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ABSTRACT: Electric field-based noncontact flexible elec-
tronics (EF-NFEs) allow people to communicate with
intelligent devices through noncontact human—machine inter-
actions, but current EF-NFEs with limited detections (usually
<20 cm) distance often lack a high spatial resolution. Here, we
report a versatile material for preparing EF-NFE devices with a
high spatial resolution to realize everyday human activity
detection. Eutectic gallium—indium alloy (EGaln) was intro-
duced into poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) chains to fabricate this
material, named Ga-PP. The introduction of EGaln successfully
regulates the intra- and interchain interactions of PEDOT
chains and thus increases the 7-electron accumulation on Ga-
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PP chains, which facilitates improvement of the electron storage of Ga-PP and its noncontact sensing ability. The water
solubility of the obtained Ga-PP can reach approximately 15 mg/mL, comparable to that of commercial PEDOT:PSS, thus
making Ga-PP suitable for various design strategies to prepare EF-NFE devices. We demonstrate that a conductive textile with
a noncontact sensing ability can be achieved by immersing a commercial silk fabric into a Ga-PP solution for 5 min. With a
detection distance exceeding 1 m, the prepared Ga-PP-based conductive textile (Ga-PP-CT) possesses outstanding noncontact
sensing sensitivity, showing advantages in tracing the locations of signal sources and distinguishing motion states. Surprisingly,
even when placed in water, Ga-PP-CT can be used to monitor the movement signals of athletes in different sporting events
and output specific noncontact response signals for different sports. Intriguingly, the Ga-PP solution itself can be used to
construct noncontact sensing conductive circuits, displaying the potential to be incorporated into smart electronics.

KEYWORDS: liquid metal, EGaln, PEDOT:PSS, electric field, noncontact sensing

INTRODUCTION

Noncontact flexible electronics (NFEs) enable touchless
human—machine interactions for Internet of Things technol-
ogy, showing great application potential in many fields, such as
real-time monitoring of human physiological signals and
noncontact gesture control and recognition.'~* Transforming
invisible electric field induction into detectable electrical signal
changes has proven to be an effective sensing mechanism for
designing NFEs.”~” However, the development of electric
field-based NFEs (EF-NFEs) is still in its infancy. Theoret-
ically, the penetration ability of electric fields allows EF-NFEs
to detect signal sources far away even when they are physically
separated by obstacles, and EF-NFEs can detect any motion
that disturbs their electric fields.” Nevertheless, with limited
detection distances (usually <20 cm), currently reported EF-
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NFEs can only detect finger proximity and nearby hand
gestures without any obstacles and often only generate clear
electrical signals for a much shorter distance (usually <$
cm).”>”~'” Obviously, the signal resolution of these EF-NFEs
is limited, and to detect everyday human activities, a designed
EF-NFE device should possess high spatial resolution to detect
movement signals in a large space. Therefore, designing
advanced EF-NFEs is becoming an urgent need.
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Figure 1. Fabrication and characterization of Ga-PP. (a) Schematic illustration of the Ga-PP and Ga-PP-CT fabrication processes. (b)
FESEM and corresponding EDS mapping images of the 12.5% Ga-PP sample. (c) Raman spectra of different Ga-PP samples. (d and e) XRD
spectra of different Ga-PP samples (d), and 7—7 stacking distance of interchain thiophene rings calculated from their XRD spectra (e). (f)
Schematic illustration of the conformational change of the PEDOT chains from the linear or expanded-coil conformation to the coil
conformation and the increase in the 7—x stacking distance of interchain thiophene rings of PEDOT chains after EGaln is introduced into
PEDOT:PSS.*>** Notably, the size of the introduced EGaln particles is approximately 174 nm (Figure S2b). (g) Conductivity of different

Ga-PP samples. (h) Water solubility of different Ga-PP samples.

Essentially, disturbance of the electric field of EF-NFEs can
induce charge redistribution, thus generating noncontact
sensing signals.”” Given that the charge redistribution actually
stems from electron movement and that the changes in the
detected electrical signals, such as the resistance and current,
are closely related to the moving electron quantity,” increasing
the induced electron density in EF-NFEs is a straightforward
strategy to improve the noncontact sensing performance when
EF-NFEs are disturbed by signal sources. Therefore, achieving
electron-rich storage in EF-NFEs may lead to more
sophisticated control over their electric field induction ability
and thus their noncontact sensing ability. A connection

between improved noncontact signals of an EF-NFE sensor
and the abundant electron storage in the graphene edges
embedded in its sensing layer has been observed in a previous
report.” However, actively regulating the electron transport
pathways of intra- and intermolecular chains to achieve
electron accumulation to prepare EF-NFE materials has rarely
been reported.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is one of the most common conductive
polymers used for flexible electronics owing to its good
water dispersibility and the versatile applications of its aqueous
dispersions.'' ~"* Although segregating PEDOT:PSS chains by
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blending them with latex nanospheres to design EF-NFEs has
been demonstrated,” the chain segregation strategy based on
constructing polymer composites is far from successful in
manipulating electron storage. Indeed, tailoring EF-NFE
materials with abundant electron storage through molecular
chain regulation still remains challenging. Currently, gallium-
based liquid metals (Ga LMs) are attractive materials in
flexible electronics due to their distinct physicochemical
properties,"* "¢ showing potential in changing the intra- and
interchain interactions of soft materials to fabricate flexible
electronic devices."” Hence, adjusting the PEDOT:PSS chain
interactions to realize electron accumulation on the chains by
utilizing Ga LMs may be an effective strategy for designing EF-
NFE materials, thus improving the electric field induction
ability and noncontact sensing ability of the obtained EF-
NEFEs.

Here, we report an interesting material prepared from Ga
LMs and PEDOT:PSS (Ga-PP) for fabricating EF-NFEs with
improved noncontact sensing performance. Ga-PP shows great
potential in designing EF-NFE devices. Without the need to
design complex sensor arrays, Ga-PP-based EF-NFE devices
can be prepared by immersing commercial silk fabric into Ga-
PP solutions for 5 min, indicating that large-scale EF-NFE
device production can be achieved with Ga-PP. The obtained
devices show a long detection distance (>1 m) and a high
spatial resolution, with the ability to trace moving signal
sources, and the devices can precisely capture an athlete’s
movement signals even underwater. A series of experiments are
designed to reveal the connection between the electric field
induction ability of the devices and their adjusted electron
storage achieved through the proposed molecular chain
microregulation mechanism. In addition, conductive circuits
constructed with Ga-PP ink on planar and curved surfaces also
display an accurate noncontact sensing ability, meaning that
Ga-PP possesses the potential for EF-NFE fabrication with
various patterning and printing technologies. Through a
microscopic molecular chain regulation mechanism to achieve
electron-rich storage, we successfully improve the electric field
sensing ability of EF-NFE materials in this work, providing
insights for designing cutting-edge EF-NFEs by regulating the
microstructure.

RESULTS AND DISCUSSION

Fabrication and Characterization of Ga-PP. To ensure
the introduction of Ga LMs into PEDOT:PSS chains, Ga-PP
was fabricated by polymerizing ethylenedioxythiophene
(EDOT) monomer solutions containing Ga LMs (Figure la
and Figure S1) instead of simply mixing Ga LMs with
PEDOT:PSS by probe sonication. As a proof of concept,
eutectic gallium—indium alloy (EGaln) was chosen as the Ga
LM for Ga-PP fabrication. EGaln solution was prepared by
sonicating an aqueous solution containing bulk EGaln.
Notably, the sonicated EGaln particles are easily passivated
and form an oxidation layer (approximately 1 to 7 nm thick),
namely, a Ga,O; layer, in an oxygen-rich environment'®™’
(Figure S2), thus ensuring the introduction of EGaln into
various soft materials through the interaction between the
Ga,0; layer and different polar groups.”' ™ The obtained
EGaln solution was then added to the EDOT monomer
solution containing EDOT, PSS, and ammonium persulfate
(APS). The resulting solution was stirred at room temperature
for 24 h to fabricate Ga-PP. According to the mass ratio of
EGaln in EDOT, the prepared Ga-PP samples were named

2.5%, 12.5%, 25%, and 37.5%, and the sample without EGaln,
which was pure PEDOT:PSS, was denoted 0%. The successful
formation of PEDOT:PSS in Ga-PP samples was confirmed by
their Fourier transform infrared (FTIR) spectra, as illustrated
in Figure S3. The typical peaks at 1519, 13185, and below 1000
cm™! are ascribed to C=C asymmetric stretching vibrations,
C—C interring stretching vibrations and C—S—C stretching
vibrations, respectively, which originate from the thiophene
rings of PEDOT. The peaks of C—O—C bending vibrations
in the ethylenedioxy groups of PEDOT appear at approx-
imately 1190, 1140, and 1080 cm™.*** The incorporation of
EGaln into Ga-PP was verified by X-ray photoelectron
spectroscopy (XPS) spectra, with distinct peaks belonging to
the Ga element of EGaln and the oxide layer of Ga,0; being
observed, as shown in Figure S4. The incorporation of EGaln
was further revealed by using field emission scanning electron
microscopy (FESEM) and energy-dispersive X-ray spectrosco-
py (EDS) mapping to observe the Ga-PP microstructure. The
obtained Ga-PP exhibits a lamellar structure, and the EDS
result reveals a uniform distribution of EGaln in Ga-PP (Figure
1b and Figure SS). The obtained results illustrate that the Ga-
PP samples show no significant difference in their micro-
structure, and EGaln particles are not observed, while Ga-PP
with a higher EGaln content displays a higher content of
uniformly distributed Ga in the corresponding EDS mapping
images (Figure S6). Therefore, this synthetic strategy can
effectively introduce EGaln into PEDOT:PSS chains, and Ga-
PP is a homogeneous substance rather than a simple mixture.

Insights into the influence of the Ga LM on PEDOT:PSS
chains were obtained through X-ray diffraction (XRD) and
Raman analysis. PEDOT:PSS consists of conductive con-
jugated PEDOT chains and insulating PSS chains, so the
design strategy for improving the electrical properties of
PEDOT:PSS-based electronics mainly targets PEDOT
chains.'"*® The conformation information on PEDOT chains
can be obtained from Raman spectra by analyzing the peak at
approximately 1426 cm™', which corresponds to symmetric
C,=C;j stretching vibrations of the thiophene ring of PEDOT,
because a shift in the position of this peak indicates the
transformation of the thiophene ring resonant structure
between benzoid and quinoid structures’” (Figure S7).
These two structures possess different 7-conjugation structures
and 7-electron delocalization degrees, with the benzoid
structure favoring a coil conformation and the quinoid
structure favoring a linear or expanded-coil conformation.*®
As shown in Figure lc, with increasing EGaln content in the
Ga-PP samples, this peak blue shifts from 1426 to 1434 cm™,
meaning that the added EGaln tends to induce the
transformation of the resonant structure of PEDOT chains
from the quinoid to benzoid structure. Therefore, in the
presence of EGaln, the PEDOT chain prefers the coil
conformation, implying that the deviation angle between two
adjacent thiophene rings on the PEDOT main chain in the
plane increases and thus the 7—n conju§ation degree decreases
along the whole PEDOT main chain,” so the delocalized 7-
electrons tend to be “stored” in individual thiophene rings. In
addition, information on PEDOT interchain interactions
influenced by EGaln was acquired from XRD spectra of Ga-
PP samples since the lattice spacing calculated from the
distinct peak at a 26 of approximately 26° corresponds to the
n—n stacking distance [d(g0)] of interchain thiophene
rings.”’™*” The addition of EGaln causes an increase in
d(o10) with the d(g,0) peak shifting to lower angles (Figure
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Figure 2. Fabrication and characterization of Ga-PP-CT. (a) Photographs of the Ga-PP-CT fabrication process. (b) FESEM images of 0%
Ga-PP-CT and 37.5% Ga-PP-CT with different magnifications. (c) Optical photograph and corresponding Raman mapping results of 12.5%
Ga-PP-CT. Inset: Typical Raman spectra of PEDOT. The optical photograph clearly shows the dark blue Ga-PP-CT and its texture. The
Raman mapping result is generated by using the Raman intensity of the peak at approximately 1429 cm™' to visualize the Ga-PP distribution
on the SF surface. (d) Conductivity of different Ga-PP-CT samples. (e) Stress—strain curves of different Ga-PP-CT samples.

1d,e), suggesting a decrease in the z—x interchain coupling
interaction between PEDOT chains and thus a reduction in
the z—nz interchain charge transfer over an individual
thiophene ring.”> Meanwhile, the conjugated electron
information on thiophene rings can also be observed in XPS
spectra.”” For 0% Ga-PP, the peaks at 162.58 and 163.67 eV
come from the S atoms of the thiophene rings, while these two
peaks in 37.5% Ga-PP shift in the high binding energy
direction, appearing at 162.87 and 164.17 eV, respectively,
indicating a stronger binding interaction between the
thiophene rings and their electrons and thus a lower
conjugated electron mobility (Figure $8).*>*® Notably, the S
2p peaks of PSS also shift toward the high binding energy side
in 37.5% Ga-PP, which may result from the transformation of
PSS into PSS-EGaln induced by the electrostatic interaction
between sulfonate groups and the Ga,O; layer of EGaln
(Figure S9), similar to the result for protonated PSS
(PSSH).>”** Given that PEDOT chains are attached to the
PSS chain through the Coulombic interaction,'" the presence
of EGaln during the EDOT polymerization process would

inevitably influence the Coulombic interaction between PSS
and the obtained PEDOT to a certain extent. Moreover, the
presence of metal oxide particles has been reported to lead to
changes in the bending points of PEDOT chains and influence
the conjugation length of thiophene rings.”” Therefore, the
specific interaction mechanism between PEDOT:PSS and
EGaln can be inferred as follows: (i) due to the combination
with PSS being influenced by EGaln, the bending degree of the
prepared PEDOT chains tends to increase, thus adopting a coil
conformation to achieve a more stable state during the
polymerization process, meaning that the conjugation degree
of thiophene rings in PEDOT chains decreases and thus their
conjugated z-electrons tend to be stored in thiophene rings;
(ii) a reduction in the interchain interaction between PEDOT
chains may arise due to the steric hindrance from the added
EGaln during the polymerization process, thus causing an
increase in the 7— stacking distance and a decrease in the
7—r interchain charge transfer over thiophene rings. Notably,
previous studies showed that water can react with EGaln, thus
producing oxidized Ga species (GaOOH) beyond the Ga,O;
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Figure 3. Noncontact sensing rules and mechanism of Ga-PP-CT. (a) Schematic illustration of the preparation of Ga-PP-CT EF-NFEs. (b)
Schematic illustration of the spatial coordinates set according to the electrical current direction in Ga-PP-CT. (c) Noncontact sensing
response of Ga-PP-CT to translation motion of GR* along the z-direction. Inset: Schematic illustrations of the initial position of GR* and its
final position after moving. (d) Simulation results of the change in the electric field of Ga-PP-CT when GR" approaches and moves away
along the x-direction. The distance between GR* and Ga-PP-CT in the x-direction is labeled d. Notably, the electric field of Ga-PP-CT is
similar to that of negatively charged objects due to the moving electrons on it. (e—g) Noncontact sensing abilities of 0% Ga-PP-CT (e),
12.5% Ga-PP-CT (f), and 37.5% Ga-PP-CT (g) for GR* with a fixed motion state.

. 140,41
oxide,

so GaOOH crystallites produced on the EGaln
surface may also contribute to the combination of EGaln and
PSS by forming hydrogen bond interactions with the sulfonate
groups of PSS. Moreover, given that the thiol group is easily
assembled on the EGaln surface,"”~*" thiophene rings on
PEDOT may also interact with EGaln due to the increase in
the 7-electron density of thiophene rings. Therefore, these two
interactions may contribute to adjustment of the PEDOT
chains, but the detailed interaction mechanism requires further
investigation. Thus, in general, the conformational change of

PEDOT chains in Ga-PP can be illustrated as in Figure 1f.
Initially, PEDOT:PSS, namely, 0% Ga-PP, possesses both coil
However, the
linear or expanded-coil conformation tends to transform into
the coil conformation after EGaln is introduced because the
presence of EGaln induces resonant structure changes in the
thiophene ring on PEDOT chains. With increasing EGaln
content, the coil conformation gradually becomes dominant in
PEDOT chains. Moreover, the addition of EGaln also causes a
decrease in the 7—7 interchain coupling of PEDOT chains.”

. . 27
and linear or expanded-coil conformations.
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Therefore, EGaln can simultaneously regulate the intra- and
interchain z-electron transport pathways of PEDOT chains,
thus achieving electron accumulation on the chains of the
obtained Ga-PP. Clearly, based on the influence of EGaln on
the intra- and interchain interactions of PEDOT discussed
above, the 7-electrons of the thiophene rings of Ga-PP can be
inferred to become more localized at higher EGaln contents.
Hence, the increased “electron storage” is anticipated to endow
Ga-PP-based EF-NFEs with higher sensitivity to the stimulus
of external electric field variations,® thus generating stronger
output signals and showing outstanding noncontact sensing
ability.

The conductivity and solubility of Ga-PP were also
investigated since the former directly influences the con-
ductivity of the obtained electron devices and the latter can
endow Ga-PP with facile solution processability. The addition
of EGaln causes a decrease in the conductivity of Ga-PP as a
consequence of the decreased 7-electron delocalization degree
of PEDOT chains (Figure lg). However, the minimum
conductivity of Ga-PP is still larger than that of the sonicated
Ga LM since without the introduction of suitable sintering
technologies, the obtained nano/microsized Ga LM particles
are insulating due to their separation by encapsulating oxide
layers after sonication treatment.'* The water solubility of Ga-
PP also shows a decreasing trend, reaching approximately 11.5
mg/mL for 37.5% Ga-PP (Figure 1h). Notably, the solid
content of most commercial PEDOT:PSS solutions is
approximately 1.1%—1.5% (11—15 mg/mL). Thus, the water
solubility of Ga-PP is comparable to that of commercial
PEDOT:PSS, making Ga-PP suitable for various processing
techniques in designing flexible electronics.

Preparation and Characterization of Ga-PP EF-NFE
devices. Its good water solubility provides Ga-PP with various
design possibilities in preparing Ga-PP EF-NFE devices. As a
proof of concept, commercial silk fabric (SF) was chosen as a
soft substrate to combine with Ga-PP for EF-NFE device
fabrication. Ga-PP can be easily combined with SF by soaking
SF in a Ga-PP solution for 5 min and then allowing it to dry
naturally (Figure 2a). The obtained conductive textiles were
named according to the Ga-PP samples used, namely, 0% Ga-
PP-CT, 2.5% Ga-PP-CT, etc. Attachment of Ga-PP to SF was
observed by FESEM (Figure 2b), and a homogeneous
distribution of Ga-PP was determined by EDS mapping, as
shown in Figure S10. Obviously, Ga-PP does not destroy the
whole structure of the SF during the soaking process.
Meanwhile, Ga-PP can be tightly deposited on the surface of
silk fibers after drying. Compared with the original fiber with a
smooth surface, the treated silk fibers clearly show tightly
packed Ga-PP on their surfaces. In particular, materials
prepared by directly sonicating Ga LMs with polymers usually
exhibit phase separation in the dry state due to their different
deposition velocities.*”*” However, this phenomenon is not
observed for the treated fibers, meaning that Ga-PP possesses
excellent structural stability and can thus preserve its properties
well when processed. In addition, Ga-PP can be inferred to be
uniformly distributed over the whole SF from the Raman
mapping result (Figure 2c). Intensity differences in the Raman
mapping result are inevitable since not all silk fibers are on the
focal plane due to the woven structure of SE.*® Therefore, the
conductivity of Ga-PP-CT stems from the percolated Ga-PP
and changes accordingly depending on the attached Ga-PP
(Figure 2d).

In addition, the mechanical properties of Ga-PP-CT were
investigated. Generally, SF has good mechanical strength, but
the mechanical properties of 0% Ga-PP-CT dramatically
decrease (Figure 2e). The reason for this is that the ionization
of PSS makes the solution acidic, and the acid treatment causes
some degree of decomposition of the silk fibers, thus negatively
affecting the mechanical properties of SF.* However, an
increase in the EGaln content of Ga-PP contributes to the
recovery of the mechanical properties of SF because the
mechanical strength of silk fibers can be improved by the
interaction with EGaln through their functional groups, such
as carboxyl and hydroxyl groups.*”*° The mechanical perform-
ance of 37.5% Ga-PP is comparable to that of the original SF,
indicating that EGaln can effectively offset the negative impact
of PEDOT:PSS on the mechanical properties of SF (Figure
S11). In addition, the conductive and mechanical properties of
the hydrogel material can be regulated by Ga-PP, as shown in
Figure S12. Therefore, Ga-PP can be inferred to possess the
potential to be combined with various soft materials and
simultaneously adjust their conductive and mechanical proper-
ties for soft electronic device fabrication (Supporting
Discussion 1 and Figures S13 and S14).

Noncontact Sensing Sensitivity and Mechanism of
Ga-PP-CT. Ga-PP-CT was fixed on a PE membrane to test its
noncontact sensing ability under a direct current—voltage
(Figure 3a). To systematically study the noncontact sensing
sensitivity of Ga-PP-CT to moving objects in three-dimen-
sional space, we set the current direction in Ga-PP-CT as the
x-direction and determined the y-direction and z-direction
accordingly (Figure 3b). Considering that the electric field
direction of positive charges differs from that of negative
charges, EF-NFEs should generate different output signals for
moving objects with different charges, but few studies currently
focus on this aspect. Thus, to systematically explore the
noncontact response capability of Ga-PP-CT for signal sources
with different charges, a glass rod rubbed with SF was chosen
as the research object with a positive charge. When the
positively charged glass rod (GR') approached Ga-PP-CT
along the z-direction, the resistance of Ga-PP-CT decreased,
while when GR" moved away along the same path, the
resistance of Ga-PP-CT increased (Figure S15 and Video S1).
In contrast, the SF acquired a negative charge after rubbing it
with the GR, and the resistance change trends of Ga-PP-CT
when the negatively charged SF moved along the same
trajectory as GR* were completely opposite to those for GR*
(Figure S16). Moreover, because the soft SF was difficult to
handle and control during the moving process, a polyurethane
rubber rod (PUR™), which was negatively charged after
rubbing it with PE gloves, was used in the following studies.
The output signal change trends for SF™ movements also apply
to PUR™ movements. Notably, when the charged objects stop
moving, Ga-PP-CT quickly recovers its original resistance
value. Based on these experimental results, the noncontact
sensing rules of Ga-PP-CT are summarized as follows: (i)
positively charged objects approaching Ga-PP-CT and
negatively charged objects moving away from Ga-PP-CT
cause its resistance to decrease, (ii) positively charged objects
moving away from Ga-PP-CT and negatively charged objects
approaching Ga-PP-CT cause its resistance to increase, and
(iii) static charged objects do not cause resistance changes. To
explore the universality and accuracy of the proposed sensing
rules, we investigated the noncontact sensing performance of
Ga-PP-CT regarding translations of charged objects along
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Figure 4. Noncontact sensing ability of Ga-PP-CT. (a) Noncontact sensing signals of Ga-PP-CT when moving GR* 1 m away from it. (b)
Noncontact sensing signals of Ga-PP-CT when moving GR" 15 cm away from it. The signal data can be found in Figure S23. (c) Noncontact
sensing ability of Ga-PP-CT for moving GR" placed on a moving motorized long-travel translation stage, as shown in the photograph (Video
S7). The moving distance and the moving speed of the translation stage are 300 mm and 500 Hz (approximately 1.25 mm/s), respectively.
Inset: Enlarged output signals during different time intervals. (d) Noncontact sensing ability of Ga-PP-CT when placed in water. Notably,
Ga-PP-CT was sealed in a closed box before being placed in water to prevent water intake. Clear and repeatable noncontact signals for
moving GR" can be observed in the photograph. The signal data can be found in Figure S26. (e and f) Conductive circuits with a noncontact
sensing ability drawn with Ga-PP ink on A4 paper (e) and a paper core (f). The signal data can be found in Figure S27.

different directions. Applying a translation motion can ensure
that the motion of the charged objects is only in a specific
direction and avoid motion-producing components in other
directions, so we can carefully investigate the noncontact
sensing ability of Ga-PP-CT for charged objects moving in
three-dimensional space. Moreover, when the translation
distances of the charged objects are sufficiently large in a
specific direction, the objects will first approach Ga-PP-CT and
then move away from it, and incorporating these two motion

states into a whole moving process can further reveal the
noncontact sensing principles of Ga-PP-CT. Figure 3c and
Figure S17 clearly show that the resistance variations of Ga-PP-
CT fully accord with the summarized rules when GR* and
PUR™ are moved from top to bottom or bottom to top along
the z-direction (Video S2). Additionally, experiments in which
the charged objects were translated along the x- and y-
directions adequately demonstrate the universality and
accuracy of the proposed rules (Figure S18, Videos S3and
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S4). Generally, when two objects with different materials
contact each other, transfer of charges may occur, so one of the
objects becomes positively charged while the other becomes
negatively charged.”’ ~ Therefore, the vast majority of objects
in daily life have various quantities of different charges,
suggesting that Ga-PP-CT can be used to detect the motions
of various objects.

The noncontact sensing mechanism of Ga-PP-CT was
revealed by using finite element simulation to analyze the
electric field variation of Ga-PP-CT when charged objects
move. Although the continuous change in the Ga-PP-CT
electric field when charged objects move cannot be simulated,
the whole variation process of the electric field can be divided
into many different transient states to analyze its change rules.
In each transient state, the charge quantities of Ga-PP-CT and
the charged object are constant, and there is no contact
between them nor is any additional charge introduced; thus,
the total charge quantities remain unchanged, and on this
basis, the simulation was carried out. The simulation results
show that in the original state, the electric field of Ga-PP-CT is
elliptical and symmetrical from top to bottom, and the electric
field strength continuously decreases as the distance above and
below Ga-PP-CT increases (Figure 3d). When GR* moves, the
electric field of the Ga-PP-CT is induced to change
accordingly. When GR* approaches Ga-PP-CT (the distance
between GR' and Ga-PP-CT in the x-direction, labeled d,
changes from 2 to 1 and 0 mm), the electric field around Ga-
PP-CT is no longer symmetrical and is gradually induced to
concentrate on Ga-PP-CT on the GR' side and become
stronger. In contrast, GR" moving away tends to make the
electric field of Ga-PP-CT “deviate” from Ga-PP-CT, follow
GR" and become weaker (d changing from 0 to 1 and 2 mm).
The change in the electric field illustrates the redistribution of
charges on Ga-PP-CT.° A more concentrated and stronger
electric field indicates an increased charge density, and the
opposite change represents a decreased charge density.
According to the definition of current intensity, an increase
in the charge quantity on Ga-PP-CT will cause an increase in
the current intensity and a decrease in the resistance at a
certain moment, whereas a reduction in the charge quantity
will lead to the opposite changes in the current and resistance.
Obviously, the impacts discussed above on the electric field of
Ga-PP-CT and its resistance are reversed when PUR™ moves
(Figure S19). Therefore, the proposed noncontact sensing
rules of Ga-PP-CT previously mentioned can be well explained
by the obtained simulation results. Notably, Ga-PP-CT cannot
detect stationary charged objects since the electrostatic field of
charged objects cannot induce charge rearrangement in Ga-PP-
CT. In contrast, moving charged objects generate a change in
the electric field, thus producing a magnetic field accordingly,
so the produced electromagnetic field interacts with that of Ga-
PP-CT to induce charge density redistribution on Ga-PP-CT.

Moreover, the charge redistribution on Ga-PP-CT actually
originates from movement of its electrons. Thus, the
noncontact sensing abilities of different Ga-PP-CT samples
for charged objects with the same motion were measured to
explore the relationship between the electron storage and the
noncontact sensing performance. The rotation motion of GR*
was fixed by a customized device, as shown in Figure S20.
Using this device, the straight-line distance between the lowest
and highest points in the GR" rotation process can reach
approximately 15 cm. Figure 3e—g and Figure S21 show that,
when GR" rotates with the maximum amplitude, Ga-PP-CT

samples with higher EGaln contents show increased sensing
sensitivity and signal strength. The generated signal strengths
of 25% and 37.5% Ga-PP-CT are approximately 1000 times
larger than that of 0% Ga-PP-CT. Even when GR" moves with
a much smaller amplitude (approximately 3 cm), 25% and
37.5% Ga-PP-CT can still produce clear and repeatable signals,
as shown in the inset of Figure 3g and Figure S21b (Video S5).
The noncontact sensing ability of Ga-PP-CT mainly depends
on Ga-PP attached to silk fibers. Thus, as discussed above, Ga-
PP-CT with a higher EGaln content tends to possess higher
electron storage due to the increased m-electron accumulation
on the PEDOT chains of Ga-PP induced by EGaln. When
suffering the same disturbance induced by signal sources, Ga-
PP-CT with higher electron storage can generate stronger
output signals due to the increase in the induced electron
density. Meanwhile, the improved electron storage also
benefits capture of tiny disturbances by Ga-PP-CT, thus
contributing to a larger detection distance. Therefore, the
increase in the accumulated electrons resulting from the
decreased delocalization degree can be inferred to provide a
higher sensitive to external electric field changes, and an
increase in the induced electron density can be inferred to
contribute to producing clearer signals. The influence of
electron storage on the noncontact sensing ability can also be
found in graphene-based noncontact sensors.” Hence,
achieving microregulation of PEDOT chains by EGaln can
be inferred to be an effective strategy for preparing EF-NFEs
with higher noncontact sensing ability. Predictably, moving
charged objects with different charge quantities show different
influences on the electric field of Ga-PP-CT (Figure S22).
Noncontact Sensing Applications of Ga-PP-CT. The
noncontact detection distance is a significant parameter for
noncontact sensors, which directly influences their practical
application. Compared with previously reported EF-NFEs, the
detection distance of Ga-PP-CT is greater than 1 m (Figure 4a
and Table S1). As the distance between the moving charged
object and Ga-PP-CT increases, the generated output signal
strength of Ga-PP-CT shows a decreasing trend (Figure 4b
and Figure $23). When the detection distance increases from 0
to 20 cm, the detection signal strength dramatically decreases,
while as the distance continues to increase to approximately 1
m, the signal strength slowly decreases (Figure $24). However,
the remaining signal strength at 1 m is still clear enough to be
distinguished. Only when the distance exceeds 1 m will the
output signal become too weak to detect (Video S6). Hence,
achieving an increase in the electron storage of EF-NFEs is
clearly an attractive strategy to improve their sensitivity to
electric field changes, thus endowing them with the ability to
capture tiny disturbances in their electric field. Therefore, Ga-
PP-CT shows amazing noncontact sensing performance in
detecting a signal source 1 m away. Moreover, Ga-PP-CT can
not only detect different motion states of moving objects but
also trace the continuous position changes of moving charged
objects in three-dimensional space (Figure 4c, Figure S25, and
Video S7). As the moving distance of the translation stage that
the moving GR" is placed on increases, the moving GR*
continues to move away from Ga-PP-CT, and the whole
process can be reflected in the decreasing output signal
strength of Ga-PP-CT. Therefore, Ga-PP-CT possesses the
potential to detect complex motions of charged objects in
three-dimensional space. Considering that the electric field of
Ga-PP-CT is not a uniform spherical field, Ga-PP-CT should
produce different noncontact signal data when moving charged
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Figure 5. Noncontact sensing applications of Ga-PP-CT. (a) Schematic illustration of noncontact sensing applications of Ga-PP-CT to
identify different sports (Video S10). (b—d) Noncontact sensing signals generated by Ga-PP-CT when the volunteer skips rope (b), juggles a
ping-pong ball (c), and juggles a tennis ball (d). Insets: Enlarged noncontact signals.

objects are located at different positions, meaning that, by
designing suitable signal decoupling technologies, the precise
locations of moving charged objects can be calculated by
analyzing the output sensing data. In addition, the acute

noncontact sensing ability and the greater penetration ability of
electric fields allow Ga-PP-CT to sense moving charged objects
even when Ga-PP-CT is placed in water or sealed in a box,
meaning that Ga-PP-CT possesses the potential to work in
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different complex environments to perform noncontact remote
sensing (Figure 4d, Figure S26, and Video S8).

Moreover, due to the excellent water solubility of Ga-PP, its
water solution can be used as ink in a rollerball pen to draw
conductive circuits. Amazingly, circuits drawn on paper or a
paper core also display a noncontact sensing ability (Figure
4e,f, Figure S27, and Video S9), so a conductive circuit with a
noncontact sensing ability can be conveniently constructed on
a planar or curved surface by using Ga-PP ink. To further
illustrate the practical application of Ga-PP ink, a commercial
conductive ink, Bare Conductive Electric Paint, which has
proven useful in preparing nonconductive sensors, was
purchased to construct conductive circuits to compare their
noncontact sensing performances. The giraffe-shaped con-
ductive circuits drawn with Electric Paint cannot generate
distinguishable electrical signals due to the insufficient Electric
Paint. Only when a considerable amount of Electric Paint is
used to construct the conductive circuits can the obtained
circuits produce a clear electrical signal (Figure $28). In
contrast, Ga-PP-based conductive circuits with a few simple
lines can generate clearer and stronger detection signals.
Therefore, Ga-PP can be inferred to be more suitable for
constructing noncontact sensing conductive circuits anywhere
that ink can be applied, showing potential to be incorporated
into an electrical network of smart devices to support
noncontact human—machine interactions.

Considering that the electrostatically charged human body
can be seen as a natural signal source and that the movement
of the human body will lead to a redistributed electric field
nearby, EF-NFEs show great potential in noncontact detection
of human activities. However, human activities often involve a
large space. With limited detection distances, current EF-NFEs
can only capture those activities occurring within their
detection range, so previously reported EF-NFEs can only be
used to detect finger proximity or hand gestures in a narrow
distance range. Given that daily human activities are complex,
when the human motion distance increases, these EF-NFEs fail
to generate detection signals. Obviously, their spatial resolution
is limited, far from being used in detecting everyday human
activities. To demonstrate the applications of Ga-PP, Ga-PP-
CT was used to detect different physical exercises. Ga-PP-CT
can track the process of volunteers playing different sports
(Figure Sa and Video S10). When a volunteer begins skipping
rope, Ga-PP-CT generates corresponding sensing signals, and
when the volunteer stops, Ga-PP-CT quickly recovers its
resistance state (Figure Sb). The obtained signal strength and
frequency are closely related to the volunteer’s performance in
the process of skipping rope. In addition, the process of
juggling ping-pong balls or tennis balls can be recorded by Ga-
PP-CT (Figure Sc,d). Notably, Ga-PP-CT produces different
signal shapes for different sports, so its noncontact sensing
signals also contain information on the motion types of the
charged objects, meaning that Ga-PP-CT can not only detect
the precise positions of charged objects but also distinguish
their motion types. Therefore, compared with previously
reported EF-NFEs, we successfully demonstrate that Ga-PP-
CT can be used to monitor the movement signals of athletes in
different sporting events. Notably, Ga-PP-CT was placed in
water in the above sensing experiments, so it may also be
suitable for monitoring underwater sporting events. Hence, we
successfully show the potential application of Ga-PP-CT to
detect different human activities.

CONCLUSION

In summary, we report a conductive polymer chain micro-
regulation mechanism to design conductive materials with
improved electron storage for EF-NFEs with high spatial
resolution. The intra- and interchain interactions of PEDOT
chains are successfully adjusted by introducing EGaln to
achieve electron accumulation on the chains, based on which
an attractive conductive material, Ga-PP, is prepared. Without
designing complex sensor arrays, the Ga-PP-based noncontact
sensor can be easily fabricated by soaking fabric in a Ga-PP
solution. The obtained Ga-PP-CT with a noncontact detection
distance exceeding 1 m can not only accurately trace
continuous changes in the positions and motion states of
charged objects but also work properly even when embedded
in water. The investigations of the noncontact sensing
performance of Ga-PP-CT successfully reveal the relationship
between the high noncontact sensing sensitivity and the
increased electron storage. Meanwhile, its abundant electron
storage endows Ga-PP with the ability to construct conductive
circuits with a noncontact sensing ability. We further
demonstrate the potential of Ga-PP in identifying different
physical exercises. Therefore, Ga-PP possesses vast design
possibilities in EF-NFEs, ranging from incorporation into the
electrical networks of intelligent devices to noncontact remote
sensing, thus offering interesting human—machine interaction
possibilities.

EXPERIMENTAL PROCEDURES

Materials. EDOT and EGaln were purchased from Bide
Pharmatech Ltd. and Shenyang Jiabei Commerce Ltd., respectively.
PSS (M.W. 75000) and APS were obtained from Alfa Aesar and
Sinopharm Chemical Reagent Co., Ltd., respectively. SF was
purchased from the Sichouzhilu 7187 store on the Taobao E-
commerce Trading Platform.

Fabrication of Ga-PP. First, 0.68 g of PSS was dissolved in 6 g of
deionized water, and then, 0.4 g of EDOT was added dropwise into
the obtained PSS solution under continuous stirring. Then, 1 g of APS
was added and dissolved, followed by the addition of 4 mL of an
EGaln solution. The reaction solution was stirred for 24 h at room
temperature to polymerize EDOT. Finally, Ga-PP powder was
obtained by vacuum suction filtration to remove redundant reagents
and lyophilization. EGaln solutions were prepared by adding a specific
mass of EGaln to 4 g of deionized water and then applying probe
sonication to break up the bulk EGaln (15 min, 20% power output,
ultrasonic cell disruptor JYD-1800L with a 6 mmg probe, Shanghai
Zhixin Instrument Co., Ltd.). The 0% Ga-PP, 2.5% Ga-PP, 12.5% Ga-
PP, 25% Ga-PP, and 37.5% Ga-PP samples required 0, 0.01, 0.05, 0.1,
and 0.15 g of EGaln, respectively. Notably, EGaln solutions should be
used as early as possible after sonication to prevent precipitation of
EGaln.

Fabrication of Ga-PP-CT. First, a Ga-PP solution with a mass
fraction of 1% was prepared, and then, the cut SF was soaked in the
prepared Ga-PP solution for S min, followed by natural drying.
Notably, with increasing soaking time, the mechanical properties of
silk fibers may decrease, so the optimal soaking time is 5 min.
Additionally, regulation of the conductive and mechanical properties
of Ga-PP-CT can be achieved by using different Ga-PP solutions, so
we only soaked the SF in the Ga-PP solution for 5 min.

Fabrication of Ga-PP-CT NFEs for Noncontact Sensing
Tests. Ga-PP-CT was fixed on a piece of PE membrane that was cut
from a PE transparent plastic ziplock valve bag with double-sided tape
to protect Ga-PP-CT from contamination. Subsequently, EGaln was
applied to Ga-PP-CT before placing conductive copper tape on the
sample to reduce the contact resistance between Ga-PP-CT and the
copper tape.
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Fabrication of Ga-PP Conductive Circuits. Ga-PP possesses
good water solubility, so a 1% Ga-PP solution can act as conductive
ink, which can be injected into the empty tube of a roller ball pen to
draw a conductive circuit.

Characterization. Images of the morphologies of Ga-PP and Ga-
PP-CT and the distribution of Ga in them were collected by FESEM
(Zeiss Gemini SEMS00) equipped with EDS (EDS Aztec X-Max
Extreme EDS), and the data were collected and analyzed by ZEISS
SmartSEM User Interface v.6.01 and RemCon 32 software. High-
resolution transmission electron microscopy (HRTEM) images of the
sonicated EGaln particles and the corresponding element mapping
results were obtained with an FEI Tecnai F20. The FTIR spectra of
Ga-PP were recorded using a Thermo Scientific Nicolet iS10 and
treated by Omnic v.8.2 software. The Raman spectra of Ga-PP were
recorded by a Renishaw In Via Qontor confocal Raman microscope
that used a 785 nm excitation laser (1 s exposure time, 0.1% laser
power for a single Raman spectrum; 0.1 s exposure time, 1% laser
power for Raman mapping spectra), and the obtained Raman results
were analyzed by WiRE 5.3 software. XRD spectra of Ga-PP were
obtained using a Bruker D8 ADVANCE X-ray diffractometer with Cu
Ka radiation, and the 7—7 stacking distance of Ga-PP was calculated
by Jade 6.1 software. XPS spectra of Ga-PP were recorded with a
Thermo Scientific K-Alpha with Al Ka radiation, and the collected
XPS results were analyzed with XPSPEAK 4.1 software. The
conductivities of Ga-PP and Ga-PP-CT were measured by four-
probe resistivity test systems (ST2241 and ST2463). To measure the
conductivity of Ga-PP, Ga-PP powder was first pressed into a tablet
(radius, 13 mm; thickness, approximately 0.5 mm), and the thickness
of Ga-PP-CT was approximately 0.2 mm. To measure the water
solubility of Ga-PP, 1 mL of a Ga-PP saturated solution was dried in
an oven at 70 °C until a steady mass was obtained. The mechanical
properties of Ga-PP-CT were tested using an Instron 5966 tensile
tester equipped with a 1 kN load cell at a loading rate of 10 mm/min,
in which Ga-PP-CT was cut into strips with dimensions of
approximately 15 mm X S mm for the test, and the obtained data
were analyzed by Instron Bluehill Universal v.4.08 software.

Simulations Based on the Finite Element Method (FEM).
The electric field variation of Ga-PP-CT during the moving process of
charged objects was simulated via the Electrostatics module of
COMSOL Multiphysics software. The physical field was set up as
shown in Figure S29. The length, width, and height of the physical
field were 30 mm (x-direction), 10 mm (y-direction), and 14 mm (z-
direction), respectively. A boundary area of the physical field with a 1
mm thickness was set up as an infinite element domain. All
boundaries of this model were set as grounds. The diameter and
height of the dielectric rod were 2 mm (x-direction) and 3 mm (y-
direction), respectively. A simplified three-dimensional model of Ga-
PP-CT was created according to its SEM images. The distances in the
y-direction and z-direction between Ga-PP-CT and the dielectric rod
were fixed at 0 and 1 mm, respectively. The distance in the x-direction
between Ga-PP-CT and the dielectric rod was labeled d, where d = 0,
1, and 2 mm. The relative permittivities of Ga-PP-CT and the
dielectric rod were €, g, pp.cr = 91.58 and ¢, 4 = 2.10, respectively.
The space charge densities of Ga-PP-CT and the dielectric rod were
Pvsisc = 70.01 C/m> and py_q = % 0.0005 C/m® (— for the GR*
study, + for the PUR™ study), respectively. The electric field variation
of Ga-PP-CT during the moving process of the charged objects was
described using the following equations:

V-D =p,
E=-VV
D = gy E

where V is the Laplace operator, D is the electric displacement, py is
the space charge density, E is the electric field, V is the electric
potential, and &, and &, are the permittivities of vacuum and the
materials (Ga-PP-CT and the dielectric rod).

Noncontact Sensing Tests. For the noncontact sensing tests, the
real-time resistance-time curves of Ga-PP-CT and Ga-PP-based
conductive circuits were acquired using a Keithley 2604B

SourceMeter instrument controlled by Ke2600S measurement
software v.6.21 (Wuhan Zeal Young Technology Co. Ltd.). In
noncontact sensing experiments, the applied voltage was set to 0.4 V
in the software interface. Unless otherwise stated, noncontact sensing
experiments were carried out using 2.5% Ga-PP-CT. GR* was
prepared by rubbing a GR with SF, and PUR™ was prepared by
rubbing a PUR with disposable PE gloves. The rubbing time was fixed
at 30 s unless otherwise stated. The customized moving device shown
in Figure S20 was used in the following noncontact sensing
experiments: (i) exploring the noncontact sensing abilities of different
Ga-PP-CT samples, (ii) exploring the influence of the charge quantity
of moving objects on the noncontact signal strength of Ga-PP-CT,
(iii) exploring the detection distance of Ga-PP-CT, and (iv) exploring
the noncontact sensing ability of Ga-PP-CT for a moving signal
source. In other noncontact sensing experiments, the movements of
GR" and PUR™ were controlled by hand to demonstrate the
noncontact sensing performance of Ga-PP-CT and Ga-PP-based
conductive circuits. In experiments exploring the noncontact sensing
ability of Ga-PP-CT for GR" with different charge quantities, the
amount of positive charge on the GR was regulated by controlling the
rubbing time between the GR and SF. In addition, the GR that had
been washed with water to remove the charge on it was used as the
control. The strength of the produced electric field when GR/GR"*
moved was measured by an electromagnetic field tester (LZT-1000,
Beijing Longzhentian Electronic Instrument Co., Ltd.). Notably, since
the rubbing strength and speed controlled by hand cannot be fully
consistent, the charge transfer amount between the GR and SF may
differ at the same rubbing time, thus leading to a difference in the
produced electric field strength when GR" moves in each test.
However, the increasing trend of the obtained electric field strength
with increasing rubbing time was stable (Figure S22d), so the
investigation that explored the noncontact sensing ability of Ga-PP-
CT for moving objects with different charge quantities could not be
influenced.
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