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The ability to convert moisture signals into electrical signals through contactless control underpins a wide
range of applications, including health monitoring, disaster warning, and energy harvesting. Despite its
potential, the effective utilization of low-grade energy remains challenging, as it often requires complex

device architectures that limit scalability and integration, particularly in wearable technologies. Here, we

present a soft, flexible moisture-electric converter made from cellulose nanocrystals and polyvinyl

alcohol composite films, designed for a novel touchless interactive platform. The device autonomously

generates an electric output voltage of 200-700 mV in response to ambient moisture variations without

requiring an external energy source. Its design, featuring a soft-adhered conductive carbon strip coupled

with the composite film, provides high flexibility and portability. This configuration facilitates the creation
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of a non-contact control interface that seamlessly interacts with biological moisture from the human

body, demonstrated by a mask that detects breathing conditions and a panel that measures contact

DOI: 10.1039/d4ra08459d

rsc.li/rsc-advances

1 Introduction

With the increasing demand for wearable and portable devices,
sensors that are capable of lower power consumption, smaller
sizes, and high accuracy are highly preferred." A flexible, simple
design is essential for wearable sensors.>® Meanwhile, non-
invasive sensing eliminates the risks of contamination and
damage from physical contact, thereby enhancing the durability
of the sensing system. Therefore, non-contact sensing holds
significant research value in this field.** Contactless signal
transmission is particularly valuable in areas like hospitals and
public spaces, where reducing the risk of cross-infection from
bacteria and viruses is critical.”'* For instance, such technology
can meet the specialized detection needs of burn patients or
individuals with infectious diseases. Additionally, contactless
sensors have promising applications in human-machine inter-
action systems, including smart lights, door locks, and home
appliances.”**** In virtual and augmented reality, they enable
natural and immersive interactions with virtual environments
through gestures and movements.”® However, widespread
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distance. These advancements offer a promising pathway for developing flexible, intelligent electronic
devices for wearable and touchless technologies.

adoption of contactless sensors is hindered by high
manufacturing costs, complex signal processing, intricate
structures, and limitations in use distance and access methods,
particularly in self-powered devices."**” Conventional sensing
technologies, such as piezoelectric materials that convert
mechanical energy into electrical signals,*®*>" and triboelectric
generators that harness frictional energy, have been widely
adopted in various electronic products.”>?®* However, these
approaches predominantly rely on physical contact, and non-
contact signal transmission remains an area requiring further
exploration.

Recent research has shown that moisture could be recog-
nized as a stimulus by sensors,***° which would greatly facilitate
the development of contactless interactive models, leveraging
the widespread availability of moisture.**> Such a system could
also eliminate the need for bulky external energy sources.**°
Adhyapak et al. reported a highly sensitive gold nanowire
resistive sensor for humidity and respiration sensing within
a relative humidity (RH) range of 11-92%. Wang et al. devel-
oped a flexible humidity sensor with ultra-fast response for
respiratory monitoring and non-contact safety warnings.*
Korotcenkov et al. discussed various sensor types, including
capacitive, resistive, impedance-based, and optical fiber
sensors. They also analyzed the advantages and limitations of
research materials such as carbon nanotubes, graphene, semi-
conductors, and polymers from an application-oriented
perspective.*” Notably, existing hydroelectric conversion mate-
rials convert moisture into electrical signals primarily due to
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their abundant dissociable functional groups, e.g., -COOH, -
SO;H, and large specific surface areas, which facilitate moisture
absorption and proton ionization.**~** However, for applications
in portable devices, factors beyond energy conversion efficiency
must be considered.

In this study, we report a flexible moisture-electric converter,
composed of cellulose nanocrystals (CNCs) and polyvinyl
alcohol (PVA). CNCs provide freely mobile H' ions, while PVA
enhances the flexibility and hydrophilicity of the composite
film. Conductive carbon strips serve as electrodes, enabling the
film to bend into various shapes without sacrificing power
generation performance. This design makes the proposed
system highly suitable for wearable devices.

2 Experimental section
2.1 Preparation of the CNC/PVA composite film

CNCs were extracted by hydrolyzing cotton with sulfuric acid, as
reported in previous research.’”* PVA was procured from
Aladdin, and conductive tape was purchased from Taobao
(Rigorous). Deionized water, produced using an ultra-pure
water machine (Summer-S2-20H, Sichuan Delishi Technology
Co., Ltd, China), was used for all experiments. To prepare the
composite film, 7 g of PVA was added to 93 g of deionized water
and uniformly dispersed using a magnetic stirrer (Fig. 1a). A5 g
CNC suspension (7 wt%) was combined with varying amounts
of the PVA suspension (7 wt%), stirred thoroughly for 2 hours,
then transferred onto a slide. The material was self-assembled
layer by layer at room temperature and dried to form the
CNC/PVA composite film. Adjusting the PVA content modified
the mechanical properties and structural coloration of the
films.
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2.2 Fabrication of the non-contact moisture sensor

The CNC/PVA composite film, as the core component of the
sensor, absorbs external moisture. Silver (Ag) electrode and
conductive carbon strips are adhered to both sides of the
composite film to serve as electrodes for signal output. Unlike
previous rigid moisture-electric devices with additional metal
electrodes,”® the features of this sensor enhance mechanical
flexibility. An external electrochemical workstation (CHI 660E)
is connected to the electrodes to capture and visualize electrical
signals.

2.3 Characterization

The microstructure is obtained by a field emission scanning
electron microscope (FESEM, JSM-7900F Plus, JEOL, Japan).
The open-circuit voltage of the sensor is recorded by the elec-
trochemical workstation (ECW, CHI660E, Chenhua, China).
Different ambient humidity is controlled by the ambient
chamber (DHTHM-50-40-P-ES). The infrared curve is detected
by Fourier infrared spectrometer (iN10, Thermo Fisher).

3 Results and discussion

3.1 Characterize of the non-contact moisture sensor

The SEM image of the CNC/PVA composite reveals that the
CNCs spontaneously organize into stratified structures, with
PVA interspersed among the layers. When the content of PVA is
10%, the cross-sectional morphology (Fig. 1b and c) shows
neatly arranged CNC particles with PVA filled the spaces
between them. These porous structures provide ample space for
moisture adsorption and channels for dissociated ion migra-
tion. As the PVA content increases, CNC particles become
increasingly coated, causing the loose, layered structure to
gradually disappear (Fig. S11). At PVA content of 20%, 30%, and
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Fig. 1 Preparation of the composite film. (a) Process for preparing the CNC/PVA composite film and fabricating the non-contact moisture
sensor. (b and c) SEM image of composite film with content of PVA as 10%. (d) Elemental mapping of S distribution.
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40%, the cross-section of the composite progressively smooths,
and by about 50%, the layered structure is entirely covered with
PVA.

The granular CNCs, derived from sulfuric acid hydrolysis of
cotton, are grafted with sulfonic acid groups (-SO;H) (Fig. 1d),
which provided the essential mobile H' ions for moisture
sensing. EDS analysis confirms a widespread distribution of S
elements on the cross section surface of the composite film,
indicating the dispersion of H' ions. Fourier-transform infrared
(FTIR) spectroscopy reveals the chemical composition of CNC,
PVA, and their composite films. The characteristic sulfonic acid
group peaks in CNC are preserved in the composite, with S=0
and S-O stretching vibration observed at 1311.01 cm™ " and
1033.94 cm™ ", respectively. Additionally, the -OH stretching
vibration peak at 3304.17 cm ™' indicate the composite's strong
hydrophilicity (Fig. S2at). While both CNC and PVA are hydro-
philic, PVA exhibits stronger water absorption, as demonstrated
by contact angle measurements (Fig. S2bt). The contact angle of
CNC film is 44°, compared to 40° for PVA film, indicating PVA's
superior hydrophilicity. This enhanced water absorption
underpins the sensor's high sensitivity to moisture stimuli.

3.2 Factors affecting moisture-electrical signal

To achieve high sensitivity in moisture-induced electrical
signals, several factors influencing signal generation are
explored. As the signal generation area minimally affects output
(Fig. S37), a composite film area of 10 mm x 7 mm was chosen
for subsequent experiments to minimize interference. The
electrical signals arise from the migration of freely dissociated
H' ions, which are affected by the composition of the power
generation material and its moisture adsorption capacity. The
proportion of cellulose nanocrystals (CNC) to polyvinyl alcohol
(PVA) significantly affects both the concentration of mobile H"
ions and the capacity for moisture absorption. CNC, with
abundant ionizable functional groups, establishes the ion
concentration gradient by dissociating H' ions, while PVA
enhances the composite film's hygroscopicity due to its higher
hydrophilicity compared to CNC. As shown in Fig. 2a, the
voltage output rose from 0.4 V to 0.8 V as the PVA/CNC mass
ratio reached 50%, driven by improved moisture absorption
and ion dissociation. However, increasing the PVA content to
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90% reduced the voltage signal to ~0.65 V due to a significant
loss of ionizable functional groups, which limited H' ion
dissociation.

Environmental humidity also significantly impacts signal
output. In low-humidity conditions (RH = 20%), the composite
film (CNC/PVA = 5 : 5) absorbs less moisture, producing a lower
voltage (~0.4 V). Over time, as moisture accumulates within the
film, the internal resistance decreases, H' migration is
enhanced, and the output signal increases. At high humidity
(RH = 95%), the signal exceeds 1 V (Fig. 2b and S4f). However,
prolonged exposure to high humidity can compromise the
stability of the composite, as hydrophilic materials may
dissolve. To evaluate the sensor's stability in a humid environ-
ment, the CNC/PVA composite film was tested at 95% RH
(Fig. 2c). Despite substantial moisture absorption, the film
maintained structural integrity and stable signal output for over
100 hours, demonstrating its suitability for long-term use in
high-humidity conditions.

3.3 Electric signal generation mechanism of the composite
film

To confirm the relationship between moisture and electrical
signal generation, a vacuum test was conducted. Initially, at
a relative humidity about 60%, the output voltage signal is
stable. Upon applying a vacuum, the ambient humidity gradu-
ally decreases to 0%, leading the output voltage to drop to 0 V
(Fig. 3a). Upon releasing the vacuum, which permitted the re-
entry of moisture, the voltage signal swiftly ascends and settle
at approximately 0.7 V, thereby validating the signal genera-
tion's reliance on the presence of ambient moisture. However,
when the composited film was sandwiched between identical-
area electrodes in a uniform moisture environment, the
symmetrical moisture input produced a negligible voltage
signal close to 0 V (Fig. 3b and S57). This demonstrates that
asymmetrical moisture input is essential for generating an
electric signal by establishing an effective water gradient.
Further experiments confirm the fixed polarity of the sensor's
open-circuit voltage. By reversing the connection between the
electrochemical workstation and the electrodes, the output
signal is observed to invert, thereby confirming the directional
nature of ion migration (Fig. 3c).
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Fig. 2 Electric output of the composite film. Factors influencing the output electrical signal include: (a) the impact of component composition,
(b) the effect of ambient humidity, and (c) the stability of the output signal.
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Fig. 3 Mechanism of electrical signal generation. (a) Open-circuit
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voltage output of the CNC/PVA film. The vacuum is maintained for
hours, corresponding to RH changes from 0% to 60%. (b) Influence of

moisture adsorption direction on the electrical signal. (c) Polarity test of the CNC/PVA film. (d) Schematic showing the moisture-to-electric signal
conversion principle for the non-contact moisture sensor. Water molecules from a humid environment are adsorbed onto the CNC/PVA film via
hydrophilic functional groups, which serve as adsorption sites. These functional groups ionize upon moisture absorption, releasing mobile H*
ions. The directional migration of H* ions induces charge separation, resulting in the generation of a voltage signal.

To visualize H" diffusion, a CNC/PVA film is placed between
two glass tubes containing a methyl orange/ethanol solution. As
a pH indicator, methyl orange changes colour from yellow (pH >
4.4) to red (pH < 3.1) in response to dissociated H' ions in the
solution. When 5 mL water is added to the upper tube, the CNC/
PVA film absorbs the water, and its upper surface turns orange
and then red, indicating dissociation of H" ions. The H" ions
continue diffusing through the film into the lower tube,
changing the solution’s colour from orange to red (Fig. S67).
This confirms that rapid H' transport, primarily enabled by
sulfonic groups (-SO;H) of CNC, drives the electrical signal.
Essentially, the signal generation of the non-contact moisture
sensor involves three key stages, i.e., moisture absorption, ion
dissociation, and charge separation, as shown in Fig. 3d.
Specifically, hydrophilic groups (-OH and -SO3;H) in the
hygroscopic material absorb water firstly. Then the absorbed
water dissociates the ~SO;H into mobile H' ions and immobi-
lized negatively charged groups (-SO; ™). Finally, the asymmetric
moisture absorption creates a concentration gradient in the
film, prompting H' ions to migrate from high- to low-
concentration regions, generating a voltage signal through
charge separation.

3.4 Application prospects of the non-contact moisture
sensor

The CNC/PVA film converts changes in ambient humidity into
electrical signals, and the film is flexible, allowing it to be
integrated into wearable devices. For example, embedding the
composite film into a mask allows for the monitoring of
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breathing patterns (Fig. S7 and ESI Movie 1t). Voltage fluctua-
tion curves generated by a slow breathing exhibit broader peaks
(Fig. 4a), whereas those produced by rapid breathing display
narrower peaks (Fig. 4b), making it suitable for respiratory
monitoring in medical applications. As depicted in Fig. 4c,
when a finger comes close to the composite film, the moisture
from the finger triggers a detectable electrical signal. This signal
varies in correlation with the distance of the finger from the
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Fig. 4 Application of the non-contact moisture sensor. (a) Electric
signal generated by slow breathing. (b) Electrical signal generated by
rapid breathing. (c) Schematic showing a finger position indicator. (d)
Electrical signals corresponding to varying finger positions.
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film, as illustrated in Fig. 4d and further detailed in ESI Movie
2.1 These findings indicate the promising potential of inte-
grating this sensor into contactless electronic components,
paving the way for gesture-based control systems that respond
to the proximity and movement of hands or fingers without the
need for physical contact.

4 Conclusions

In summary, we have developed a flexible film functioning as
a moisture-electric converter for a non-contact moisture sensor.
The intensity of the electrical signal is influenced by the
proportion of hygroscopic materials as well as the level of
humidity in the surrounding environment. The film demon-
strates excellent flexibility, long-term stability, and durability,
even in high-humidity environments. By generating distinct
electrical signals in response to body humidity, the sensor can
capture biological information and enable human-machine
information exchange. This work offers valuable insights for
advancing non-contact sensor components and establishing
human-computer interaction platforms.
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