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Abstract

Electrohydrodynamic (EHD) preparation of micro-nano fibers has significant advantages in the application of ultra-

sensitive detection. However, far-field EHD always has the problem of jet instability, which limits its further

application. In this study, we excellently realize the generated single jet deposition of aligned fibers by constructing

auxiliary electric fields and creatively designed an ultra-sensitive structure based on large alveolar deep tooth

electrodes with oriented TPU fiber membrane. As the isolation layer, the oriented fiber membrane controls the

formation of the electric double layers by adjusting the contact area between the tooth-shaped electrodes and the

polyelectrolyte membrane. Meanwhile, with increasing the pressure, the tooth-shaped electrodes with large

alveolar depth bring more sidewall surfaces contact and expand the capacitance adjustment range. Therefore, we

can continuously adjust the capacitance of the pressure sensor through the oriented fiber membrane to achieve an

ultra-broad linear range (1.1–100 kPa) with ultra-high sensitivity of 230 kPa .

Introduction

Electrohydrodynamic (EHD) technology has incomparable advantages in manufacturing micro-nano fibers, such as

simple equipment, low processing cost and easy realization. It is widely used in biomedicine [1], [2], [3], filtration

purification [4], [5], electronics [6], [7], [8], catalysis [9], [10], [11]. However, the instability [45], [46], [47] of the jet

during the EHD process makes it difficult to program deposition, resulting in disorderly arranged fibers [48], [49],

which greatly limits the development and application of this technology.

For a long time, many researches have been devoted to enhancing the stability of EHD jet deposition and different

schemes have been proposed. Through the high-speed rotation of special shaped collecting devices such as drum

[12], [13], disk [14] and cylinder grid [15], the oriented fibers could be obtained. In recent years, the near-field EHD

technology becomes widely popular [16], [17], [18]. By reducing the distance between the nozzle and the collector,

the stable movement area of the jet was used to avoid the instability area, and the controllable deposition of the jet

was realized. Yang-Seok Park [8] exhibited a near-field EHD jet to achieve precise stack deposition of fibers by

adding NaCl salt to the polymer solution. Although the near-field EHD avoids the jet unsteady motion zone, it loses

the space between the nozzle and the collector and requires high-speed movement of the platform. Donghwi Cho

[19] introduced insulating blocks between the nozzle and the collector to control the electric field distribution,

realized the alignment of fibers, and prepared parallel, vertical and rhombic structures. Dan Li [20] used two
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parallel collectors with a certain distance to get aligned fibers. Another improved parallel electrode method [21]

was proposed, which controlled the jet by placing a positively charged metal ring between the nozzle and the

parallel collection electrodes to prepare aligned composite fibers. Controlled jet deposition can also be achieved by

attaching a relatively hydrophobic and insulating substrate to an aluminum foil as a collector [22]. Jongwan Lee [23]

placed the grounding pin under the glass collector and the cylindrical side wall electrode between the nozzle and

the collector to suppress the instability of the jet and to produce nanofiber patterns. Xiaojie Cui [24] used a metal

plate and a metal ring with voltage bias to restrict the diffusion motion of the jet in the EHD device to realize the

controllable deposition of fibers. In addition, the electrodes were introduced into the EHD device to construct a

variable electric field, and the jet deflected under the action of the electric field force to control the fibers

deposition. Christian Grassl [25] proposed that when the voltage with a certain frequency change is applied to the

parallel electrodes, the jet will deflect periodically between the electrodes under the action of the electric field

force, and the unstable motion of the jet will be well restrained. Based on Christian Grassl's [25] research, Liashenko

[26] successfully printed the 3D structures with submicron scale by placing electrodes perpendicular to each other

combined with near-field EHD method. Rebrov [27] proposed to connect the high voltage pulse generator to the

collector and realize the directional deposition of fibers by manipulating the electric field to prepare the oriented

fibers in a large area. The previous works on EHD technology have made significant progress, which provides

important reference values for this research. However, the instability and controllable deposition of far-field EHD jet

has not been effectively solved. With the development of artificial intelligence, sensors are more and more widely

used in tactile [50], [51] and proximity perception [52]. Improving the sensitivity of capacitive pressure sensors is

mainly to make changes to the structure/material of the electrodes and the dielectric layers. Using materials with

microstructural features as electrodes, such as metal nanowires [28], [29], carbon nanotubes [30], [50], and

graphene [31], or construct microstructures [32] on the electrode surfaces to improve sensitivity, and ionic gel

electrodes [33] are also used to improve sensitivity. It seems more popular to improve sensitivity by designing

dielectric layer structure, pyramids [34], [44], micropillars [35], sphere microarray [43], porous structure [53] and

nanofibrous membrane [36] dielectric layers are widely used.

In this study, we propose the method of constructing auxiliary electric fields to control the generated single jet

deposition. By introducing an auxiliary electrode near the nozzle of EHD equipment, the focused electric field was

constructed between the nozzle and the collector. It was easy to achieve a single stable jet with a collection distance

of 10 cm, which effectively solved the problem of instability of far-field EHD jet. Then, we designed deflection

electric field in the device, controlled the single stable charged jet to deflect rapidly under the action of electric field

force, deposited regular patterns and prepared oriented fiber membrane. Innovatively, using the controllable far-

field EHD technology, we demonstrate an ultra-sensitive structure based on large alveolar deep tooth electrodes

with oriented TPU fiber membrane. The oriented fibers were placed between the electrodes and the polyelectrolyte

membrane as isolation layers, so that the sensor obtained a small initial capacitance value. The formation of the

electric double layers were adjusted through the oriented fiber membrane to control the change of capacitance in a

wide range. With the combination of oriented fiber membrane, polyelectrolyte membrane and tooth-shaped

electrodes, the pressure sensor shows great advantages in linearity and sensitivity, achieving an ultra-broad linear

range (1.1–100 kPa) with ultra-high sensitivity of 230 kPa , providing a new idea for ultra-sensitive detection.

Section snippets

Materials

Polyvinylpyrrolidone (PVP, K90) was purchased from Shanghai Aladdin Biochemical Technology Co, Ltd.

Thermoplastic polyurethane(TPU-1065A), purchased from DaDong Resin Chemical Co, Ltd. N. N-

dimethylformamide (DMF, reagent pure), purchased from Shanghai Macklin Biochemical Technology Co. Ltd.

Acetone (Chromatographic reagent) was purchased from XiLong Chemical Co, Ltd. PVDF-HFP was purchased from

Sigma Aldrich (Shanghai) Trading Co, Ltd. Lithium bis(trifluoromethanesulfonimide) (LiTFSI), Mw…
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In order to solve the problem of EHD jet instability, we have made a lot of efforts. Initially, we set the distance

between the nozzle and the collector (collection distance) to 7 cm and the voltage of the nozzle to 5 kV. It can be

seen (Fig. S1, Supporting Information) that compared with no negative high voltage, applying −6 kV high voltage

can increase the length of the jet stabilization zone. Before jetting, the fluid contacts with the metal nozzle with

5 kV high voltage, the charge transfer …

Conclusions

In summary, we excellently realized the controllable deflection deposition of single stable jet in the far field EHD.

By constructing auxiliary electric fields to constrain the jet movement, the problem of far-field EHD jet instability

was solved, and the deposition of single stable jet with a collection distance of 10 cm could be easily realized. The

jet motion could be controlled by adjusting the auxiliary electric fields to control the deposition of the jet. Through

this method, we…

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could

have appeared to influence the work reported in this paper.…

Acknowledgements

Q. Y, S. X. contributed equally to this work. This work was financially supported by the Guangdong Major Scientific

Research Project (2018KZDXM061).…

References (53)

K. Kang et al.

Micropatterning of metal oxide nanofibers by electrohydrodynamic (EHD) printing towards highly

integrated and multiplexed gas sensor applications

Sens. Actuat. B Chem. (2017)

Y. Xiong et al.

A flexible, ultra-highly sensitive and stable capacitive pressure sensor with convex microarrays for

motion and health monitoring

Nano Energy (2020)

P. Mistry et al.

Fabrication and characterization of starch-TPU based nanofibers for wound healing applications

Mater. Sci. Eng C Mater. Biol. Appl. (2021)

L. Lin et al.

Superhydrophobic and wearable TPU based nanofiber strain sensor with outstanding sensitivity for

high-quality body motion monitoring

Chem. Eng. J. (2021)

Maeum Han et al.

Highly sensitive and flexible wearable pressure sensor with dielectric elastomer and carbon nanotube

electrodes

Sens. Actuat. A Phys. (2020)

A. Kantürk Figen

https://www.sciencedirect.com/science/article/pii/S0925400517308110
https://www.sciencedirect.com/science/article/pii/S221128551931153X
https://www.sciencedirect.com/science/article/pii/S0928493120332343
https://www.sciencedirect.com/science/article/pii/S1385894721011001
https://www.sciencedirect.com/science/article/pii/S0924424719317388


Improved catalytic performance of metal oxide catalysts fabricated with electrospinning in ammonia

borane methanolysis for hydrogen production

Int. J. Hydrogen Energy (2019)

C. Alegre et al.

Electrospun carbon nanofibers loaded with spinel-type cobalt oxide as bifunctional catalysts for

enhanced oxygen electrocatalysis

J. Energy Storage (2019)

T. Zhang et al.

Electrospun YMn2O5 nanofibers: a highly catalytic activity for NO oxidation

Appl. Catal. B Environ. (2019)

D.W. Song et al.

Multi-biofunction of antimicrobial peptide-immobilized silk fibroin nanofiber membrane: implications

for wound healing

Acta Biomater. (2016)

X. Zhang et al.

Fabrication of silver microstructures via electrohydrodynamic inkjet printing as customizable X-ray

marker in bio-structure for biomedical diagnostic imaging

Int. J. Adv. Manuf. Technol. (2021)

Z. Sun et al.

Compound core–shell polymer nanofibers by co-electrospinning

Adv. Mater. (2003)

L. Du, X. Quan, X. Fan, G. Wei and S. Chen, Wei and S. Chen, Conductive CNT/nanofiber composite hollow fiber

membranes...

R. Balgis et al.

Synthesis of dual-size cellulose–polyvinylpyrrolidone nanofiber composites via one-step

electrospinning method for high-performance air filter

Langmuir (2017)

D. Sengupta et al.

Single and bundled carbon nanofibers as ultralightweight and flexible piezoresistive sensors, npj

Flexible

Electronics. (2020)

C. Lang et al.

High-sensitivity acoustic sensors from nanofibre webs

Nat Commun. (2016)

Y.S. Park et al.

Near-field electrospinning for three-dimensional stacked nanoarchitectures with high aspect ratios

Nano Lett. (2020)

T.-H. Han et al.

Highly aligned poly(vinylidene fluoride-co-hexafluoro propylene) nanofibers via electrospinning

technique

J Nanosci. Nanotechnol. (2016)

W. Fu et al.

https://www.sciencedirect.com/science/article/pii/S0360319919305610
https://www.sciencedirect.com/science/article/pii/S2352152X19300489
https://www.sciencedirect.com/science/article/pii/S0926337319301158
https://www.sciencedirect.com/science/article/pii/S1742706116302173


Electronic textiles based on aligned electrospun belt-like cellulose acetate nanofibers and graphene

sheets: portable, scalable and eco-friendly strain sensor

Nanotechnology (2019)

A. Theron et al.

Electrostatic field-assisted alignment of electrospun nanofibres

Nanotechnology (2001)

M.J. Bauer et al.

Structure–property relationships in aligned electrospun barium titanate nanofibers

J. Am. Ceram. Soc. (2016)

G.S. Bisht et al.

Controlled continuous patterning of polymeric nanofibers on three-dimensional substrates using low-

voltage near-field electrospinning

Nano Lett. (2011)

D. Shin et al.

Direct-printing of functional nanofibers on 3D surfaces using self-aligning nanojet in near-field

electrospinning

Adv. Mater. Technol. (2020)

D. Sun et al.

Near-field electrospinning

Nano Lett. (2006)

D. Cho et al.

Focused electric-field polymer writing: toward ultralarge, multistimuli-responsive membranes

ACS Nano (2020)

D. Li et al.

Electrospinning of polymeric and ceramic nanofibers as uniaxially aligned arrays

Nano Lett. (2003)

Y. Song et al.

Fabrication and characterization of electrospun aligned porous PAN/Graphene composite nanofibers

Nanomaterials (Basel) (2019)
There are more references available in the full text version of this article.

Cited by (2)

Light intensity optimization of optical fiber stress sensor based on SSA-LSTM model

2022, Frontiers in Energy Research

Pressure Sensors Combining Porous Electrodes and Electrospun Nanofiber-Based Ionic Membranes

2022, ACS Applied Nano Materials

Recommended articles (6)

Research article

https://doi.org/10.3389/fenrg.2022.972437
https://doi.org/10.1021/acsanm.2c05331


ZIF-derived Co/NCNTs as a superior catalyst for aromatic hydrocarbon resin hydrogenation: Scalable

green synthesis and insight into reaction mechanism

Chemical Engineering Journal, Volume 443, 2022, Article 136193

Show abstract

Research article

Sensitivity enhanced, highly stretchable, and mechanically robust strain sensors based on reduced

graphene oxide-aramid nanofibers hybrid fillers

Chemical Engineering Journal, Volume 443, 2022, Article 136468

Show abstract

Research article

Flexible pressure sensor for high-precision measurement of epidermal arterial pulse

Nano Energy, Volume 102, 2022, Article 107710

Show abstract

Research article

Resilient bismuthene-graphene architecture for multifunctional energy storage and wearable ionic-

type capacitive pressure sensor device

Journal of Colloid and Interface Science, Volume 626, 2022, pp. 23-34

Show abstract

Research article

Bioinspired and multiscale hierarchical design of a pressure sensor with high sensitivity and wide

linearity range for high-throughput biodetection

Nano Energy, Volume 99, 2022, Article 107376

Show abstract

Research article

Flexible pressure sensor with a wide pressure measurement range and an agile response based on

multiscale carbon fibers/carbon nanotubes composite

Microelectronic Engineering, Volume 257, 2022, Article 111750

Show abstract

View full text

© 2022 Elsevier B.V. All rights reserved.

Copyright © 2023 Elsevier B.V. or its licensors or contributors.
ScienceDirect® is a registered trademark of Elsevier B.V.

https://www.sciencedirect.com/science/article/pii/S1385894722016904
https://www.sciencedirect.com/science/article/pii/S1385894722019635
https://www.sciencedirect.com/science/article/pii/S2211285522007881
https://www.sciencedirect.com/science/article/pii/S0021979722011110
https://www.sciencedirect.com/science/article/pii/S2211285522004542
https://www.sciencedirect.com/science/article/pii/S0167931722000442
https://www.sciencedirect.com/science/article/pii/S1385894722018654
https://www.elsevier.com/
https://www.relx.com/



