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A B S T R A C T   

Intelligent wearables with integrated biomechanics and biomolecule multimodal sensing systems are crucial for 
personalized healthcare. However, the modes of action of biomechanics and biomolecule sensing work in 
different ways. Hence, a method for manufacturing biomimetic fibers made of polyvinylidene fluoride (PVDF) 
@silver (Ag) is initially devised, and a textile carrier serves as a link for multimodal sensing of biomechanics and 
biomolecules. PVDF nanofiber membranes are created using a one-step electrospinning process. Next, by 
lowering the silver ion’s reduction potential, compact and homogenous Ag nanoparticles (NPs) are formed in-situ 
on the high-curvature PVDF fibers. Consequently, a PVDF@Ag fiber membrane with a piezoelectric response and 
a localized surface plasmon resonance (LSPR) effect is created, making it suitable for wearable sensors that can 
detect secreta molecules as well as muscle movements. PVDF@Ag fiber is twisted, taking inspiration from the 
spiral structure of butterfly antennae. Compared to untwisted, twisted PVDF@Ag fiber, this produces a surface- 
enhanced Raman scattering (SERS) output signal that is more stable and can resist for signal attenuation caused 
by tensile deformation during wearable sensing. The “fingerprint” spectra of SERS enable noninvasive extraction 
and detection of secretion signals at sweat and respiration. Additionally, a plausible correlation between the 
range of secretions produced and health-related data is examined. Additionally, the integrated PVDF@Ag by 
polyester fabric exhibits superior air permeability, moisture absorption, and antimicrobial properties. And, this 
multimodal sensing mechanism has an algorithm implanted with deep learning support. All things considered, 
the PVDF@Ag fiber functions as a bridge between biomolecules and biomechanics, which is essential for ap
plications involving wearable healthcare management.   

1. Introduction 

There is a connection between wearable biomechanics and bio
molecules sensing on the skin and future tailored health care [1,2]. A 
seamless evaluation of life health benefits greatly from merging 
biomechanics detection and biomolecule recognition in addition to 
breaking through the barrier in a typical stiff sensor [3–5]. Using 
multiplex sensing mechanisms to monitor biomolecules and biome
chanics simultaneously, such heart rate, [1], muscle activities [6–11] 
and perspiration [12] is a persuasive approach. A number of piezor
esistive or piezoelectric wearable sensors have found successful 

applications during the last ten years, such as those for vibrating voice 
cords, breathing movements, physical activity, pulse vibration, and 
more [13]. However, real-time molecular health monitoring, which is 
essential for accurate individual diagnosis and customization of a 
physical sign, is still lagging due to the lack of wearable analysis tech
nology of molecules at the epidermis. Currently, popular wearable 
bio/chemical sensing technique is electrochemical analysis, where 
specific current or potential measurement is employed to analyze elec
trolytes (K+ and Na+) [14–18] and metabolites (lactate and glucose) 
concentrations in sweat [19–21]. However, these sensors are limited to 
detecting a single target molecule at a time and frequently fail to offer 
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essential biomechanics on the human body. To evaluate health status, 
however, combined sensing for biomechanics and biomolecules is 
typically necessary in order to get all pixels of dynamic health infor
mation [12]. Thus, the next advancement in wearable health monitoring 
might be multimodal detection for muscular strain and epidermal 
secretion combined via clothes carrier. Flexible plasmonic nanofiber 
membranes have attracted a lot of attention because of their excellent 
clothing integration qualities, electroconductivity, and photo-response 
at the nanoscale scale [22,23]. 

Because of high porosity, excellent mechanical property and large 
surface area to volume ratio, electrospinning is a valuable method for 
fabricating diverse functional nanofibers as photoelectronic devices 
[24], bionics [25] and optical sensors [26]. For instance, electrospun 
Au/thermoplastic polyurethane nanofibers were employed to detect the 
pH of sweat by surface-enhanced Raman scattering (SERS) spectroscopy 
[27], which not only preserve the fast, noninvasive, and label-free 
detection but also address the drawback of the weaker Raman signal 
strength [22,23]. The polyvinylidene fluoride (PVDF) fiber is an excel
lent piezoelectric material [28–30]. Fan et al. develop a sweat permeable 
PVDF piezoelectric nanoyarns by three-dimensional textile technology, 
which provides a practical strategy for developing comfortable wearable 
electronic devices [28]. However, one practical strategy for achieving 
multimodal sensing could be to plasmonically functionalize PVDF fiber. 
For example, a sort of electrospun PVDF@Au nanofiber was developed 
for bacteria detection using SERS spectrum in our previous study [23]. 
And, in order to achieve sufficient piezoelectricity, the β-phase of PVDF 
must be preserved during the plasmonic functionalization process. It is 
therefore crucial to preserve the piezoelectricity during the plasmonic 
functionalization process, since this could result in both a sensitive 
piezoelectric signal and a stable SERS signal. 

It is foreseeable that wearable health detection will eventually grow 
along the path of clothing integration [5]. For example, Tao et al. present 
a braided electronic cord strategy based on the core-spun pressur
e-sensing yarn technique [31], through artificial intelligence technology 
acting as a cognitive engine and multifunctional textile acting as sensing 
units, which would pave the path for wearable medicine and healthcare. 

Nevertheless, the use of plasmonic devices for wearable sensing is still 
relatively new; the primary challenge is preserving structural stability in 
the face of repeated physical activity and muscle contractions. For 
example, the nano-gap created at the plasmonic sensor array often re
tains localized surface plasmon resonance (LSPR) activity and is highly 
sensitive to changes in the distance and structure of the nanometer scale. 
However, muscular movements will undermine the LSPR sensing ‘‘hot 
spots’’ structure, which will impact the wearable SERS detection 
outcome. In order to mitigate the effects of physical activity-induced 
deformation, Wang, Liu, et al. created a tiny guard ring to shield the 
Au superlattice’s ‘‘hot spots’’ structure from physical activity and 
maintain the stability of the SERS signal intensity [32]. Furthermore, 
compared to single-layer nanostructures, multilayered plasmonic 
nanostructures exhibit superior SERS signal homogeneity and stability 
according to our earlier research [33,34]. One possible design to with
stand the effect of deformation during wearable SERS sensing is multi
layered ‘‘hot spots’’. Furthermore, the anti-interference sensing methods 
are essential, particularly when it comes to taking advantage of wear
able technology’s integrated bio/chemical and biomechanical sensors. 

As a result, an intelligent pretreatment plan for PVDF@Ag bio
mimetic fiber was initially created. (Scheme 1). First, a one-step elec
trospinning procedure was used to create the PVDF nanofiber 
membrane. Second, by lowering the reduction potential of Ag+ ion, the 
compact and homogenous sliver nanoparticles (AgNPs) are formed in- 
situ on the high-curvature fibers of PVDF. Multiple contact surfaces, such 
as those made of rice husk (Scheme 1a and b), have a super hygroscopic 
capacity that makes them ideal for collecting sweat, absorbing moisture, 
and detecting SERS (Scheme 1c and d). Twisted fiber of PVDF@Ag is 
designed with inspiration from the spiral structure of butterfly antennae 
(Scheme 1e). This results in a SERS output signal that is more stable than 
untwisted, which could resist the signal decay caused by wearable ten
sile deformation. Consequently, a PVDF@Ag fiber with various piezo
electric response and LSPR effect capabilities was created, making it 
suitable for wearable muscle movement and secreta molecule moni
toring (Scheme 1f, g, h). Thirdly, complex biomechanics and biomole
cule signals are intended to be recognized by a machine learning system 

Scheme 1. PVDF@Ag biomimetic fiber enables wearable biomechanics and biomolecules sensing. (a) Microscopic surface of rice husk. (b) The PVDF@Ag bio
mimetic preparation preferred the rice husk surface. (c) The highly hygroscopic PVDF@Ag fiber was attracted to rice husks. (d) Detection of molecules in sweat by 
localized surface plasmon resonance effect. (e) Microscopic surface of the antennae of the butterfly. Wearable health monitoring using biomechanics (f and g) and 
biomolecules (h). 
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that integrates the PVDF@Ag fibers. Additionally, a precise survey 
comparing the physiological data of the human body with the output 
spectrum of secretions is also looked into. Overall, the PVDF@Ag fiber 
fills the detection gap between the biomolecule and biomechanics. Using 
an integrated sensing mechanism like this one allows wearable sensing 
to prioritize human health assessment. 

2. Results and discussion 

2.1. PVDF@Ag fiber preparation and characterization 

Four procedures were used to prepare the PVDF@Ag flexible mem
brane (Fig. 1a–d). A straightforward one-step electrospinning technique 
was used to create the PVDF nanofiber membrane that doped the hy
droxylamine hydrochloride (HHE) (Fig. 1a). PVDF, being a poly
crystalline polymer, exhibits three distinct chain conformations: (i) the 
β-phase of the planar zigzag all-trans (TTTT) conformation, (ii) the α- 
and δ-phases of the alternating trans-gauche (TGTG′) conformations, 
and (iii) the γ- and ε-phases of the T3GT3G′ conformation. [30]. Because 
of the electrostatic repulsion and high reduction rate of Ag+, direct 
growth of AgNPs on the PVDF fiber is challenge. Hence, an Au 
seed-mediated synthesis is employed for fabrication of nanofiber of 

PVDF@Ag. Firstly, ethanol is employed to induce the phase trans
formation from α-phase to the β-phase, the loading of Au seeds was 
achieved by mixing PVDF with solution of HAuCl4, and HAuCl4 was 
reduced by NaBH4 (Fig. S1). The above method of successive ionic layer 
adsorption reaction was also studied (Fig. 1c and Fig. 1e1–e4). By using 
this method, Au seeds can sprout on the PVDF fiber surface; however, at 
cycles 2, 4, 6, and 8, the Au seeds (approximately 20 nm) are sparsely 
grown on the PVDF surface (Fig. 1e1–e4). Au seeds displayed partial 
aggregation on PVDF fiber surface as growth cycles increased (Fig. 1e4). 
Through the above experimental research, successive adsorbent growth 
is impossible to produce compact and uniform Au and Ag nanoparticles 
on the high curvature fiber of PVDF, which limits the fabrication of 
plasmonic nano-sensors of PVDF fibers. Finally, the nanofiber mem
brane of PVDF@Ag prepared by seeds-mediated and potential-lowed 
reduction are shown in Fig. 1f1–f4, and photographs of fibrous mem
brane of PVDF@Ag are shown in Fig. S2. Nanofiber of PVDF@Ag is 
made up of five main elements of C, F, O, Ag and Au (Fig. 1g1–g5 and 
Fig. S3). 

Controlling the pace of reduction reaction is the key to creating 
PVDF@Ag nanofiber with a homogeneous and dense distribution of 
AgNPs. Due to the high reduction potential of Ag+ ions, self-nucleation 
occurred when ascorbic acid reducer was combined with Ag+ ions, 

Fig. 1. Illustration of the fabrication process of the fiber membrane of polyvinylidene fluoride (PVDF)@Ag. (a) and (b) electrospinning preparation of PVDF 
nanofiber membrane by doping the hydroxylamine hydrochloride (HHE); (c) PVDF@Au seeds was prepared by repetitive ionic layer adsorption reaction, where 
HAuCl4 was reduced by NaBH4; (d) PVDF@Au seeds-mediated synthesis is used for fabrication of PVDF@Ag nanofiber; (e1-e4) SEM images of PVDF@Au seeds 
prepared by ionic layer adsorption reaction of 2, 4, 6 and 8 times; (f1-f4) SEM images of fiber membrane of PVDF@Ag through potential-lowed and seeds-mediated 
reduction; (g1-g5) EDS element mapping of PVDF@Ag membrane’s C, F, O, Ag, and Au. 
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resulting in the deposition of a small amount of AgNPs on PVDF fiber. 
Based on our previous study [23,34], AgNO3 was employed as the metal 
source, ascorbic acid as reductant, acetonitrile as coordinating ligand, 
ethanol as surface modifier and polyvinyl pyrrolidone (PVP) as the 
additional capping ligand. The nitrile group present in acetonitrile has 
the ability to bind with Ag+ ions to decrease their reduction potential, 
hence preventing self-nucleation. 

By inserting the PVDF@Au seeds into the growth fluid, the seeded 
growth of PVDF@Ag was started. The generated outcomes of a range of 
growth solutions in the absence of ethanol, acetonitrile, or PVP are 
displayed in Fig. 2a–c, respectively, to further demonstrate the crucial 
significance of recipe. However, the surface of PVDF fibers has signifi
cant blank patches and uneven AgNP aggregation (Fig. 2a–c). PVP is 
often a type of capping ligand that can disperse nanostructures and 
stabilize atomic monomers [23]. Additionally, we discovered that the 
nitrile group plays a key role in promoting the in-situ growth of AgNPs on 
the PVDF fiber surface and inhibiting the self-nucleation process. As 
seen by the UV–vis spectrum of the growth solution in Fig. S4, when 
PVP, Ag+ ion, and ascorbic acid were combined without acetonitrile, 
there was a clear self-nucleation of AgNPs. This further establishes the 
critical role of acetonitrile. Ag atoms may germinate on the surface of 
PVDF nanofibers, acetonitrile coordination may decrease the Ag+ ion’s 
reduction potential, and Au seeds may encourage the reduction of Ag+

ions. Ag nanoparticles with a homogeneous and dense distribution could 

be formed on PVDF’s high curvature fiber using this seed-motivated 
reduction technique (Fig. 2d and Fig. S5). 

Through the use of FTIR spectra and XRD patterns, the phase tran
sition and adsorption mechanism between the PVDF and Au/Ag contact 
were examined. The FTIR spectra and XRD patterns of PVDF, PVDF@Au 
seeds, and PVDF@Ag nanofiber are displayed in Fig. 2e and f. The FTIR 
spectra (Fig. 2e) demonstrated the PVDF nanofibers’ relative β-phase 
content. Compared to pure PVDF membrane (Fig. S6), doping the HHE 
could improve the content of β-phase and restrain the vast decrease of 
β-phase during the plasma functionalization of PVDF fiber. Based on 
Lambert Beer’s law [35,36], the content of β-phase is 87.2 % 
(PVDF-HHE), 85 % (PVDF@Au seeds) and 76.4 % (PVDF@Ag nano
fiber). The content of β-phase shows a small drop after plasmonic 
functionalization of fiber PVDF-HHE, in contrast to the undoped PVDF 
of HHE, but which is adequate for piezoelectric response sensing [23, 
29]. 

Although ethanol cannot dissolve PVDF, it can induce the molecular 
chains to phase convert on the surface at shallow depths. As the ethanol 
evaporation, the β-phase will gradually turn into amorphous or other 
phases. Additionally, bits of β-phase are held on the PVDF surface due to 
AuCl4- coordination, which aids in the germination of Au seeds on the 
PVDF fiber surface. Meanwhile, the XRD pattern shows five diffraction 
peaks at 2θ of 38.3◦, 44.6◦, 64.7◦ and 77.5◦ correspond to the (111), 
(200), (220) and (311) lattice plane of face centered cubic (fcc) Ag 

Fig. 2. Growth mechanism of Ag on the surface of PVDF fiber. AgNO3, ascorbic acid, acetonitrile, PVP and PVDF@Au seeds made up the reactant in (a); AgNO3, 
ascorbic acid, ethanol, polyvinyl pyrrolidone (PVP) and PVDF@Au seeds made up the reactant in (b); AgNO3, ascorbic acid, acetonitrile, ethanol and PVDF@Au seeds 
made up the reactant in (c); AgNO3, ascorbic acid, acetonitrile, PVP, ethanol and PVDF@Au seeds made up the reactant in (d); Where PVDF@Au seeds is introduced 
to initiate reduction of Ag+ ion; (e) FT-IR spectra and (f) XRD pattern of membrane of PVDF, PVDF@Au seeds and PVDF@Ag nanofiber respectively; (g) Dipoles 
between -NH2 groups of hydroxylamine hydrochloride and -CF2 groups of PVDF chains; (h) Positive group on the PVDF surface is activated by ethanol; (i) Ag nano- 
monomers deposited on the PVDF surface with the Au seed as the site of nucleation. 
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(Fig. 2f) [37], and the diffraction peaks of 17.6◦, 18.5◦ and 20.1◦ belong 
to (100), (020) and (110) crystal planes of α-phase respectively [30,38]. 
A strong peak located at 20.7◦ belong to (110) and (200) crystal planes 
of β-phase [30]. Furthermore, the phase transition of PVDF will be 
brought about by hydrogen bonding and the electrostatic interaction 
between C-F bonds and ethanol. Additionally, the electropositivity of 
PVDF nanofibers will be generated by the ordinal arrangement of CH2 
dipole (δ+) and it will adsorb AuCl4- [23]. An all-trans β phase PVDF is 
formed when the high electric field and uniaxial stretch during elec
trospinning induce the molecular chain conformation of PVDF to rotate 
and arrange them parallel in the direction of the electric field (Fig. 2g). 
At the same time, in the electrospinning process, a large amount of -NH2 
groups contained in HHE can bond with negatively charged -CF2 groups 
in PVDF to form NH2-CF2 dipoles. The positively charged -CH2 group in 
PVDF and the -NH2 group in HHE, and the negatively charged -CF2 
group in PVDF and the -OH group in HHE will all repel. The creation of 
the β phase will occur because of the consistent PVDF chain orientation 
under the combined influence of the NH2-CF2 dipole and repulsive force. 
After soaking in ethanol, the PVDF surface’s positive group is activated, 
which facilitates binding to negatively charged groups (Fig. 2h). The 
activated PVDF was immersed in HAuCl4 solution, and the AuCl4- ions 
had electrostatic adsorption with the PVDF surface. Ultimately, by 
immersing sodium borohydride, the AuCl4- ions adsorbed on the PVDF 
surface were converted to Au seed. The acetonitrile and Ag+ have a 
coordination effect during in situ growth with growth solution, which 
lessens the self-nucleation phenomena. As shown in reaction system 
constituted by acetonitrile, ethanol, PVP, AgNO3 and ascorbic acid 
(Fig. 2i), with the Au seed serving as the site of nucleation, the stable and 

evenly distributed Ag nano-monomers would progressively accumulate 
on the PVDF surface. Furthermore, we were shocked to learn that the 
PVDF surface’s hydrophilicity improves when it becomes plasma func
tionalized (Fig. 2g, h, i and Fig. S7), which is advantageous for the 
adsorption detection of liquid human secretions. 

2.2. Multifunctional sensing for biomechanics and biomolecules 
employing the PVDF@Ag fiber 

Wearable health monitoring by integrated biomechanics and 
biomolecule sensing via clothes carrier is a workable approach. 
PVDF@Ag nanofiber has the potential to combine SERS detection and 
piezo-response mechanisms. First, the piezoelectric response was used to 
study the biomechanics monitoring mechanism (Fig. 3a). Fig. 3b and 
Fig. 3c display the piezoelectric outputs at various intensities and fre
quencies. The output voltage rises from 2 V to 4 V in proportion to the 
rising impact frequency. There is a good linear relationship between the 
pressure and the output voltage and current, which both climb with 
increasing pressure. 

As shown in Fig. S8, the segmented linear relationships between 
voltage and pressures are located at the range of 0–10 Kpa, 10–30 Kpa 
and 30–120 KPa. It turns out that the sensitivity value of S is 0.49 KPa− 1, 
0.09 KPa− 1, 0.01 KPa− 1 and the linearity value of R2 is 0.9857, 0.9335, 
0.9999 at the range of 0–10 KPa, 10–30 Kpa and 30–120 KPa respec
tively; The sensitivity of pressure response was to 155 ms (Fig. S9). 
PVDF@Ag membrane contacted by polyimide film (Fig. S10-S12) was 
subjected to 60 N of force and 0.25–1.33 Hz of frequency during testing. 
The output current rises from 1 nA to 6 nA as the impact frequency 

Fig. 3. (a) Schematic diagram of the working principle of PVDF for piezoelectric sensing; Piezoelectric output voltage at different (b) pressures and (c) frequencies; 
(d) The durability of piezoelectric output after continuous cycles; (e) Schematic diagram of SERS detection of biomolecules by PVDF@Ag fiber; (f) SERS spectra of 
thiram at different concentrations detected by PVDF@Ag; (g) Linear calibration plot between SERS intensity and concentration; (h) SERS spectra of thiram obtained 
at 16 spots from surface of PVDF@Ag fiber. 
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increases (Fig. S13 and S14). After 7000 continuous loading cycles at a 
pressure of 5 KPa, the current nearly stays constant, and the enlarged 
views further show the stable sensing current (Fig. 3d). In order to 
evaluate the SERS performance of PVDF@Ag fiber (Fig. 3e), the SERS 
signals of thiram molecules adsorbed on the surface of PVDF@Ag are 
collected (Fig. 3f, g and h) and (Table S1). The linear calibration plot 
between the signal intensity and thiram concentration at 1378 and 
559 cm− 1 is shown in Fig. 3f and g, and the LOD is 0.1 nM. According to 
the statistic of thiram peaks at 1378 cm− 1, the calculated relative stan
dard deviation (RSD) is 8.2 % (Fig. 3h). PVDF@Ag fiber’s method of 
action allows it to detect multimodal signals by sensing biomechanics 
and biomolecules. 

2.3. PVDF@Ag fiber’s biomimetic helix for obtaining a steady SERS 
signal 

Biomolecules serve as a crucial source of health data for wearable 
sensing. One potential mediator to close the gap between biomechanics 
and biomolecule sensing is PVDF@Ag. The primary problem for wear
able SERS sensing is mechanical robustness under deformation. How to 
keep the signal stable and sensitive is a major difficulty. The PVDF@Ag 
twisted fiber was created to reduce the impact of cutaneous deforma
tion. (Fig. 4a1–a4), Fig. 4a5 also displays a high-resolution TEM image 
and a microscopic view of the PVDF and Ag contact. The PVDF@Ag fi
ber’s biomimetic helix was attracted to the butterfly’s detecting 

antennae shown in Fig. 4b. Twisting is a densification process that may, 
in fact, enhance hotspot densities at the macroscale (Fig. 4c, d and 
Fig. S15), but this density gain is minimal at the nanoscale. The main 
cause of the signal attenuation of the PVDF@Ag membrane without 
twist may be the increase in fiber distance of the membrane under 
tensile deformation, which usually produce void (Fig. 4e), and these 
voids are usually larger than the diameter of the spot of excitation light 
during the SERS detection (Fig. S16), which is the main factor leading to 
an attenuation of SERS signal. As shown in Fig. 4f, the SERS signal of 
twisted fiber of PVDF@Ag remained stable at 50 % strain. On the other 
hand, upon tensile deformation, the SERS activity started to decrease for 
the PVDF@Ag membrane without the twist. Therefore, the greatest 
significance of twisting is to resist signal attenuation caused by tensile 
deformation. We also noticed that even after 1000 cycles of stretching 
and relaxing (~10 % strain; Fig. 4g), the SERS activity remained 
consistent. Then, compact layers of twisted fibers might withstand the 
SERS signal’s decline during the deformation [23,33,34,39]. The fibrous 
membrane of PVDF@Ag was fitted onto fabric to improve comfort and 
utility. Fig. 4h–i displays optical images of PVDF@Ag twisted fiber put 
on clothing, demonstrating how the material responds to deformations 
caused by human motion. The PVDF@Ag fiber replicated the skin’s 
normal deformations in every instance. Above all, PVDF@Ag fiber offers 
an integrated platform for wearable sensor implementation over an 
extended length of time. Nonetheless, PVDF@Ag twisted fiber offers 
beneficial anti-interference when worn as part of a clothing carrier for 

Fig. 4. (a1-a4) The twisted fiber of PVDF@Ag from optical microscopic amplification to electron microscopic amplification; (a5) High-resolution TEM image of the 
interface of PVDF@Ag; (b) Microstructure of butterfly antennae; (c) Stretch process of twisted fiber; (d) Simulation of localized surface plasmon resonance for twisted 
fiber during the SERS sensing; (e) Stretch process of untwisted fibers, which usually produce void; (f) SERS responses of the twisted fiber of PVDF@Ag and untwisted 
fiber membrane under deformations; (g) Characteristics of the stability of SERS signal after the cyclic stretching test; (h) Hygroscopicity and (i) tensile test of the 
twisting fiber of PVDF@Ag integrated on clothing carrier; (j) Breathability of fibrous membranes of PVDF@Ag integrated by PET fabric. 
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wearable sensing. Additionally, during wearable application, the fibrous 
membranes of PVDF@Ag integrated by polyester (PET) fabric demon
strate excellent moisture absorption (Fig. 4h), air permeability (Fig. 4j), 
and antibacterial capacity (Fig. S17). 

2.4. Wearable sensing-based multimodal analysis for biomechanics and 
biomolecules 

One important indicator of health status is biomechanics and bio
metabolites . Fig. 5a–c depict similar signals of letter sounds (X, P, and 
U), muscular movement, nose breathing, and mouth breathing. These 
signals clearly differ from one another and are useful for the early 
detection of neuropathic disease. Furthermore, wearable SERS detection 
of secretory chemicals during sweat and respiration would have a 
beneficial application for healthcare management with the shrinking of 
the Raman spectrometer (Fig. S18). The greatest significance of twisting 
is to resist signal attenuation caused by tensile deformation. Then the 
better signal output of SERS could be realized. Sweat and respiratory 
secretions are noninvasive biomarkers that can be gathered for medical 
evaluation. Here, we used SERS detection to gather sweat from six 
volunteers (Fig. 5d–f), and the primary feature peaks that were found 
were 552, 607, 829, 886, 1003, 1052, 1081, 1115, 1272, 1415, 1451, 
and 1553 cm− 1 (Table S2). Specifically, Raman shifts of 552, 1003, 
1115, 1415 and 1553 cm− 1 represent the ν(NCO), ν(CN), ρ(NH2), s(CN), 
and v (CO) of urea [40,41], respectively; urea is the main 
nitrogen-containing product of protein metabolism. Higher urea will 
increase the discharge burden of the kidney, resulting in renal function. 
Based on our analysis for SERS spectra of secretions at sweat (Table S2), 

886, 1052 and 1272 cm− 1 represent the ν(CC), δ(CH), and Amid III, of 
the proteins [41];1081 and 1451 cm− 1 represent ν(C-O), δ(C-COH) [40] 
and δ(C-H), δ as (CH3) [41] of lactic acid, respectively; The peak of 
607 cm− 1 belongs to O––C-N- bending (amino acids and proteins) [42]; 
The peak of 829 cm− 1 is caused by ρ(CH3) (amino acid and lactic acid) 
[41]. We also found differences between volunteers of sweat (Fig. 5e), 
which opens up the possibility of individual medical monitoring. 
Real-time sweat secretion monitoring could provide health-related data 
on wound healing, cystic fibrosis, dehydration, and other conditions 
[43]. 

Additionally, we obtained respiratory secretions using SERS testing 
from four participants (Fig. 5g, h, and Fig. S19) and (Table S3). Raman 
shifts of 636, 842, 948, 1003, 1022, 1548 and 1601 cm− 1 are caused by 
amino acids, which represent C-S stretching vibration (tyrosine) [44], 
ring breathing mode, C-C stretch of proline ring (tyrosine, proline) [45], 
v (C-C) (proline) [46,47], vs (C-C) (phenylalanine) [46], δ(C-H) 
(phenylalanine) [47], ν(C═C) (Typtophan) [46] and C––C in-plane 
bending mode(phenylalanine, tyrosine) [45]; 1249 and 1581 cm− 1 

represent C-N (xanthine) [48,49] and C-N (hypoxanthine) [48], 
respectively; The 725 cm− 1 peak belongs to δ (C-H) (adenine and co
enzyme A) [45], the peak of 1454 cm− 1 belongs to C-N or C-C, CH2 
bending mode of proteins (hypoxanthine, protein, phenylalanine) [45], 
and the peak of 1637 cm− 1 is attributed to Amid I (protein) [48]. As the 
sweat secretions, the difference between volunteers was also found, and 
the SERS signals at different positions of PVDF@Ag fiber also show the 
dissimilarity, which further illustrates the diversity of respiratory se
cretions (Fig. 5h and Fig. S19). Therefore, wearable detection technol
ogy for multimodal biomechanics and biomolecule sensing may find an 

Fig. 5. (a) Similar signals of letter sound X, P and U; (b) muscle fremitus, (c) nose breathing and mouth breathing; (d) SERS spectra of secretions in sweat from six 
volunteers (II-VII); (e) Statistics of sweat secretions based on the SERS spectrum collected; (f) Sweat secretions collected by handheld Raman spectrometer; (g, h) 
SERS spectra of secretions in respiration from 4 volunteers. 
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application in the field of health management [48–50]. 

2.5. Wearable electronics integrated by deep-learning arithmetic-assisted 
health assessment 

Wearable bioelectronics have found a convenient platform in textiles 
for sensors [13,51–53], and it would open the door to healthcare and 
wearable medication [54,55]. Further-more, a wearable sensor system is 

built to identify biomechanics, biomolecules, and even health informa
tion by combining with the deep-learning technique (Fig. 6a–c). Appli
cations for sensor-based human action recognition (HAR) are numerous 
and include behavior analysis, tailored treatment, health monitoring, 
and surveillance systems. Health information identification is complex 
and requires automated computing [56,57]. Support vector machine 
(SVM)-based machine learning algorithm is created for HAR. A binary 
classification model is SVM. Unlike perceptron, its basic model is a linear 

Fig. 6. Textile carriers integrate a machine learning algorithm for wearable health signal monitoring. (a) Analysis of secretions at sweat and respiration; (b) Textile 
sensor integrated by PVDF@Ag. (c) Fiber membranes of PVDF@Ag fixed to the skin surface to collect muscular action, such as holding, gripping, clapping, lifting, and 
carrying. (d) The structural construction of the machine learning algorithm; (e) The output results of SERS peaks in respiratory secretion from four volunteers; (f) The 
confusion matrix for human action-level classification by SVM. 
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classifier defined in the feature space with the biggest interval. Maxi
mizing the interval is the SVM’s learning approach. This can be 
expressed as a convex quadratic programming problem to be solved, or 
as the minimization of a regularized hinge loss function. The basic idea 
of SVM learning is to solve the separation hyperplane that can correctly 
partition the training data set and has the largest geometric interval. As 
shown in below, w⋅x+b = 0 is the separation hyperplane. There are an 
infinite number of such hyperplanes for linearly separable data sets; 
however, the separated hyperplane with the biggest geometric interval 
is unique. We can analyse how far the sample point is from the plane 
using the hyperplane expression. Suppose P(X1,X2…Xn) is a point in the 
sample, where xi is the characteristic variable. Then the distance from 
the point to the hyperplane can be calculated with the following formula 
(1): 

d =
|w*

1 × 1 + w*
2 × 2 + …n*xn + b|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
w2

1 + w2
2 + … + w2

n

√ =
|WT*X + b|

‖ W ‖
(1)  

Where ‖ W ‖ is the norm of the hyperplane, and the b is the intercept in 
the linear equation. 

Fig. 6d shows an SVM unit. It is made up of categories and data that 
include fundamental elements including feedforward networks, kernel 
functions, and penalty coefficients. The purpose of these parts is to 
extract features from signals that can be used to distinguish between 
distinct signals. Fig. 6e and Fig. 6f provide a statistics list for the actions. 
Because of the piezoelectric properties of piezoelectric sensors, a sig
nificant amount of data that fluctuate close to zero are filtered out of the 
signals during the data processing stage. And use the grid search method 
to get the optimal kernel function and penalty parameter. After an 
extracted data passes through SVM, the category of the action will be 
predicted, so that the biophysical signals can be recognized. PVDF@Ag 
membrane was connected to several body areas (Fig. 6c) to serve as a 
sensor to ‘‘feel’’ distinct activities and illustrate the practical usage 
situations. 

Electrical signals that were produced were recorded. For five 
different human acts, a total of 1050 samples have been gathered. These 
behaviors can be identified by using vector machines to classify the 
gathered data. Fig. 6f and Fig. S20 display the testing results’ confusion 
matrix. The prediction precision for five categories (human actions) is 
90.2 %, 95.9 %, 74.3 %, 91.5 %, and 89.4 %, respectively (Fig. 6f). With 
the help of the PVDF@Ag sensor, it is discovered that SVM yields the 
best kernel function and optimal penalty coefficient, proving its use
fulness in HAR. Additionally, Fig. 6e displays the results of the extrac
tion of distinctive peaks from respiratory secretion samples taken from 
four volunteers. The Raman database is used to validate the peak posi
tions of biomolecules using the ‘‘fingerprint’’ method. We believe that 
our clothing carrier-integrated wearable biomechanics and biomolecule 
sensing will spark unexpected applications that open up hitherto unex
plored possibilities. 

3. Conclusions 

The initial design of the PVDF@Ag fiber incorporated the LSPR effect 
with piezoelectricity. A PVDF core@Ag shell structure is created when 
compact and homogenous AgNPs are in-situ grown on high-curvature 
PVDF fibers by reducing the reduction potential of Ag+ ions and 
inhibiting self-nucleation. A twisted fiber of PVDF@Ag is created by 
rolling and twisting the fibrous membrane. Since the twisted fiber 
maintains its stability while stretched, voids can be successfully avoided. 
Twisted fibers’ compactness allows for the surface of the fibers to be 
stimulated by excitation light, preventing the SERS signal from being 
attenuated during wearable detection due to tensile deformation. To 
identify the output signal of the PVDF@Ag sensing fiber, HAR has 
developed a deep neural network based on SVM. A precision rate of 
88.0 % for five kinds of similar motions was obtained. Furthermore, 
PVDF@Ag was able to achieve noninvasive secretion extraction and 

recognition in sweat and respiration based on the SERS ‘‘fingerprint’’ 
spectra. Additionally, research is done on the relationship between the 
output spectrum and physiological data from the human body. None
theless, the PVDF@Ag fiber uses a textile carrier to bridge the sensing 
gap between biomechanics and biomolecule. Such integrated and 
multimodal signal analysis could mark a significant advancement in 
wearable health monitoring with the development of the next genera
tion of wearable sensors. 

4. Experimental section 

4.1. Chemicals and materials 

All reagents are analytical grade and have not been further purified. 
Polyvinylidene fluoride (DS204) was purchased from Shandong Don
gyue Shenzhou New Materials Co., Ltd., N,N-dimethylformamide (DMF) 
and acetonitrile were purchased from Tianjin Fuyu Fine Chemical Co., 
Ltd., hydroxylamine hydrochloride (HHE) was purchased from Tianjin 
Damao Chemical Reagent Factory, HAuCl4 was purchased from 
Shanghai Chemical Reagent Factory, polyvinylpyrrolidone (PVP) and 
ascorbic acid (AA) were purchased from Aladdin Reagent Co., Ltd. So
dium borohydride (NaBH4) was purchased from Chengdu Cologne 
Chemicals Co., Ltd., silver nitrate (AgNO3) was purchased from 
Shanghai Institute of Fine Chemical Materials, and absolute ethanol was 
purchased from Hengxing reagent. The sweat came from six volunteers 
with consent, and did not involve any ethical issues or private 
information. 

4.2. Characterization 

The samples were characterized by using a field-emission scanning 
electron microscope (Quanta-450-FEG) and EDS (X-MAX50). The XRD 
mode was obtained using a diffractor DX-2700BH. The Fourier trans
form infrared spectrometer (Type Nicolet is50) was used. UV–visible 
spectroscopy was performed using a Shimadzu UV-2600 spectropho
tometer. Type JC2000C1 of contact angle meter (Shanghai Zhongchen 
Digital Technology Equipment Co., Ltd.) is used to test the contact angle. 
The Raman spectra were recorded using a laser Raman spectrometer 
(HORIBA, LabRAM HR evolution) and a handheld Raman spectrometer 
(Optosky ART6500). Piezoelectric testing was performed using the 
Keithley2410. 

4.3. Preparation of PVDF/HHE nanofiber membranes 

Mixing PVDF (12 % by the total weight) with hydroxylamine hy
drochloride (2 % of PVDF mass), dissolving DMF and acetone solvent 
with a mass ratio of 5:5, and stirring in a water bath at 60 ◦C. After the 
6 h of stirring, an electrospinning solution is prepared. Then the PVDF 
nanofiber membrane was obtained by spinning at a voltage of 18 KV, a 
liquid inlet speed of 1 mL/h, a speed of 300 r⋅min− 1 and a spacing of 
15 cm. Dry the PVDF membrane for further use. All experimental steps 
are performed under ambient atmospheric conditions. 

4.4. Preparation of PVDF@Au seed 

The nanofiber membrane was placed in absolute ethanol for a few 
seconds, then soaked in chloroauric acid (0.02 M) for one minute, 
washed off the surface with deionized water after removal, and put it 
into sodium borohydride (0.02 M) for one minute. After taking it out, 
washing it in deionized water and soaking it in absolute ethanol. 
Obtaining the PVDF@Au seed nanofiber membrane with 2,4,6,8 cycles. 

4.5. Preparation of PVDF@Ag nanofiber membranes 

A certain amount of PVP (5 wt%), acetonitrile, ethanol, AgNO3 
(0.1 M) and ascorbic acid (0.1 M) were added to the deionized water. At 
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10 ◦C, the PVDF@Au seed nanofiber membrane was added to the growth 
solution for vigorous agitation. PVDF@Ag nanofiber membranes were 
obtained after 2,4,6 cycles. The PVDF@Ag nanofiber membranes were 
washed with deionized water and dried at room temperature. 

4.6. Preparation of piezoelectric membrane of PVDF@Ag 

Using aluminum foil as the upper and lower electrodes of the 
piezoelectric sensor, a sandwich structure is formed. The wires are led 
out on the aluminum foil and encapsulated with insulated polyimide (PI) 
tape to obtain a piezoelectric sensor. 

4.7. Preparation of twisted fiber of PVDF@Ag 

A torsional force was applied to twist the PVDF@Ag nanofiber 
membrane and the shape was fixed, in which a signal-stable SERS sub
strate of twisted fiber of PVDF@Ag was obtained. 
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