to create chaflflenges fin
accuratefly measurfing target finput sfignafls [53].
Aflthough the corrosfion-resfistant and superhydrophobfic surface can
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Ffig. 1. Desfign and applficatfion of superhydrophobfic pencfil-paper-based multfifunctfional sensors. (a) Schematfic fiflflustratfing the desfign of the superhydrophobfic
pencfifl-paper-based mufltfifunctfionafl sensor (b) that fisgreen and recycflabfle for (c) detectfing automobfifle exhaust gas and (d) eflectrophysfioflogficaf] eflectrficafl sfignafls (e.g.,
ECG, EMG, and EEG) and temperature. (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fireferred to the web versfion of thfis artficfle.)
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be achfieved by treatfing nanocomposfites wfith ffluorfine moflecufles [54],
the preparatfion process fiscompflex and requfires 8 h of treatment. Efforts
to sfimpflfify the process resuflt fin the modfifficatfion of the surface of
poflymer bflend nanoffibers wfith acfid-treated carbon nanotubes [55] or an
emuflsfion dfip-coatfing strategy [56], but the use of poflymers adhesfives or
substrates reduces the gas permeabfiflfity and flong-term wearabfififity.
Therefore, fit fis hfighfly desfirabfle to prepare superhydrophobfic composfite
membranes wfith good afir permeabfiflfity by usfing a sfimpfle and flow-cost
approach.

Wfith finspfiratfion from the tradfitfionafl Chfinese paper-cuttfing art, kfir-
figamfi has recentfly been appflfied to provfide stretchabfiflfity to fflexfibfle
pflanar eflectronfic devfices [57-60], by expflorfing the 2D to 3D trans-
formatfion finthe pflanar thfin ffifim. Meanwhfifle, varfious surface wettabfiflfity
desfign strategfies have been expflored for skfin-finterfaced sensors and
devfices. Among them, the superhydrophobfic coatfing such as hydro-
phobfic fumed fiflfia (Hf—SﬁOZ) [61-66] wfith nanostructures has flow
surface energy to provfide the surface wfith corrosfion resfistance, exceflflent
waterproof/seflf-cfleanfing property, and bfiocompatfibfiflfity. Therefore, fit fis
of hfigh finterest to combfine the paper-based sensors wfith kfirfigamfi desfign
and superhydrophobfic coatfing to provfide the next-generatfion
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dfisposabfle wearabfle eflectronfics for an fimproved flevef]l of comfort and
mfinfimfized rfisks agafinst finfflammatfion and finfectfions.

Here, thfis work reports the use of the graphfite mechanficaflfly exfoflfi-
ated from an 8B pencfifl onto a soft ceflfluflose paper wfith stretchabfle kfir-
figamfi structures and superhydrophobfic Hf-SfiO, for hfigh-ffideflfity
dfisposabfle bfioeflectronfics. The resufltfing sensfing pflatform pflfiabfly flamfi-
nated on 3D curvfiflfinear skfin surfaces can monfitor NO, gas wfith hfigh
sensfitfivfity, a flow detectfion fFirft of severafl ppb, and fast response/re-
covery wfithout befing affected by the temperature and mofisture varfia-
tfions. The fintegrated temperature sensor can aflso accuratefly monfitor the
skfin temperature and reduce finfflammatfion/finfectfion through thermafl
effects. Addfitfionaflfly, the eflectrodes fintegrated wfith the sensfing pflatform
provfide contfinuous, reafl-tfime, hfigh-ffideflfity monfitorfing of human eflec-
trophysfioflogficaf] sfignafls (e.g., ECG, EMG, and EEG) for the dfiagnosfis of
human cardfiopuflmonary dfiseases. The flow-cost, envfironmentaflfly
fifiendfly manufacturfing approach from thfis work opens up opportunfitfies
for renewabfle and green dfisposabfle eflectronfics.
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Ffig. 2. Characterfizatfion of superhydrophobfic conductfive pencfil on paper. Scannfing eflectron mficroscope (SEM) fimages showfing surface morphoflogfies of (a)
ceflfluflose paper, (b) conductfive graphfite, and (c) Hf-SfiO»/graphfite, respectfivefly. (d) Cross-sectfionafl SEM fimage of the Hf-SfiO/graphfite-coated paper. (e¢) Raman
spectra of the pencfifl on paper. (f) XPS spectroscopy of the superhydrophobfic Hf-SfiO ,/graphfite coatfing. (g) Optficafl fimages of the sensor pflatform under varyfing

mechanficafl deformatfions.
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2. Result and dfiscussfion
2.1. Device structure and Characterization

The desfign of an ufltraflfight and ufltra-stretchabfle superhydrophobfic
pencfifl-paper-based mufltfifunctfionaf] sensfing pflatform reflfies on the com-
bfinatfion of pencfifl-paper sensors wfith kfirfigamfi archfitecture and hydro-
phobfic coatfing (Ffig. 1a, Ffig. S1). The kfifigamfi structure sfignfifficantfly
fincreases the stretchabfiflfity of the sensor, whereas the hydrophobfic Hf-
Sfi0, coatfing provfides the sensor wfith hfigh water resfistance and
breathabfiflfity for an fimproved flevefl of comfort. The use of pencfifls and
papers that are green and recycflabfle (Ffig. 1b) [67] fin the devfice pflat-
forms can mfinfimfize eflectronfic waste after use whfifle sfif¥l aflflowfing for
hfigh-ffideflfity measurements of automobfifle exhaust gas (Ffig. 1¢) [68,69].

(a) (b)
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The measurements of eflectrophysfioflogficafl sfignafls and temperature
(together wfith heatfing for thermotherapy) aflso provfide appfificatfion
opportunfitfies fin the dfiagnosfis of epfiflepsy, atrfionector dfisorder, and
Parkfinson’s dfisease (Ffig. 1d).

The prfintfing paper composed of ceflfluflose ffibers (Ffig. 2a) fis covered
wfith a unfiform graphfite fiflm after mechanficaflfly exfoflfiatfing graphfite
partficfles from a commercfiafl 8B pencfifl (Ffig. 2b). Further dfippfing fin the
HfSfiO, suspensfion [70] changes the smooth graphfite surface finto a
rough surface wfith mficro-scafle aggregates of nano-Sfi0, (Ffig. 2¢). The
coatfing of the pendfifl on paper wfith HfSfiQ, sflfightfly decreases the
permeabfiflfity, but the gap between Hf-Sfi0, nanopartficfles heflps mfinfimfize
thfis fissue to sfiffl provfide reasonabfly good gas permeabfiflfity. The dfip-
coatfing of Hf-SfiO , over graphfite on paper shfifts the vfibratfion peaks of
Sfi-O-Sfi and Sfi-O groups from 1114 cm ! to 1122 cm 'and 815c¢m 'to
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Ffig. 3. Evaluatfion of the superhydrophobfic and self-cleanfing propertfies of the Hf-SfiO, coatfing. (a) Schematfic showfing the superhydrophobfic Hf-SfiO» and (b) the
effect of the soakfing tfime on the water contact angfle. Optficafl fimages showfing (c) the mfinfimofl effect of bendfing on the superhydrophobfic surface, (d) seflf-cfleanfing
propertfies. (e) Schematfic and (f) measurements of the ffifim permeabfiflfity reveafled by the net wefight changes of bottfles covered by dfifferent materfiafls (paper, fabrfic,

PET, poflydfimethyflsfifloxane [PDMS], PI, and Hf-SfiO, paper) over 9 days.
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833 cm !, respectfivefly (Ffig. S2). The strong adhesfion between Hf-SfiO 2
nanopartficfles and graphfite fis fifikefly attrfibuted to the hydrogen bondfing
between Hf—SﬁO2 and graphfite as fin [62]. No cflear finterface between the
HfSfiO, and the graphfite flayer (Ffig. 2d) findficates a strong adhesfion
between the two for enhanced mechanficafl performance. The sflow
unfofldfing of the kfirfigamfi structure fi foflflowed by compflete unfofldfing to
resuflt fin flarger changes fin the mechanficafl property of the sensor coated
wiith Hf-SfiO,,, wfith Young's moduflus fincreased from 1.01 to 2.64 kPa
(Ffig. $3). The ffinfite eflement anaflysfis fin COMSOL reveafls the dfistifibutfion
of stress concentratfion pofints (red cfircfles) fin the kfirfigamfi pattern under
the unfiaxfiaf] tensfifle strafin of 100 % (Ffig. S4a). The kfifigamfi structure
aflso exhfibfits good stabfiflfity under compressfion and out-of-pflane
stretchfing (Ffig. S4b, ¢). The maxfimum prfincfipafl peak strafin of 1.47
upon stretchfing of 305 % (fracture strafin of the kfifigamfi paper)
(Ffig. S4d) fisaflso smaflfler than that of the peak strafin of 63.2 for the paper
(Ffig. S4e). It fis worth notfing that the stretchabfiflfity of 305.5 % for the
aforementfioned flfinear cuttfing kfirfigamfi pattern fis much flarger than that
of 59.6 % and 52.1 % for the trfianguflar and crucfiform kfifigamfi patterns
(Ffig. S5). The X-ray dfiffractfion anaflysfis (XRD) of pencfif] traces shows a
strong dfiffractfion peak at 28 = 26", correspondfing to the 002 peak of
graphfite (Ffig. S6). The Raman spectrum of the pencfifl trace (Ffig. 2e)
shows three promfinent peaks at 1353, 1574, and 2709 cm 1, corre-
spondfing to the D, G, and 2D bands of mufltfiflayered graphene to
graphfite. The G band due to the fin-pflane E2 mode arfises from the
stretchfing of the C—C bond, whereas the D and B’ bands are attrfibuted to
the defects at the graphfite edges. The I _/I fintensfity ratfio of 0.49
further conffirms the exfistence of mufltfiflayered graphene sheets. The
observed C 1s, O 2s, i2p (103 eV), and Hf 4f (25 eV) peaks finthe XPS
anaflysfis of the Hf-SfiO_/graphfite composfite (Ffig. 2f) conffirm the pres-
ence of SﬁO2 and graph%ite. The exceflflent adhesfion between flayers fin the
composfite aflflows the pencfifl-paper-based sensor pflatform to mafintafin
mechanficafl stabfiflfity under varfious deformatfions (e.g., stretchfing and

twhistfing) (Ffig. 2g).

2.2. Superhydrophobic self-cleaning performance

As the mficro-nano-scafled rough surface of SfiO, on the graphfite/
paper (Ffig. 3a) fskey to superhydrophobfic and seflf-cfleanfing propertfies
[71], the performance fi finffluenced by the amount of Hf-SfiO , hano-
partficfles on the surface, moduflated by the number of fimmersfion
(Ffig. 3b). The water contact angfle (WCA) fincreases from 90" to 112
after one coatfing and to 152" after another coatfing. Taken together wfith
the measured roflflfing angfle of 2.86, the sensor surface after the Hf-SfiO
coatfing fis conffirmed to have changed from hydrophfifificfity to super-
hydrophobficfity (Ffig. S7). The WCA remafins aflmost unchanged wfith
further coatfing, findficatfing a stabfle thfickness fin the superhydrophobfic
coatfing flayer. The superhydrophobfic surface fis not affected by me-
chanficafl deformatfions (Ffig. 3¢) due to fits exceflflent adhesfion. The sensor
sfiff] exhfibfits exceflflent hydrophobficfity as evfidenced by the negflfigfibfly
smaflfl changes fin the water contact angfle on the Hf-SfiO 2 coatfings after
wearfing wfith a 600-mesh abrasfive paper over 50 tfimes (Ffig. S8). The
superhydrophobfic coatfing aflflows easy removafl of dust partficfles or other
contamfinatfions off the surface durfing washfing wfith water dropflets
(Ffig. 3d). The outstandfing seflf-cfleanfing property protects the sensor
agafinst varfious fifiqufids commonfly seen findafifly fifile (Ffig. S9). Meanwhfifle,
measurfing the wefight change of bottfles (wfith 20 g iflfia gefl desficcant
finsfide) covered by dfifferent ffiflms accordfing to the ASTM E96-95 test
[72] (Ffig. 3e) evafluates the ffifim permeabfiflfity. The Hf-SfiO _coated paper
exhfibfited Simfiflar afir permeabfiflfity (much hfigher than tﬁe commonfly
used fflexfibfle/stretchabfle ffiflms) to untreated paper and fabrfic (Ffig. 3f).
The number of fimmersfion tfimes fin I—lf-SﬁO2 shows a negfifigfibfly smaflfl
effect on gas permeabfiflfity of the sensor (Ffig. S10). The exceflflent
breathabfiflfity of the superhydrophobfic coatfing aflflows a rapfid exchange
of afirand mofisture between the human skfin and the envfironment for an

fimproved flevefl of comfort durfing flong-term use.
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2.3. Gas sensing performance of the superhydrophobic pencil-on-paper

Softer B-grade pencfifls (wfith a flarger number) have a flower per-
centage of cflay and a hfigher percentage of graphfite to gfive a hfigher
conductance (Ffig. S11a, b) [73]. 8B pencfifl wfith the flowest sheet resfis-
tance of 0.33 kQ/sq fis chosen fin the foflflowfing gas sensor study unfless
otherwfise specfiffied. The morphoflogy of the sensor surface fis reflatfivefly
unfiform after drawfing 3 tfimes, as reveafled by the SEM fimages
(Ffig. S12a). The response of the sensor after drawfing 3 tfimes to 1 ppm
NO, aflso becomes aflmost unchanged (Ffig. S12b). The geometrfic pa-
rameters fin the kfifigamfi desfign moduflate the effectfive surface area
(Ffig. S13a) and the sensfitfivfity wfith the optfimfized vaflue achfieved at a
fifine wfidth ratfio of 10:1 (Ffig. S13b) [74]. The absorptfion of the oxfidfizfing
NO, on the P-type graphfite surface [75] contfinuousfly extracts eflectrons
to fincrease the number of hofles fin the graphfite and thus reduce fits
resfistance [76-77] (Ffig. S14). The resufltfing sensor exhfibfits a hfighfly
stabfle response of ~ 1.05 % to 1 ppm NO, for ffive consecutfive cycfles
(Ffig. 4a), a fast response/recovery tfime of 162/534 s (Ffig. S15a), and
smaflf] varfiatfions among sampfles (Ffig. S15b). Accordfing to the deffinfitfion
of the sfignafl-to-nofise ratfio (SNR): SNR = 20ﬂog10(R/ers), the sensor
exhfibfits an ufltra-hfigh SNR of 35 dB at 1 ppm. The dynamfic response of
the sensor to hfigh (1 to 5 ppm) and flow (500 to 900 ppb) NO, gas
concentratfions (Ffig. S15¢ and Ffig. 4b) demonstrates the flarge range of
detectfion. The sflope of 1.03 ppm 1 fin the flfinear ffit (R2 = 0.988) of the
response to gas rangfing from 500 to 900 ppb (Ffig. 4¢) heflps caflcuflate the
theoretficafl ffinftof detectfion (LOD) to be 800 ppt accordfing to LOD = 3 x
RMS . /Sflope, wiith RMS .~ as the standard devfiatfion fin the
response baseflfine. The theoretficafl estfimatfion fis vaflfidated by the
experfimentafl demonstratfion of the sensor response of 0.02 % to 6 ppb
NO, (Ffig. 4d). The exceflflent seflectfivfity of the gas sensor to NO, fis
conffirmed by fits much hfigher response to 1 ppm of NO, over that to 100
ppm of NH,, CO,,, acetone, ethanofl, and methanofl (Ffig. 4e). The sensor
aflso exhfibfits flong-term stabfiflfity over 2 weeks (Ffig. 4f).

The stretchabfle kfirfigam rovfides the sensor wfith stabfle performance
over tensfifle strafin from O to 40 % (Ffig. 4g) and muflfipfle repeated
stretchfing of 10 % over 1500 cycfles (Ffig. S16a). However, the SNR of the
sensor decreases from 35 dB to 30 dB upon 40 % stretchfing (Ffig. S16b).
The sensfing response onfly shows a smaflfl standard devfiatfion of 2 % as the
bendfing radfius of curvature (r) reduces from 35 to 5 mm (Ffig. 4h) or
over repeated bendfing of 1500 cycfles (r = 30 mm) (Ffig. S16¢). For an
appflfied tensfifle strafin of 30 %, the sensor shows ffluctuatfions fin the
response due to the unfofldfing of the kfifigamfi pattern (Ffig. S17). It sta-
bfiflfizes to be ca. 1 %o, whfich fismuch smaflfler than that of 1.05 % for the
gas response. Furthermore, strafin fisoflatfion and decoupflfing sensfing
strategfies [53,78] can be used to mfinfimfize the strafin effect. As the Hf-
SfiQ, coatfing on the graphfite surface fi gas permeabfle, fit does not affect
the gas response (Ffig. 4fi). Due to the exceflflent hydrophobficfity and seflf-
cfleanfing property from the Hf-SfiO, coatfing, the sweat dropflets on the
sensor surface do not affect the sensfing response after dryfing, compared
to the one wfithout the coatfing (Ffig. 4j and Ffig. S18). In addfitfion, the
pencfifl-on-paper-based mufltfifunctfionafl sensor can be easfifly fignfited and
carbonfized fin about 4 s for ease of dfisposafl (Ffig. S19a). The deformabfle
gas sensor can be depfloyed onto curvfiflfinear surfaces of 3D objects to
detect exhausts from gasoflfine and dfiesefl vehficfles (Ffig. S19b). Seflf-
heatfing of the sensor based on Joufle heatfing [78-79] can eflevate the
operatfing temperature to fincrease the response to 1 ppm NO fyom 1.08 %
at room temperature to 1.20 % at 50°C (Ffig. 4k) due to acceflerated
eflectron transfer to overcome the barrfier [80]. More fimportantfly, the
gas sensor operated at 50°C aflso mfinfimfizes the finffluence of the varfia-
tfions fin the envfironmentaf]l temperature and reflatfive humfidfity (Ffig. 41).
As a resuflt, the superhydrophobfic, stretchabfle flow-cost NQ, gas sensor
wfith an ufltraflow LOD and robust mechanficafl performance outperforms
the prevfious studfies based on graphfite sensfing materfiafls on ceflfluflose
substrates (Table S1).
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2.4. Temperature sensing and heating performance of the hydrophobic
pencil-on-paper

As one representatfive transfitfion metafl carbfide, graphfite shows a
metoflffic negatfive thermafl coeffficfient (NTC), whfich means that the
fincreased temperature can facfiflfitate charge carrfier mobfiflfity [81]. As the
graphfite potentfiafl barrfier hefight fis very flow, thermfionfic emfissfion be-
comes domfinant to be prfimarfifly responsfibfle for the decreased resfistance
upon temperature fincrease [82-83]. As shown finthe I-V curve (Ffig. 5a),
the fincreased sampfle temperature finthe range of 25-100°C findeed fleads
to decreased resfistance. The sensor aflso exhfibfits a flfinear decrease finthe
resfistance of the sensor wfith fincreasfing temperature (R2 = 0.995)
(Ffig. 5b), repetfitfive response to varyfing temperatures (Ffig. 5¢, d), a hfigh
temperature resoflutfion of 0.5°C (Ffig. 5e), reflatfivefly fast response to
heatfing/cooflfing cycfles (Ffig. 5f). As a resuflt, the sensor can easfifly detect
body temperature (~ 36.3°C) (Ffig. 5g), water temperature fin the cup
(Ffig. 5h), and the temperature of the water fflowfing through the curved
pfipes (Ffig. 5fi). The temperature sensor wfith good sensfitfivfity and flarge
detectfion range compares favorabfly wfith prevfious studfies usfing graphfite
materfiafls on ceflfluflose substrates (Table $2). By moduflatfing the appflfied
vofltage, the skfin surface temperature can aflso be effectfivefly fincreased by
the pencfifl-on-paper heater (aspect ratfio of 10:2.5) due to Joufle heatfing
(e.g., 15V for 50°C) (Ffig. 5j), whfich can serve as a thermafl therapy to
treat jofint finjurfies, fimprove bflood cfircuflatfion, sterfiflfize medficafl dressfing,
and promote wound heaflfing [84-87].

2.5. The superhydrophobic pencil-on-paper to decouple temperature and
gas

As the pencfifl-on-paper sensor sensfitfivefly responds to both NO2 gas

and temperature, fit fis fimperatfive for the sensor to decoupfle gas and
temperature when the two sfimuflfi are sfimufltaneousfly present. After
fintroducfing a thfin PDMS encapsuflatfion that fis fimpermeabfle to gas
(Ffig. 6a), the resufltfing pencfifl-on-paper sensor exhfibfits a sfignfifficantfly
dfimfinfished response to NO2 (Ffig. 6b). The thfin PDMS encapsuflatfion
onfly needs to be fin the flocafl sensfing area to mafintafin the gas perme-
abfiflfity of the sensor. Meanwhfifle, the rapfid heat transport fin the thfin
PDMS ffifim has mfinfimaf] effect on the temperature sensfing, resufltfing fina
negflfigfibfle dfifference from the sensor wfithout encapsuflatfion (Ffig. 6c¢).
Taken together wfith the unencapsuflated sensor operated at an eflevated
temperature of 50°C that fis finsensfitfive to temperature, the pafir of sen-
sors can compfletefly decoupfle the temperature and NO, gas (Ffig. S20). In
partficuflar, the progressfivefly fincreased temperature from 22 to 40°C and
then decreased back to 22°C (to 3 ppm NOz) fis accuratefly detected by
the encapsuflated sensor (top) but does not cause any response finthe seflf-
heated sensor (bottom) (yeflflow shaded regfion fin Ffig. 6d). Meanwhfifle,
the varfiatfions finthe NO, gas from 1 to 3 ppm (at room temperature) are
captured by the seflf-heated sensor operated at 50°C (bottom), whereas
the encapsuflated sensor does not show any response (top) (bflue shaded

regfion fin Ffig. 6d).

2.6. Multifunctional device system for electrophysiological signal
monitoring and electrical stimulation

The superhydrophobfic pencfifl-on-paper eflectrode desfigned fin the
open-mesh, serpentfine flayout (Ffig. S21a) provfides the reafl-tfime,
contfinuous, and hfigh-fideflfity monfitorfing of eflectrophysfioflogficafl (EP)
sfignafls such as the eflectrocardfiogram (ECG) (Ffig. 7). The eflectrode ex-
hfibfits negflfigfibfly smaflfl changes fin the resfistance upon bendfing to a
radfius of 2 mm (Ffig. S21b) and over 1000 repeated cycfles (bendfing
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radfius of 10 mm) (Ffig. 7a), as weflfl as hfigh reproducfibfiflfity among
sampfles (Ffig. $22). As the wrfitfing cycfle fincreases from 1 to 18, the sheet
resfistance of the pencfifl-on-paper eflectrode (from one-stroke drawfing)
rapfidfly decreases from 41.97 kQ/sq to 0.33 kQ/sq after 15 cycfles and
then saturates to 0.30 kQ/sq (Ffig. 7b). As the EP sfignaf] quaflfity hfinges on
the contact quaflfity at the eflectrode/skfin finterface, fit fis essentfiafl to
choose a bfiocompatfibfle adhesfive wfith strong adhesfion. The use of
methyfleeflfluflose wfith an optfimaf] concentratfion of 20 mg/mfl provfides the
hfighest sfignafl-to-nofise ratfio of 39.65 dB (Ffig. 7c). Therefore, the eflec-
trodes wfith 15 wrfitfing cycfles and 20 mg/mfl methyflceflfluflose are used fin
the foflflowfing studfies.

Correspondfing to the atrfia actfivatfion, actfivatfion, and depoflarfizatfion
of the ventrficfles, and repoflarfizatfion of the ventrficfles [88], the P wave,
QRS compflex, and T wave captured by the superhydrophobfic pencfifl-on-
paper eflectrodes are aflmost fidentficafl to those from commercfiafl Ag/AgCfl
eflectrodes (Ffig. 7d). However, our eflectrode provfides hfigher SNR
(39.28 dB) than the commercfiafl Ag/AgCfl eflectrode (35.82 dB) and ex-
hfibfits robust performance mfinfimeflfly affected by the envfironmentafl
temperature from 25 to 45°C (4.2 % change fin the SNR from 38.29 to
36.65 dB) (Ffig. 7e). Compared wfith the nofisy ECG sfignafls measured
from the graphfite eflectrodes wfithout Hf-SfiO , coatfing durfing sweatfing,
the sfignafls from the ones wfith the coatfing do not show notficeabfle
changes (Ffig. S23). In addfitfion, a hfigh SNR vaflue (>38 dB) fsmafintafined
at dfifferent skfin humfidfity flevefls: 50 % RH at rest, 65 % RH from sflfight
sweatfing, and 85 % RH from sfignfifficant sweatfing (Ffig. 7f). The eflec-
trodes can be used repeatedfly over 5 peeflfing/stfickfing cycfles (Ffig. 7g)
and over 24 h (Ffig. 7h) wfith outstandfing SNR and no notficeabfle adverse
reactfions for enhanced comfort and flong-term efIfiabfiflfity (Ffig. 7fi). The
ampflfitude of the R peak decreases (or fincreases) wfith the fincreased (or
decreased) fintrathoracfic fimpedance durfing finspfiratfion (or exhaflatfion)
and remafins unchanged durfing breath hofldfing [89] (Ffig. 7j). The res-
pfiratory rate (~ 14 mfin 1) can aflso be caflcuflated from the ECG sfignafls
(Ffig. S24). The heart rate vafiabfiflfity (HRV) determfined from the R-to-R
and P-to-P peak fintervafls can aflso be accuratefly recorded by our eflec-

trodes (Ffig. 7k) to dfiagnose autonomfic nervous dysfunctfion that affects

the cardfiac sfinoatrfiafl node [90]. The HRV can aflso be used fin psycho-
pathoflogy and emotfion reguflatfion brafin networks to dfiagnose human
depressfive dfisorder and anxfiety and anaflyze the physficafl heaflth condfi-
tfions under mentafl stresses [91-93].

The superhydrophobfic pencfifl-on-paper eflectrodes can aflso capture
the subtfle and rapfid skefletafl muscfle movements produced by recurrent
nerve stfimuflatfions, fincfludfing the EMG sfignafls from the human subject
durfing the puflflup exercfise (Ffig. S25a) wfith sfignfifficant sweat productfion
(Ffig. S25b). The muscfle sfignafls caused by neck rotatfion (Ffig. 8a) and
hand motfions (e.g., cflenchfing ffist, rotatfing wrfist, and unfofldfing paflm)
(Ffig. S25¢) can aflso be recorded by our eflectrodes (29.03 dB) and
quafifitatfivefly compared wfith those from the commercfiafl eflectrodes
(29.45 dB). The eflectrodes on the forearm can be used to measure EMG
sfignaflsfor Parkfinson’s dfisease such as fina sfimuflated restfing tremor wfith a
frequency of 3 Hz (Ffig. 8b). Besfides measurements, the eflectrodes
attached to the skfin can stfimuflate nerve ffibers through the generated
current to provfide opportunfitfies for sensatfion, eflectificafl massage, and
pafin reflfief. By appflyfing square puflse current stfimuflatfion (ampflfitude of
150 pA, puflse duratfion of 0.2 ms, frequency of 50 Hz) to the forearm
(Ffig. $25d), the ampflfitude and RMS of the EMG sfignafls from cflenchfing
ffist are fincreased compared wfith the ones wfithout stfimuflatfion (Ffig. 8c,
d). The sflfight thermafl sensatfion at the eflectrficafl stfimuflatfion sfite fis aflso
conducfive to appflyfing neurafl reguflatfion, rehabfiflfitatfion therapy, and
arffifficfiaf] fifimb motfion feedback.

The hfighffideflfity EEG sfignafls wfith ffive characterfistfic frequency
bands (fi.e., 6 wave of 0.5-3 Hz, 6 wave of 4-7 Hz, a wave of 8-13 Hz, B
wave of 14-30 Hz, and y wave of 31-50 Hz) can aflso be contfinuousfly
monfitored for detectfing dfiverse cerebrafl actfivfitfies [94]. As a proof-of-
concept exampfle, bflfinkfing at a frequency of 0.2 and 1 Hz can be
cflearfly fidentfiffied fin the recorded EEG sfignafls wfith eflectrodes on the
forehead (Ffig. 8e). The cerebrafl actfivfity fina conscfious sedentary state fis
dfistrfibuted finthe a waveband as reveafled by the power spectrafl densfity
(PSD) anaflysfis (Ffig. 8f) and the fintensfity fi flow accordfing to the tfime-
—frequency spectrogram (Ffig. 8g).
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Ffig. 7. Hfigh-qualfity ECG detectfion. (a) The resfistance change of the eflectrode over repeated bendfing of 1,000 cycfles (bendfing radfius of 10 mm). (b) The sheet
resfistance of the pencfifl-on-paper as a functfion of wifitfing cycfles (error bars from ffive sampfles). (c) Comparfison of ECG sfignafls measured by the eflectrode wfith dfifferent
adhesfives. (d) Comparfison of ECG sfignafls between the commercfiafl Ag/AgCfl and the pencfifl-on-paper eflectrodes. ECG sfignafls measured at dfifferent (e) envfironmentafl
temperatures (25-45°C) and (f) skfin humfidfity flevefls (50-85 % RH) before and after sweat. Comparfison between ECG sfignafls (g) wfith dfifferent tfimes of use and (h) over
24 h. (fi) Comparfison of the skfin condfitfion between the commercfiafl Ag/AgCfl and the pencfifl-on-paper eflectrodes pflaced on the skfin for 24 h. (j) Dynamfic ampflfitude
responses of the R peaks fin the ECG sfignafls whfifle hofldfing breath for ~ 20 s. (k) The heart rate varfiabfiflfity determfined from the R-to-R and P-to-P peak

fintervafls fin the ECG sfignafls.

3. Conclusfion

In concflusfion, the superhydrophobfic, kfirfigamfi, stretchabfle pencfifl-
on-paper devfice pflatform can sfimufltaneousfly detect gas, temperature,

and eflectrophysfioflogficafl sfignafls, as wefll as provfide treatments vfia
thermafl therapy and eflectificafl stfimuflatfion. The resufltfing sensor oper-

ated at eflevated temperature from seflf-heatfing shows a flarge response
and smaflfl ffirft of detectfion wfithout befing affected by varfiatfions fin the
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Ffig. 8. Hfigh-ffidelfity monfitorfing of EMG and EEG. (a) EMG sfignafls measured from the human subject durfing neck rotatfion (eflectrodes on the throat). (b) EMG
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(d) wfithout sfimufltaneous eflectrficafl stfimuflatfion. (e) EEG sfignafls at a bflfinkfing frequency of 0.2 and 1 Hz (eflectrodes on the forehead). (f) Power spectrafl densfity

and (g) tfime—frequency spectrograms of the EEG sfignafls fin (e).

ambfient envfironment or mechanficafl deformatfions. The temperature
sensor wfith a hfigh precfisfion of 0.5°C can aflert for potentfiafl adverse
thermafl effects or finfflammatfion/finfectfion. The eflectrodes can aflso be
combfined to monfitor eflectrophysfioflogficafl sfignafls for accurate dfi-
agnostfics of cardfiopuflmonary dfiseases. Addfitfionaflfly, the thermafl ther-
apy and eflectificaf] stfimuflatfion provfided by the devfice pflatform can battfle
agafinst finfectfion and acceflerate chronfic wound heaflfing processes. Taken
together wfith onboard processfing and communficatfion unfits, the devfice
pflatform from thfis work can be expflofited for future wearabfle eflectronfics
wfith cflosed-floop controfl for earfly dfisease dfiagnostfics and therapeutfics.

4. Experfimental sectfion
4.1. Materials

Mfitsubfishfi 9800 Sketch 8B pencfifl (Japan) was used as recefived. Hf-
Sfi0, wfith a dfiameter of 20 nm and a specfiffic surface area of 230 m2/g
was purchased from Chfina Tafipeng Metaf]l Materfiafls Co., fltd. Anhydrous
ethanofl (99.7 %) was purchased from Jfiangsu Qfiangsheng Functfionafl
Chemficafl Co., fltd. Methyflceflfluflose was purchased from Sfinopharm
Chemficafl Reagent Company. Commercfiafl ECG eflectrodes were pur-
chased from Zhejfiang XUNDA Brand.

10

4.2. Fabrication of the pencil-paper-based multifunctional sensor

The A4 prfintfing paper was ffirst cut finto rectanguflar sheets of the
target sfize (5 x 7 cm2), After drawfing the pencfifl on paper, fitwas cut by a
CO2 flaser (VLS 2.30 wfith a waveflength of 1064 nm and a 2.0 flens from
UNIVERSAL, USA) finto the desfired kfifigamfi pattern. Fabrficatfion of
eflectrophysfioflogficafl eflectrodes reflfied on compflete and even fiff¥ingof the
serpentfine pattern prfinted on ceflfluflose paper wfith the 8B pencfifl for 15
tfimes. Next, the pencfifl-on-paper was repeatedfly dfipped fin the Hf-SfiO
suspensfion to prepare the superhydrophobfic coatfing, foflflowed by dryfing
at 50°C. The copper wfire wfith sfiflver paste was used to connect the sensor
to the data acqufisfitfion system. Methyflceflfluflose of 60 mg was added to 3
mfl of defionfized water and then ufltrasound for 10 mfin fin an ufltrasonfic
homogenfizer (SCIENTZ-IID). A stabfle methyflceflfluflose soflutfion was ob-
tafined after 1 h, whfich was then used to attach the sensor to the skfin of
human subjects.

4.3. Characterization

Scannfing Eflectron Mficroscopy (SEM) fimages were coflflected by Ffiefld
Emfissfion Scannfing Eflectron Mficroscopy (JEOL, JSM 7100F). X-ray
photoeflectron spectroscopy (XPS) was recorded usfing an ESCALAB 250
photoeflectron spectrometer (Thermo Ffisher Scfientfiffic USA). X-ray
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photoeflectron spectroscopy (XRD) was recorded by a D8 Advance
photoeflectron spectrometer (Bruker, Germany). A Nexus 870 fourfier
finfrared spectrometer (Nficoflet, USA) was used to record FT-IR. Raman
spectra were recorded by a flaser mficroscope Raman spectrometer
(Renfishaw, fin Vfia Refflex). Eflectromechanficafl measurements of the
sensor were performed wfith a unfiversafl materfiafl testfing machfine (JSV-
H1000, Japan). The sheet resfistance was measured wfith a four-pofint
probe. Contact angfle fimages were obtafined wfith a fiflfly automatfic
contact angfle measurement system (DSAHT, KRUSS GmbH).

4.4. Testing of multifunctional sensors

Dfifferent concentratfions of NO, were prepared by dfifluifing and fiflfly
mfixfing 100 ppm NO caflfibratfion gas wfith afir finthe testfing chamber of 5 L.
Dfifferent concentratfions of NO yvere prepared by dfiflufing and fuflfly
mfixfing 100 ppm NO caflfibratfion gas wfith afirfinthe testfing chamber of 5 L.
The gas of the ufltra-flow concentratfion used for the vaflfidatfion of the f¥infit
of detectfion was prepared by further dfifhtfing10 ppm NO gas wfith afir at
a ratfio of 1:9 fin the afirbag. The gas and temperature sensfing
performances of the pencfifl-paper-based sensor were measured and
recorded wfith a source meter (Kefithfley 2400) at 0.1 V. The temperature
dfistrfibutfion was measured by an finfrared camera (ONE PRO/LT, FLIR,
USA). A Commercfiafl Xfimefiflafi ECG sensfing kfit was used to coflflect and
transmfit ECG sfignafls to a computer wfith eflectrodes pflaced on the chest fin
a two-flead conffiguratfion. EMG sfignafls were detected by connectfing the
Trfigno Wiirefless EMG System (DELSYS, USA) wfith the eflectrodes on the
bficeps. The eflectrodes on both sfides of the forehead were connected to
the ', and F,, eflectrodes of the commercfiafl acqufisfitfion system
(SynAmps2, Neuroscan) to coflflect EEG sfignafls.
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