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1. The supplementary figures: Fig. S1-S6.

Fig. S1 The surface topography of other suitable sensing materials. (a) The SEM
(scanning electron microscope) image of NRF; (b) The SEM image of the cellulose
paper; (c-i) The optical microscope images of natural emulsion film, bluelap-
pingcompositefilm (2000 mesh), yellow lappingcompositefilm (1500 mesh), brown
lappingcompositefilm (6000 mesh),light green lappingcompositefilm (10000 mesh),
granulated abrasive paper (sand paper), stone paper, respectively.
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Fig. S2 The surface topography of improper materials. (a) The PE film with extremely

smooth surface. (b) Fiber in mask. There are no more hydrophilic groups in these fibers.



Fig. S3 The surface morphology and contact angle of suitable materials, which shows
the relationship between contact angle and condensation. As the contact angle increases,
the monitoring signal tends to be bad.
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Fig. S4 The preparation process of the stretched sensor and the wrinkled sensor.



<
c
o
-t
<
g
S
5
o

IRERRNR MMNU\M

" M s L s » ! s ! P 1 s n i
15 580 585 590 595 1180 1185 1190 1195 1780 1785 1790 1795 1800

Time /s

Fig. S5 The monitoring results for continuous monitoring of human respiration over a
longer period of 30 minutes. The figure shows the changes in human respiration at
different times.
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Fig. S6 The relationship between sensor sensitivity and material contact angle, and
these materials have the same materials (LCFs) but different surface roughness.



2. Principle supplement: Part 1. The formation of conductive film path based on

water condensation mainly for monitoring.

Although dropwise condensation had been realized as early as 1930, the
formation mechanism is still controversial. The formation mechanism of the
initial droplets has been discussed from different perspective and two hypothe-
ses were raised, called ‘the hypothesis of film-rupture’ and ‘the hypothesis of
specific nucleation sites’.*>*> At present, most of researchers are more support-
ive of the latter that suggests that nuclei directly initiate at specific nucleation
sites, such as pits or cavers.’>*> We also find that, for materials with suitable
roughness as previously given in the literature,>*-4¢ the droplet nucleation is
more likely to occur on surfaces with better trade-off. The granular roughened
microstructure surface of selected materials is erose, that can be analogous approxi-
mately to the combination of spherical cavities, pits or bulge.

Water condensation is related to many factors of materials, including the
surface microtopography, wettability, water contact angle hysteresis and wet-
ting hysteresis.** According to the previous researches, it is a common method
to use water condensation to approximate the general irregular rough surface
with the surfaces which have specific sites, e.g. cavities, pits and cavers, etc.*’

For the cavities, based on the kinetic theory proposed by Nowakowski and
Ruckenstein, Ruckenstein and O. Berim developed a new equation to investigate the
effect of cavities radii, contact angle and interaction strength to the nucleation rate in
spherical cavities surface on supersaturations.*> The nucleation rate, I, was provided by
the equation
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Where n; is the number density of the vapor, N, is the critical cluster size that
obtained from Eq. (2), H is the Hamiltonian. The condensation rate, {3, is given by Eq.
(3), By is one water molecule in the first cluster. The free surface of the cluster which
depends on the cluster size, S, is obtained from Eq. (4).

A
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Note that the rate of evaporation per molecule, @;, depends on the cluster size N
(number of molecules in the cluster). Where n,, is the number density of the fluid
molecules in the well, ¥ is the mean velocity of the vapor molecule, A is the thickness
of well.

B=25mn. (3)

Se = 2mR*f(x), “)



Where R is the cluster radius, f,(x) is a geometrical factor and x = (Rs — J)/ R

R; is the radius of the spherical cavities. We can find the following points via the above
equations: (1) the lager the curvature, the larger is the nucleation rate (the curvature of
plane is zero); (2) the formation of condensation is the most suitable at supersaturations
when the cluster has a size comparable with the size of the cavity; (3) the dependence of
nucleation rate on the contact angle isn’t monotonous both for a cavity and a plane
surface.

For pits and cavers, M. Qian and J. Ma analyzed the characteristics of hetero-
geneous nucleation on concave spherical surface using a novel analytical method.*® The
nucleation on concave spherical surface occur primarily when 2R < 107, and dimin-
ish rapidly when 2R > 10r,, while that’s the opposite on convex spherical surface
(where 2R is the cavity size, 2r, is the nucleus size). That also showed that the nucle-
ation is indeed related to the surface morphology and depends on the roughness of
surface or the size of specific sites. According to the idea of differentiation and limit,
we think that there is the similar theory on general irregular rough surface, that is pos-
itive correlation between the nucleation and the roughness of surface. Our speculation
can be verified by the previous study. Tianqing Liu, etc. studied the relationship of
nucleation site density with surface topography for dropwise condensation.** Fractal
dimension, D, was used to describe the irregularity and complexity of a rough surface
and measured by the differential box-counting method.*® The rougher a surface the
larger the fractal dimension. The nucleation site density, N, can be expressed as fol-
lows:
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Where 7, is the minimum nuclear radius. They found that the probability of
generating more active sites increases as the higher fractal dimension of the conden-
sation surface reveals more flaws such as pits, sidelines and edges on the surface. These
active sites are conductive to forming initial nuclei. That is, the rougher a surface, the
more the nucleation sites on it.** In addition, dropwise condensation is related to other
factors, including wettability, water contact angle hysteresis and wetting hysteresis.
Therefore, in order to achieve high-performance monitoring for human respiration, the
sensing materials with high-roughness and proper-fluctuation need to be selected.

3. Measurement method of average sensitivity and fastest response/recovery time of

each sensor.

Current: We determined that the current before the start of the first breath is the
baseline current, as shown in the blue box in the figure. This baseline current takes
into account of effects of ambient humidity and instrument noise. The Imax (Imin) for
each material is the average of the peak of 50 breath cycles. Changes caused by envi-
ronmental disturbances and instrument noise are negligible compared to lager current



peaks.

Time: Changes in ambient temperature and humidity, instrument noise, and hu-
man respiratory airflow conditions all have impact on response time and recovery
time. The definition of response/recovery time is already stated in the “measurement

parameter” section. The data in the figure is the average of the results after 50 inde-
pendent tests.
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4. The supplementary tables: Table S1-S2.

Table S1. Comparison of Humidity Sensing Performance of Humidity (respiration)
Sensors in Recent Literature.

Time (s) . Applied
. . Sensi-
Sensing Materials . . Voltage Refs.
Response | Recovery | tivity
V)
hitesi t
Cellolose paper 1500 N/A <10 25 Whi esfes ©
al.
Henzocyclobutene 216 N/A ~30 11 (max) Zan:fl)i;tl ct
Hydrophilic polytet- . .
rafluoroethylene 1 1 N/A N/A MIY(l)SSEII et
membrane -
SnO> nanowire 120-170 20-60 32 1 Kuang et al.>
LiCl Ti
iCl doped TiO» 3 6 23 N/A | Zhang et al.5
nanofibers




Graphene oxide /

polyelectrolyte 1 1 103 N/A Zhang et al.>’
nanocomposite
Silicon-nanocrystal | -, 0.04 10° 5 Fujii et al.*
film
Carbon ‘I‘l an.oﬁam' N/A N/A ~55 N/A Zhang et al.*®
cle “skin
Black phosphorus 60 30 10% 0.5 Saleh1—K‘£100J1
flakes n et al.
Nafion per- 0.04 0.03 500 5 Dasguglta et
fluorosulfonate al.
ABTS and 0.037 ~01 | NA 0.5 Mao et al®?
Cio(mim)2
Supramolecular 29 105 10% 0.8 Kulkagu et
nanofiber al.
Graphene oxide 0.03 0.03 N/A N/A Tapani et al.®*
Polyaniline-PVA 45 540 103 N/A | Shiigi et al.%
composites film
WS film ~1 ~1 <5 <10 Li et al.®
CNTs and NWF N/A N/A <10 N/A Dongiieé;) u et
SWENT/PVA fil- 40 N/A 24 N/A Chou et al.®8
aments
SiC nanopaper 0.8 5.6 ~10 N/A Lietal.®
WS, ~12 ~13 ~137 N/A Sandesh et
al.”
activated alumina .
10 600 N/A N/A Sotiris et al.”!
powder
Silk fabrics and ) Bintian Li et
GO N/A N/A ~10 1 A7
Polyimide ~22 times Jiangjiang
<
(PI)/paper bilayer | per minute NA 10 NA Luo et al.”
NRF 0.19 0.8 103 1 This work




Table S2. Contact angle and microscope Images of materials with the same materials
(LCFs) but with different surface roughness.

Various LCFs Contact Angle Images Microscope Images

MS5: Blue LCF (2000
mesh)

41.01°

Mb6: Yellow LCF (1500
mesh)

42.24°

M7: White LCF (12000 mesh)
44.83°

MS: Brown LCF (6000
mesh)

45.68°

M9: Pink LCF (8000
mesh)

46.31°

M10: Green LCF (800
mesh)

54.40°

M12: Light green LCF (10000 mesh)
81.58°
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