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The demand for portable and rapid identification of liquids has challenged

traditional laboratory methods. Here, we propose a high-accuracy liquid
identification strategy that integrates water droplet mechanics and
solid-liquid interface contact electrification. By applying non-Hookean
mechanical properties of droplets, we fabricate a lotus leaf-inspired
ZnO-Polydimethylsiloxane (PDMS) superhydrophobic solid-liquid sensor.
Based on the special mechanical-electric coupling interface, it achieves the
highest droplet pressure sensitivity of 281 mV/Pa. We have made a break-
through in detecting diverse solution composition with a high monitoring

resolution of 5 nM metal ions and 0.1% of alcohol concentration. Through the
design of double-stacked devices, triboelectric signals are able to be decou-
pled into mechanical and contact electrification dual-mode signals. With the
integration of a gated recurrent unit (GRU) model, intelligent identification of
ten liquids has reached an ultrahigh accuracy of 99%, opening up a pathway for

portable liquid monitoring.

Liquid identification technology is important in environmental pro-
tection, medical diagnosis, and food safety management'™. Drop
analysis technology provides a fundamental tool to understand com-
plex hydrodynamic phenomena and interfacial effects of wettability
and adsorption kinetics between solid and liquid*®. It has been used for
qualitative and quantitative identification of liquids through various
means of receiving parameters on physical and chemical properties of
the measured liquid”®, including chromatography, nuclear magnetic
resonance, electrochemistry, and spectroscopy’™. However, these
approaches typically require large and expensive instruments, making
them impractical for on-the-go monitoring by non-specialists. To
address these limitations, portable liquid identification methods have
been developed for onsite rapid detection, offering advantages such as
ease of operation, portability, and real-time capabilities, e.g., portable

colorimetric methods, electrochemical sensors, optical sensors,
etc”™. Among them, LED-based colorimetric methods suffer from
“black regions” and restrict the detection range®. Electrochemical
sensors often focus on detecting specific ions or single-component
organic solutions'®". Optical sensors are often influenced by multiple
environmental factors in addition to analyte concentration''. There-
fore, a comprehensive liquid identification system offering lower
detection limits, higher sensitivity, broader detection capabilities, and
minimal sample consumption is expected?’?.

Based on the coupling effects of contact electrification and elec-
trostatic induction, triboelectric sensors generate immediate electrical
signals in response to dynamic stimuli, e.g., solid-liquid contact®* . In
recent research on contact electrification, the intrinsic charge dis-
tribution at the solid-liquid interface involves electron transfer,
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ionization, and Van der Waals force”?. According to the charge
transfer between liquid and solid surfaces, the concept of triboelectric
spectroscopy analysis has been demonstrated”. In recent years, sig-
nificant achievements have been made in taste-sensing, heavy metal
detection, and amino acid monitoring®®~%. However, for complex
liquid identification, the electrical characteristic is not sufficient to
achieve precise recognition. The integration of mechanical char-
acteristics, such as surface tension and contact angle, would increase
the uniqueness of liquid signals.

In this work, we propose a solid-liquid interface triboelectric sensor
(SL-TS) based on mechanical-electric dual characteristics with interface
enhancement to improve the sensitivity of voltage-pressure for com-
plex liquid identification. A general mechanical-electric coupling model
is developed to explore the enhancement mechanism under droplet
compression. A ZnO-PDMS micro-nano superhydrophobic solid-liquid
interface structure inspired by lotus leaves is designed to improve the
mechanical and electrical properties. By combining non-Hookean
mechanical properties of droplets with the contact-electrification prop-
erties of the solid-liquid interface, an optimal two-factor decision
approach for liquid identification is proposed. The detection of various
ionic concentrations, organic solution concentrations, and complex
liquids was achieved. In order to decouple the mechanical and contact
electrification characteristics of different liquid droplets to extract their
complete features, a stacked device is designed. Based on the dual-
channel one-dimensional time-series signals, we have achieved a high
recognition accuracy by combining GRU-based networks.

Results

Mechanism of the solid-liquid triboelectric sensing system
Inspired by the superhydrophobic properties of the surface of lotus
leaves, we construct a micro-nanostructure ZnO-PDMS solid-liquid
interface triboelectric sensor (SL-TS), see Fig. 1A. Due to the non-
Hookean mechanical properties and ultralow Young’s modulus of the
droplet, SL-TS exhibits ultrahigh sensitivity in the low-pressure area,
making it suitable for detecting extremely weak physiological signals,
such as fingertip pulses. By combining the solid-liquid interface contact
electrification, the ion shielding in the liquid, and the difference in
electronegativity of solid-liquid interface leads to distinct electrical
signals for different liquids, establishing a universal and highly accurate
liquid identification approach. Figure 1B and Supplementary Fig. 1A
illustrate the structure and testing method of SL-TS. The sensor consists
of an Al electrode and a ZnO-PDMS superhydrophobic interface in the
lower half and a fluorinated ethylene propylene (FEP) triboelectric layer
and an indium tin oxide (ITO) electrode in the upper half. The upper half
of the sensor is attached to the bottom of a linear motor, which moves it
up and down. Its lower half is placed on an electronic scale with a
droplet of controlled volume positioned in the center. When the droplet
is compressed and recovered, it produces a voltage profile as in Sup-
plementary Fig. 1B, i.e., the voltage rises with the downward compres-
sion of the upper plate, and when the plate is released, the voltage
recovers to the initial position. The details of the preparation and testing
process are referred to in the “Methods” section.

To elucidate the effect of droplet deformation on the electrical
output of SL-TS during droplet compression, a solid-liquid
mechanical-electric coupling model is established. Due to the com-
pression characteristics of the non-Hookean behavior of droplets, a
mechanical model is first constructed. As shown in Fig. 1C, on y-z
plane, when the upper plate is pressed down, both the distance
between the parallel plates h., and the contact radius of liquid dro-
plets, a, would change. It is subjected to the compressive force gen-
erated by the deformation of the water droplet as a resisting force,
F capitiary” - The compressive force, F_, is as below:

F, =ma’p+2maysin 6))

where a is the contact radius of the liquid droplets, S=ma? is the
contact area, p is the Laplace pressure, y is the coefficient of surface
tension, 8=180° — CA, and CA represents the contact angle. The
detailed discussion is given in Supplementary Note 1.

As shown in Fig. 1D, after contact electrification, negative charges
are generated on the FEP surface, while positive charges are generated
on the liquid surface. This charge distribution shows an electric double
layer, which can be modeled as a capacitor with extremely small spa-
cing. Two distinct electric double-layer capacitors are formed to con-
nect with the liquid-FEP surface (Cg ;) and the other with the
liquid-ZnO-PDMS surface (Cg »). Based on this, Fig. 1IE shows the
equivalent circuit diagram of SL-TS, where C, represents the time-
invariant capacitance of dielectric materials, such as FEP, and R, is the
resistance of water. According to Kirchhoff's law, the open-circuit
voltage (V) of the device is given as (detailed information is provided
in Supplementary Note 2)**:

— Sbab _ dlowSO - dew _ dlawSOp

4
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@
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where g, and g, are the charge densities of the bottom electrode and
the FEP surface, &, €;, and ¢, are the permittivities of vacuum, FEP, and
deionized (DI) water, respectively, d; and d,, are the thicknesses of FEP
and the electrical double layer capacitor. S,, defines the contact area
between the water and the FEP, S, represents the contact area at the
water-bottom ZnO-PDMS electrode interface, and S, is the whole area
of the FEP surface. From Eq. (2), its second part shows the inverse
relation between V,. and the compressive force, F., since the first
term, Zg‘;;” is a constant. Moreover, V. is also influenced by Laplace
pressure and the surface charge densities, both related to ion
concentration and organic content of the liquid droplet.

Solid-liquid interface enhancement and its influence on droplet
compression mechanics

Based on the mechanical model of the solid-liquid interface and
motivated by the advantages of the superhydrophobicity®, their
interface effects are investigated. Lotus leaves in nature have super
high hydrophobicity due to their micro-nano structure®. Inspired by
this, dual-scale micro-nano structures are prepared on the Al surface
by hydrochloric acid etching and the growth of ZnO nanoparticles®, as
shown in Fig. 2A. The surface is modified with PDMS through a surface
vapor deposition process to form a superhydrophobic structure (the
specific preparation process and materials are in the Method). Sup-
plementary Fig. 2 shows the surface topography of the Al micro-
structure surface after treatment with an acidic solution
(Supplementary Fig. 2A) and ZnO micro-nano structure (Supplemen-
tary Fig. 2B), which is hydrothermally grown on the surface. The high-
magnification image indicates that due to the self-assembled inter-
locking alignment of the ZnO nanoparticles, a porous morphology is
formed, and the pore diameter is less than 2 um. The chemical com-
position of the ZnO-PDMS surface is examined by X-ray diffraction
(XRD) and Fourier transform infrared spectrometer (FTIR). As shown
in Fig. 2B, the seven peaks at 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, and
67.9° correspond to 100, 002, 101, 102, 110, 103, and 112 diffraction
peaks of the ZnO (PDF#36-1451). The ZnO with PDMS modification is
further characterized by FTIR in Fig. 2C and scanning electron micro-
scope (SEM) in Supplementary Fig. 2C. It is found that the peaks at
1550-1650 cm™ and 3440 cm™ correspond to the hydroxyl group on
ZnO. The peaks at 799, 1025, and 1266 cm™ belong to the asymmetric
bond types of Si-C, C-C, and Si-O-C, indicating that ZnO is modified
with PDMS successfully. The ZnO with PDMS modification was further
characterized by FTIR in Fig. 2C and by SEM in the Supplementary
Fig. 2C. After evaporating the PDMS on the surface of the ZnO micro/
nanostructure, porous nanostructures were still present after the
PDMS coverage was observed on the surface. The superhydrophobic
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Fig. 1| Systematic configuration of the interface engineering-based
solid-liquid triboelectric sensing system. A Schematic illustration of liquid
recognition and fingertip pulse detection based on ZnO-PDMS micro-
nanostructure SL-TS, which is inspired by the lotus leaf structure. B A mechanical
measurement platform and the structure of SL-TS. C The droplet compression
process model in (i) side on y-z plane and (ii) top view, where A is the point on the
edge of contact line, B is the center of side contour, C is the arbitrary point on the
contour, A, is the distance between the parallel plates, a is the contact radius of

liquid droplets, F is compressive force, Fypiary is the a resisting force of droplet, S
is the contact area, p is the Laplace pressure, y is the coefficient of surface tension,
6=180° — CA and CA represents the contact angle. D Electrical double layer
formed on the droplet-dielectric interface area. E The equivalent circuit model of
the SL-TS, where C¢ ; and Cg, , are electric double layer capacitors formed with
liquid-FEP surface and liquid-ZnO-PDMS surface, C, represents the time-invariant
capacitance of dielectric materials, and R, and R, are the resistance of water and
external load.

contact angle of the Al-ZnO-PDMS surface is 151.9°, which is much
larger than that of the etched aluminum surface of 61.5°. The Al surface
after ZnO hydrothermally grew to 78.4° and the Al surface after the
evaporation of the PDMS reached 95.9°, as shown in Fig. 2D. By reg-
ulating the molar ratio of the ZnO precursors (Zn(NOs3),:hex-
amethylenetetramine (HMTA) =3:1, 2:1, 1.1, 1:2, and 1:3), a 1:1 molar
ratio with PDMS evaporation results in the highest contact angle, as
shown in Supplementary Fig. 3. This dual strategy leverages both
surface roughness and low surface energy to achieve Cassie-Baxter
state superhydrophobicity. Through COMSOL simulation, the change
of stress-strain and contact area of the solid-liquid interface at

different contact angles is simulated, as shown in Fig. 2E, F. When the
contact angle increases from 100° to 150°, the rate of change in contact
area increases with pressure. From Eq. (1), the relation between contact
area and contact angle is established by adjusting the (compressive)
displacement, see Fig. 2G. With the increase of the compressive dis-
tance, a larger contact angle leads to a greater change in contact area
to further improve the sensitivity of the solid-liquid sensor.

Mechanical-electric coupling properties of SL-TS
Figure 3A shows the charge transfer process of SL-TS in one working
cycle. It is noted that due to the electronegative property of FEP, a
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Fig. 2 | Characterization of ZnO-PDMS micro-nano structure. A The fabrication
process of ZnO-PDMS micro-nano structure (scale bar: 1 um). B XRD of ZnO sur-
face. CFTIR of ZnO-PDMS surface. D Comparison of contact angle between rare Al,
Al-PDMS, Al-ZnO, and Al-ZnO-PDMS surfaces. E The COMSOL simulation of a
compression droplet under different contact angles (CA =100°, 130°, and 150°).

F The relationship between contact area and force of droplet compression under
different contact angles of solid-liquid interface through COMSOL simulation.

G The relationship between contact area and compressive displacement under
different contact angles of solid-liquid interface using the mechanical model.
Source data is provided as a Source Data file.

negative charge is generated on the FEP surface, and this layer
remains charged even after the complete separation of contact sur-
faces. The electrode below the FEP surface will electrostatically
induce opposite charges. From state i to state ii, when the top half is
down-pressurized, the charged FEP surface will be gradually shiel-
ded, and the charge will flow from the bottom electrode to the top
electrode by the formation of the electric double layer at the
water-FEP interface. The conduction current of the external circuit
keeps flowing until it reaches the lowest point of the downward
pressure (state iii), where the contact area no longer changes. From
states iii-iv, as the top part moves upward, the shielding effect on the
FEP surface is reduced, resulting in a lower potential of the moving
electrode compared with the bottom electrode. It produces a reverse
current between the two electrodes until an equilibrium is main-
tained. A cyclic signal would be generated during the cyclic com-
pressive and release process. Since the liquid compression modulus
is smaller than solid, and it has complete and effective contact with

the triboelectric surface, the sensitivity of the solid-liquid mode
triboelectric pressure sensor is improved. Sensitivity represents the
slope of the response curve within the small pressure range before
the inflection point and is measured for different solid-liquid sur-
faces. By achieving a superhydrophobic solid-liquid interface, the
sensitivity of SL-TS is further enhanced from 9 mV/Pa to 281 mV/Pa
with a contact angle of 152°, as shown in the enlarged view of Fig. 3B.
The saturation voltage to the voltage when the upper and lower part
of solid-liquid sensor are about to contact, which is the final voltage
value on pressure-voltage curves. The maximum detection interval
with a contact angle of 152° reaches 2.4 kPa with a saturation voltage
of 11.8 V. Its specific dynamic response under different pressures is
shown in Fig. 3C with the minimum detection limit of 1.37 Pa and the
resolution reaching 0.5 Pa. Supplementary Fig. 4 illustrates the vol-
tage signal for a 10-50 Hz sine wave input, which reflects the device’s
ability to resolve rapid mechanical inputs. Among them, the shortest
response time of SL-TS is 60 ms, whereas the recovery time is 70 ms
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Fig. 3 | Mechanical and electrical properties of the SL-TS. A Working mechanism
of the SL-TS under compression and release (i: initial state-surface charges after
contact electrification, i > ii: pressing down and forward current, iii: max com-
pression, and iii - iv: releasing and reverse current). B Voltage-pressure curves of
the sensors with different contact angles of solid-liquid interface (Enlarged view
for 0-500 Pa). C Repeatable response of SL-TS (contact angle of 152°) to dynamic
pressures. D Voltage-pressure curves of the sensors with different concentrations

Compressive Force (mN)

Displacement (um)

of PEG droplets. E Relationship between the contact area and compressive force
under different surface tensions (60 mN/m and 70 mN/m) by COMSOL simulation.
The inset shows the COMSOL simulation under different surface tensions with the
same compressive force (the color scale is the same as Fig. 2E). F Compressive force
response to different concentrations of PEG droplets (inset: d represents the dis-
placement on the x-axis). Source data are provided as a Source Data file.

at a mechanical frequency of 50 Hz. Supplementary Fig. 5A shows
good cyclic stability reflected by the stable voltage of 1.8V during
5000 cycles by the linear motor. Supplementary Fig. 5B shows the
long-term stability of SL-TS since it maintains over 95% constant
voltage for 10 days at room temperature and a humidity of 20 °C and
35% RH (relative humidity). The environmental factors of tempera-
ture and humidity are studied since they affect the charge transfer
during contact electrification?®*” and the liquid evaporation rate®, as
shown in Supplementary Fig. 6. When the temperature increases
from 20 °C to 40 °C, the sensitivity and saturation voltage are con-
sistent. When the temperature further increases to 50°C, the
saturation voltage significantly decreases. Moreover, the stable
range for the humidity effect is 25-40% RH, and the saturation vol-
tage shows a decrease at 45% RH and 50% RH. These findings suggest
an optimal operating environment for SL-TS at temperatures ranging
from 20°C to 40°C and humidities from 25% to 40% RH. By
designing a fingertip on the SL-TS (Supplementary Fig. 7), it can
effectively detect a weak fingertip pulse with three characteristic

peaks. This proves that the high sensitivity of SL-TS is suitable for the
detection of weak signals from the human body.

Since the saturation voltage of SL-TS are still affected by the
surface tension of the liquid solution, see Eqs. (1) and (2), we further
explore its effect by increasing the concentration of polyethylene
glycol (PEG) in the aqueous solution, which decreases the surface
tension®. As shown in Fig. 3D, with increasing concentration of PEG
from 4 wt% to 16 wt%, the saturation voltage is increased and so is the
sensitivity. The rise in saturation voltage and sensitivity with increasing
PEG concentration stems from enhanced charge density via PEG
electropositive character and reduced surface tension*>*. By setting
the surface tension at the solid-liquid interface to 60 mN/m and
70 mN/m in the COMSOL simulation, the contact area increases with
decreasing surface tension (Fig. 3E). During the test, as the compres-
sive displacement, the pressure decreases with surface tension caused
by increasing PEG concentration (Fig. 3F). In particular, 4 wt% PEG
solution produces a rapid increase at displacement of 3200 pum, while
others are still kept at low pressure.

Nature Communications | (2025)16:7069


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62524-0

__________ 4 200

i | B o NaCl
1 = ——
| ! E sof——1 uM
I I [} o
I 2
1 I.E —o— 1 mM P
| 4 + N+ I g 100} ?
>
1 o o ° o Y © ° 1 ‘n
| ) |8
| T Adsorbed cation Adsorption effect, 35 sof
I Transferred electron lonized group Adsorbed anion 1 § Vs
+ Negative charge i Anion §
U g _____ g —— - _C_atl_oﬂ _______________ ! of o—olo—t—»)—)’@:/“/"
0 1000 2000 3000 4000 5000
C D Displacement (pm)
© T
o o
400
; ; 600 + 2+ 2+
E | 275mvrpa E [N S10.mViPa Cu Cd
> 2400 |
'E 0 £ 337 mV/Pa 306 mV/Pa 298 mV/Pa
= =
kA 107 mV/Pal 2200 |
< Q
[ (7]
U, —
=~ 0 S 0
> 10,691V 3 20} 20,809 V
o 10 g
> £ 15
S
g X 4.906 V z 10} 10,039V 9.934V 9.549 V
5 g o
H Z 0
5 0 . R T TR I g 10 100 1E3 1E5 1E6 10 100 1E3 1E5 1E6 10 100 1E3 1E5 1E6
5 Pb2+ Concentration (nmol/L) Concentration (nmol/L) Concentration (nmol/L) Concentration (nmol/L)
E
g
S 397 mviPa F. G,
£ Sparkling Water White Vinegar
> 12,5 Pa
£ at at 50,0 Pa
S 200 < 3.7 Pa <
E =3 2 5l 25,0 P
5 o © .0 Pa
g o 2,5 Pa o
S o0 8ol 8 Ll 8.7 Pa
< s 15V | © 1.1Pa ©°
[
> = 1+ 0.9 Pa = 1t
S 7 29 Pa
E 10 0.4.Pa
0 115
5 s 650 ym 1000 ym 1350 ym 1700 ym 2050 ym 650 ym 1000 pm_ 1350 pm_ 1700 pm_, 2050 pm
= 0 5 10 _ 15 20 25 0 5 10 15 20 25
[N Time (s) Time (s)
2 01 02 03 05 1 2 5 10
& Alcohol Concentration (%)
J
©
Q. 400
2 H '
5
> |250 mviPa Tap Water Liquor 700.4 P4
:‘é 200 sl ol
= 129 mV/Pa s ~ 124.8 Pa
< 72 mV/Pa 63mviPa| < 3} < o
»n [ o
®» & 100Pa &
S " gy 27 7.5Pa S 2
E 8 7174V > ; 25pa 24Pa > 8P 47.2 Pa
E 6 4911V 4627V [ 1.0Pa T 17pa [2R2
4
<
-,9_. 2 650 pm 1000 pm_ 1350 pm 1700 ym 2050 pm or 650 um 1.000 pm .1350 Hm .1700 um_ 2050 um
g 0 0 o _ 15 20 25 0 5 10 15 20 25
® Tap Water  Liquor Sparking Water White Vinegar Time (s) Time (S)
»n

Fig. 4 | Features of different liquids from solid-liquid contact electrification
and mechanical-electric characterization. A Contact electrification process

between FEP and ionic solution. B Compressive force response to different con-
centrations of NaCl droplets. C, D Sensitivity and saturation voltages of different
concentrations of Pb*, Na*, Cu*, and Cd** solutions. E Sensitivity and saturation

voltage of different concentrations of alcohol. F-I Voltage and corresponding
pressure of tap water, sparking water, white vinegar, and liquor for the compres-
sion displacement of 650 pm, 1000 um, 1350 pm, 1700 um, and 2050 pm.

J Sensitivity and saturation voltage of tap water, sparking water, white vinegar, and
liquor. Source data are provided as a Source Data file.

Mechanical-electric coupling signal characteristics of different
liquids

To analyze the significant change in voltage output with increasing PEG
concentration in Fig. 3D, we first isolated the effect of surface tension
by simulating Eq. (2), as shown in Supplementary Fig. 8. Compared the
notable change in voltage in Fig. 3D with the smaller change in Sup-
plementary Fig. 8, it indicates that the saturation voltage is also influ-
enced by electrical behaviors at the solid-liquid interface due to
contact electrification. As shown in Fig. 4A, the contact electrification

between liquid and solid involves electron transfer, ionic motion, and
electric double layer formation. When a droplet is extended by pres-
sure, electrons are first transferred from water molecules tothe FEP
surface, resulting in a negative charged FEP surface and a positive
charged droplet. Due to the electrostatic force, cations and anions in
the liquid are further adsorbed onto the negative charged FEP surface.
When the droplet retracts without pressure, some of the adsorbed
cations and anions still remain on the FEP surface. Due to the differ-
ence in surface charge transfer and adsorption of ion/group types on
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the charged dielectric surface, SL-TS will transfer different charges,
although with the same contact area, resulting in different voltages.
However, similar voltage signals exist for multiple solutions at differ-
ent concentrations, leading to the inability to uniquely identify the
liquid from the saturation voltage.

The increase in ion concentration will cause an increase in surface
tension*’. When we test NaCl solution at different concentrations, as
shown in Fig. 4B, higher concentration produces greater compressive
force at the same compression distance. By considering the mechan-
ical characteristics of different liquids and Supplementary Fig. 9, where
contact angles are not significantly different for some solutions, SL-TS
is hence designed by combining the mechanical and electrical char-
acteristics of solid-liquid interfacial contact electrification and com-
pressive force for effective liquid identification. The two factors are
compounded in the device output in terms of sensitivity to changes in
compressive pressure and saturation voltages. We test for different ion
concentration solutions and different alcohol content solutions. As
shown in Fig. 4C and Supplementary Fig. 10A and 10B, with increasing
Pb* ion concentration (1, 5, 10, 20, 30, 50, and 100 nmol/L), the sen-
sitivity gradually decreases from 275 mV/Pa to 107 mV/Pa, and the
saturation voltage decreases from 10.691V to 4.906 V with a resolution
of 5 nmol/L. Other ions are also monitored in Fig. 4D and Supple-
mentary Figs. 10C-H. As the concentration of Na* ions increases, both
the sensitivity and saturation voltage increase from 337 mV/Pa to
510 mV/Pa and from 10.039V to 20.809V, respectively, and start
decreasing when the concentration is increased to 1 pmol/L. For Cu?*
and Cd*, their sensitivity and saturation voltages also show different
trends. The sensitivity of the Cu** solution gradually decreases. Its
saturation voltage increases slightly to 9.934V with the ion con-
centration from 10 nmol/L to 100 nmol/L and then decreases as the
concentration increases. The sensitivity and saturation voltage of the
Cd* solution first increase to 298 mV/Pa and 9.549V as its con-
centration increases from 10 nmol/L to 100 nmol/L. Both the sensitiv-
ity and saturation voltage rapidly decrease as the concentration
further increases. The distinct concentration-dependent trends
observed for different ions (Na*, Pb2*, Cu?*, and Cd?*) are primarily
attributed to variations in their ionic radius, atomic masses, and
valence states, which collectively modulate the charge transfer effi-
ciency and liquid surface tension dynamics®?°*>. As shown in Sup-
plementary Fig. 11A, B, an increase in the volume of liquid significantly
increases the saturation voltage. Although the minimum detectable
droplet volume is 10 pL since the signal between 0 Pa and 10 Pa of 5 uL
cannot be recognized the limited contact area, we select 50 pL as the
optimal droplet volume to balance performance and reliability.

As shown in Fig. 4E, the sensitivity is quickly increased to 397 mV/
Pa when the alcohol concentration is increased from 0.1% to 2% and
decreased when the concentration further rises. The saturation vol-
tage grows slowly with the growth of alcohol concentration. When the
concentration is increased to 10%, the saturation voltage is increased
to 15 V. The monitoring accuracy of SL-TS for the alcohol concentra-
tion can reach as low as 0.1% by the proposed mechanical-electric
coupling characteristics. As the concentration of alcohol increases, the
contact angle and the surface tension of the aqueous alcohol solution
decrease**, which makes it easier to produce a larger contact area at
the same pressure. However, due to the surface adhesion, when the
alcohol concentration increases to 5%, it is not easy to recover the
initial area, so it produces a decrease in sensitivity.

For the complex solution, the voltage and pressure are sub-
jected to a one-to-one correspondence with the same displacement
downward, as in Fig. 4F-I. The output voltages and their corre-
sponding pressures are shown at five graded compressive displace-
ments for sparkling water, white vinegar, tap water, and liquor. All of
them are colorless, transparent liquids in daily life. These figures
illustrate the voltage step curve of each liquid droplet under the
same displacement (650, 1000, 1350, 1700, and 2050 pm). According

to the voltage-pressure curve (Supplementary Fig. 11C, D), sensitiv-
ities of tap water, liquor, sparkling water, and white vinegar are 250,
72, 129, and 63 mV/Pa, respectively. The corresponding saturation
voltages are 8.9,7.2, 4.9, and 4.6 V. Additionally, SL-TS is also able to
monitor different pH levels of liquids based on the two-factor
approach, as shown in Supplementary Fig.12.

Deep learning-assisted double-stacked liquid recognition

It shows that the identification of liquids performs well by
voltage-pressure curves, however, it is still dependent on a pressure
gauge with extra power to activate the measurement device. More-
over, the pressure-voltage curves along the full pressure range
(0-2000 Pa) take a long time. Motivated by these, we propose a
double-stacked structure to replace the single droplet for testing the
pressure to be generated in SL-TS. As shown in Fig. 5A, the structure of
the two layers is similar, and the internal droplets are changed. Device i
serves for placing droplets for identification. The output voltage is
obtained by the coupling of different solid-liquid contact electrifica-
tion charges and mechanically induced voltages. Device ii is located at
the bottom of device i. The internal liquid droplets are fixed as DI
water, and it is fastened by springs at the corners. Its role is to identify
the pressure changes of Device i in the pressing process that are
converted into voltages. The voltages of the two devices are received
through the dual-channel test platform. Figure 5B shows the working
mechanism of the double-stacked device. When the uppermost plane
is pressed down, the upper device will produce pressure to drive the
upper surface of Device ii going down. As shown in Fig. 5C, the com-
pression test is performed on ten liquids, including DI water, Na*, Cu®",
Cd*, and Pb*" solution, PEG solution, tap water, liquor, white vinegar,
and sparkling water, for five cycles with fixed displacements (650,
1000, 1350, 1700, and 2050 um). The voltages of Device i and ii are
shown as blue and red lines, respectively, and it is found that each
solution has its own characteristic curve.

Classification is performed through the GRU network as shown in
Supplementary Fig. 13, with a training set of 40 sets and a test set of
10 sets for each liquid. We first predict the liquid through a single
channel (single device) as shown in Supplementary Fig. 14 and Fig. 5D.
The prediction accuracies of the two single devices are 82% and 59%,
respectively. The two signals are further combined to realize the
accuracy of 99% (Fig. 5E). As shown in Supplementary Fig. 15, the
training and testing sets have almost reached the convergence of
accuracy after about 100 cycles. Compared with reported
triboelectric-based liquid identification (Supplementary Table S1), SL-
TS shows significant advances in all aspects, including monitoring
ultralow concentration (5nmol/L) ion solutions and alcohol con-
centration (0.1%), as well as achieving ultrahigh accuracy of identifi-
cation in a variety of complex solutions.

Discussion

In this work, we propose a high-accuracy liquid recognition metho-
dology based on SL-TS by combining the non-Hookean mechanical
properties of the droplet with the contact electrification of the
solid-liquid interface. Based on this, a ZnO-PDMS Ilotus leaves
microstructure superhydrophobic solid-liquid interface is designed
with the improvement of the voltage-pressure sensitivity to 281 mV/
Pa. To the knowledge, it is the highest sensitivity achieved so far
among triboelectric-based pressure sensors. Through the two-factor
recognition mechanism of droplet compression and contact elec-
trification, the detection of various ionic concentrations, organic
solution concentrations, and composite liquids has been achieved.
The system makes a detection resolution of 5nM for metal ions
and 0.1% for alcohol concentration. In order to decouple the
mechanical and electrical properties of droplets to further extract
their complete characteristics, a stacked device is proposed. By
combining a GRU network, this dual-featured triboelectric
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solid-liquid sensing methodology is able to achieve a high liquid
identification accuracy of 99%. This intelligent liquid sensing system
is also able to create a droplet fingerprint library for each liquid,
making a significant contribution to improving food management
and chemical research.

Methods

Materials

The Al alloy plate (99.9%) was purchased from Zhengying Material,
HCI, Zn(NO3),:6H,0 and HMTA, Cd*" selective electrode solutions,
Cu®* selective electrode solutions and Pb** selective electrode solu-
tions, NaCl (99.5%), poly(ethylene glycol) (PEG 6000) and ethanol
(99.7%) were purchased from Aladdin. The PDMS prepolymer (Sylgard
184 A) and curing agent (Sylgard 184B) were supplied by DOWSIL. The
DI water used in the experiment was produced from a laboratory
ultrapure water instrument system. Tap water was taken from the
domestic water supply. In addition, white vinegar (Dingfeng vinegar,
5g/100mL), tap water (local municipal supply), sparkling water
(Chang), and liquor (Redstarwine, 56%vol) were used.

Preparation of superhydrophobic ZnO-PDMS surface

The substrate, Al plates (20 mm x 20 mm x 1 mm), were first cleaned
ultrasonically with acetone, ethanol, and DI water successively and
dried with N, gas before use. A typical etching solution with DI water
and HCI (volume ratio 2:1) was prepared. The pre-treated Al substrate
was immersed in the solution for 3 min at room temperature. The
etched substrate was then rinsed ultrasonically with DI water, dried,
and denoted as a microstructure surface. The substrate was hydro-
thermally treated (Hydrothermal Autoclave Reactor) in an aqueous
solution (50mL) of Zn(NOs3)>Xx6H,O (0.025M, 0.371g), HMTA
(0.025M, 0.175 g), and Dl water in an oven at 90 °C for 4 h to fabricate a
micro-nano structure surface. The reaction process is shown as below,

(CH,)6N,, 6H,0 — 6HCHO +4NH; NH;+H,0 — NH; +OH,
— Zn(OH);™ — Zn0+H,0+20H".

Under the same experimental conditions, the molar concentra-
tion ratios of Zn(NO3),XI6H,O and HMTA were changed to 311, 2:1, 11,
1:2, and 1:3 to modulate different micro/nanostructures. The PDMS
stamp was prepared by mixing the PDMS prepolymer with a curing
agent in the proportion of 10:1 by weight and cured for 2 h at 120 °C in
an oven. The PDMS stamp was then heated on a hot plate at 230 °C.
After 5 min, the fabricated substrate was mounted horizontally (5 cm)
above the PDMS stamp for 10 min to achieve superhydrophobicity.

Fabrication of SL-TS

The SL-TS is composed of two vertically aligned solid parts and con-
fined droplets. The FEP layer is pasted on the ITO film to form the
upper part, while the Al-based ZnO-PDMS plate is the lower part. The
upper layer was fixed to a commercial linear mechanical motor (Win-
nemotor, WMUC512075-06-X) to move vertically, while the lower plate
was fixed to a high-precision digital scale (8068-series). Different
liquids, such as DI water, different concentrations of Na*, Pb*, Cu®,
Cd* solutions, tap water, liquor, sparkling water, and white vinegar,
are controlled through the micro-injector. The controlled volume
droplets are placed at the middle of the upper and lower parts.

Characterization

Morphological characterization of the microstructure and micro-
nano structure are conducted via scanning electron microscopy
(SEM, Carl Zeiss Supra 55) with a gold spraying treatment prior to
examination. The ZnO-PDMS sample underwent FTIR analysis using
an FTIR Spectrometer (V70 & Hyperion1000) with ATR, employing a
resolution of 4 cm™ and scanning the range of 400-4000 cm™. Static
contact angles and dynamic droplet compression were measured on

optical contact angle measurement equipment (OCA1S5) by fitting the
droplet profile with the Laplace equation. To monitor the
mechanical-electric coupling performance when the droplet is
compressed, the upper plate was moved vertically downward to
press the droplet, and the loop test was conducted using by linear
mechanical motor. The high-frequency signal was tested by placing
the solid-liquid sensor underneath an exciter (JZK-5). The excitation
loading was amplified by a power amplifier (YE5871) and an arbitrary
function generator (Tektronic-AFG1022), which combined with a
piezoelectric force transducer (LDT0-028K) to ensure constant force
under different frequencies. A programmable electrometer (Keithley
model 6514) was used to test the electrical output signal. The
mechanical data are measured by means of an electronic scale (8068-
series, accuracy 0.001g). The fluid-structure interaction and
mechanical deformation were conducted by COMSOL Multiphysics
software and MATLAB.

Signal processing and GRU model construction

The data from two SL-TS devices were preprocessed by adding
Gaussian noise with a standard deviation of 0.01, which enhances
the model to be more robust to slight changes. The dataset was then
compiled from ten different liquids, each contributing 40 complete
data entries per state, resulting in a training set of 400 entries.
Additionally, 10 data entries per state were designated for the test
set, totaling 100 test entries. The GRU model features a dual-channel
architecture to process data from two devices. The data from Device
i and ii are first combined into a single two-dimensional feature
vector, which is defined as (batch size, T, 2). ‘Batch size’ represents
the number of samples processed in each training iteration, and it is
set to 64 in our model. ‘T’ represents the number of time steps and is
set as 600. 2’ in the input means two features, e.g., contact elec-
trification and compressive force. This combined feature vector is
then fed into a shared GRU network. The network consists of four
GRU layers, each with 256 hidden units. The ‘tanh’ activation func-
tion is used. The reset gate in each layer processes the hidden state
from the previous time step, retaining relevant historical informa-
tion to enhance short-term dependency capture within the
sequence. The update gate subsequently adjusts the hidden state to
help capture long-term dependencies effectively before producing
the output. All data analysis was conducted within the Python pro-
gramming environment using CUDA-accelerated PyTorch on an
NVIDIA 4060(8G) GPU.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting this study and its findings are available within the
article, its Supplementary Information, and associated files. Source
data are provided with this paper.

Code availability
All codes are for academic use only and available on Zenodo: https://
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