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Abstract: Wearable sensors open unprecedented opportunities for long-term health monitoring and
human-machine interaction. Electrospinning is considered to be an ideal technology to produce
functional structures for wearable sensors because of its unique merits to endow devices with highly
designable functional microstructures, outstanding breathability, biocompatibility, and comfort,
as well as its low cost, simple process flow, and high productivity. Recent advances in wearable
sensors with one-, two-, or three-dimensional (1D, 2D, or 3D) electrospun microstructures have
promoted various applications in healthcare, action monitoring, and physiological information
recognition. Particularly, the development of various novel electrospun microstructures different
from conventional micro/nanofibrous structures further enhances the electrical, mechanical, thermal,
and optical performances of wearable sensors and provides them with multiple detection functions
and superior practicality. In this review, we discuss (i) the principle and typical apparatus of
electrospinning, (ii) 1D, 2D, and 3D electrospun microstructures for wearable sensing and their
construction strategies and physical properties, (iii) applications of microstructured electrospun
wearable devices in sensing pressure, temperature, humidity, gas, biochemical molecules, and light,
and (iv) challenges of future electrospun wearable sensors for physiological signal recognition,
behavior monitoring, personal protection, and health diagnosis.

Keywords: wearable sensors; electrospinning; microstructures

1. Introduction

Wearable sensors are technological devices that can be worn on the body to collect
and monitor data about an individual’s physiological, behavioral, and environmental
characteristics [1-11]. These sensors have the potential to significantly impact human life in
health monitoring, fitness tracking, security, and human-machine interaction [12-15]. These
sensors have become increasingly popular in recent years, with many commercial products
now available on the market [16,17]. Present-day commercially available wearables are
capable of continuously monitoring an individual’s physiological signals under typical
daily conditions [7]. The captured biological signals are vital for assessing the health of
wearers, particularly for older adults and individuals with chronic illnesses, and athletes’
performance analysis [18,19]. One drawback of wearable sensors, including smartwatches,
bands, and apparel-based gadgets, is that they are hard, heavy, and performantly inferior,
resulting in poor wearing comfort and weak signals [20,21]. This limitation can be solved
by current flexible electronic devices, which can create conformable contact with the human
skin, improving the sensing performances, practicality, and comfort [22,23]. However,
common flexible electronic sensors in the form of dense films and patches are airtight, which
may pose a risk of inflammation and discomfort during long-term use [24]. Meanwhile, to

Chemosensors 2023, 11, 295. https:/ /doi.org/10.3390 /chemosensors11050295

https://www.mdpi.com/journal /chemosensors


https://doi.org/10.3390/chemosensors11050295
https://doi.org/10.3390/chemosensors11050295
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0002-0211-6555
https://orcid.org/0000-0002-8917-7843
https://doi.org/10.3390/chemosensors11050295
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors11050295?type=check_update&version=2

Chemosensors 2023, 11, 295

2 of 31

realize fast sensitive response, complex processes and expensive manufacturing equipment
are required to create functional interfaces with large specific surface areas and special
microstructures, limiting their development and industrialization [25,26].

The emergence of electrospun wearable sensors can conquer these problems due to
their outstanding breathability, biocompatibility, flexibility, comfort, high specific surface
area, low cost, and ease of large-scale fabrication [27,28]. It has been demonstrated that the
robust, dynamic electrospun wearable sensor makes bioelectronics capable of monitoring
real-time, continuous physiological, bioelectrical, and biochemical signals in an impercepti-
ble way [29]. The electrospun wearable sensor allows for continuous and long-term health
monitoring by collecting high-quality, real-time data on vital bio-signals [30]. This includes
human activity, body temperature, cardiac mapping, electrophysiological signals, and
molecular analysis of body fluids and exhaled breath, as well as external environmental
conditions, such as humidity and ultraviolet (UV) intensity. The gathered biometric data
enable comprehensive health status analysis, offering a valuable tool for predicting and
preventing diseases, conducting screenings and diagnoses, and providing treatment in a
convenient and non-intrusive manner [31]. Furthermore, it is easy to adjust the size of
electrospun microstructures and construct various electrospun microstructures with rich
geometric configurations to regulate and optimize the performances of corresponding wear-
able devices in sensing pressure, temperature, humidity, gas, biochemical molecules, and
light [32-34]. Therefore, it is necessary to provide a bird’s eye-view of electrospun wearable
sensors with a focus on their production strategies and comprehensive applications. The
knowledge and insights rendered in this review will arouse interest within the scientific
community in two aspects: (i) promote the development of electrospun microstructures
for high-performance, comfortable, stable, advanced wearable sensing textiles; and (ii)
track the progress of all types of wearable sensors towards physiological signal recognition,
behavior monitoring, personal protection, and health diagnosis. Additionally, this review
will attract remarkable attention from researchers in the fields of flexible electronics and
biomedicine, as well as users, healthcare funders, sensing-tech giants, and wearable device
providers.

This review begins with a description of electrospinning principles and representative
apparatuses for producing wearable electrospun sensors and then elaborates construction
strategies and physical properties of 1D, 2D, and 3D electrospun microstructures for wear-
able sensing towards behavior monitoring, healthcare, and disease diagnosis. The review
will also highlight promising real-life applications of microstructured electrospun devices
in sensing pressure, temperature, gas, humidity, biochemical molecules, and light. We then
conclude with a summary of the challenges, opportunities, and future directions in the
field of constructing electrospun microstructures for advanced wearable sensors.

2. Electrospinning Principles and Typical Apparatuses
2.1. Principle and Process

Electrospinning is a flexible technique to produce efficiently various polymer-containing
fibers with diameters ranging from nanometers to micrometers [35-38]. Its principle
is based on the interaction between electrostatic field force and surface tension [2,5,39].
When a high voltage is applied to the electrospinning liquid precursor, the electrostatic
repulsion among the surface charges with the same sign distorts the liquid into the conical
shape, known as the “Taylor cone” [40,41]. Subsequently, once the electrostatic repulsion
overcomes the surface tension of the electrified liquid precursor, the liquid precursor is
ejected in the form of the jet [3,4,6]. Initially, the jet moves in a straight line along the
direction of the electric field, but it subsequently experiences vigorous whipping motions
due to bending instabilities [36,42—44]. The linear motion distance of the jet, in general,
is within 1 cm (Figure 1a). At the same time, the jet gradually solidifies as it is stretched
into a smaller diameter [1]. Finally, the jet or the solidified fiber crashes against the
collector [45,46].
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Figure 1. Electrospinning process, typical electrospun microstructures, and multiple sensing applica-
tions of electrospun textile. (a—d) Electrospinning process and apparatuses. (a) Schematic illustration
of a typical electrospinning process. (b) Schematic diagram of near-field electrospinning. (Reprinted
with permission from Ref. [47]. Copyright 2006, American Chemical Society.) (¢) Schematic diagram
of short-distance electrospinning. (Reprinted with permission from Ref. [48]. Open access Creative
Common CC licensed 4.0, Springer Nature.) (d) Schematic diagram of far-field electrospinning.
(Reprinted with permission from Ref. [2]. Copyright 2019, Elsevier.) (e-g) Typical 1D, 2D, and 3D
electrospun microstructures. (e) Atomic force microscope (AFM) image of a 1D electrospun nanofiber.
(Reprinted with permission from Ref. [39]. Copyright 2020, IOP Publishing Ltd.) (f) Scanning electron
microscopy (SEM) image of an ultrathin 2D electrospun film. (Reprinted with permission from
Ref. [49]. Copyright 2018, Springer Nature.) (g) SEM image of 3D electrospun micro-pyramid arrays.
(Reprinted with permission from Ref. [1]. Open access Creative Common CC licensed 4.0, Springer
Nature.) (h) Multiple sensing applications of devices based on electrospun textiles.

2.2. Typical Apparatuses

To produce various ultrathin fibers, the most basic apparatus of electrospinning
typically includes a high-voltage power supply, a syringe pump, a spinneret (usually,
a metal needle), and a collector (Figure 1a) [15,50,51]. The high-voltage power supply
connected to the needle creates an electric field between the needle and the collector to
accelerate the jet [52]. The syringe pump controls the flow rate of the electrospinning
liquid precursor from the needle [36]. The spinneret is the source of the electrospinning
liquid precursor and dispenses the liquid precursor [53]. The collector is used to attract the
electrified electrospun fiber [54]. The collector is usually grounded or connected to a high
voltage source with the opposite charge sign of the spinneret. Since the instability of the
jet is gradually aggravated with the increase in the distance the jet is moving, significant
differences in the morphology and physical properties of the collected electrospun textile
appear with the change in the distance between the spinneret and the collector [55]. The
electrospinning apparatuses first can be categorized as near-field electrospinning (NFES),
short-distance electrospinning (SDES, also known as medium-field electrospinning) [56], or
far-field electrospinning (FFES) according to the difference of the collecting distance [57].
NFES has a very short distance between the spinneret and the collector, typically less than
1 cm (Figure 1b) [57]. Within such a short distance, the jet can maintain a linear motion [58].
Therefore, NFES allows for more precise control over the jet, resulting in a higher resolution
and more uniform fibers [59]. In addition to preparing highly desirable 1D ultrathin
fibers, NFES is even used for fabricating some 3D structures due to its high precision and
accuracy [60]. Moreover, the ultrahigh electric field of NFES can strongly align the dipoles
of polar materials, effectively triggering piezoelectric effect for ferroelectrics [28]. The
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distance between the spinneret and the collector for SDES is typically between 1 cm and
8 cm (Figure 1c). The shorter distance between the spinneret and the collector allows for a
denser fiber deposition and enables the production of thicker fibers compared with far-field
electrospinning. In addition, assembled with a high-speed drum collector, SDES is capable
of producing well-aligned fiber bundles [61]. FFES is a technique where the distance
between the spinneret and the collector, in general, is not less than 8 cm (Figure 1d) [1].
This distance allows for more controlled and stable jet formation, which results in a more
efficient and productive process [62,63]. The following subsections provide a brief account
of the important components typically applied in NFES, SDES, and FFES for electrospun
microstructure constructures.

2.2.1. High-Voltage Power Supply

There are two types of high-voltage power supplies commonly used in electrospinning:
(i) direct current (DC) power supply and (ii) alternating current (AC) power supply [64,65]. The
DC power supply is the most basic type of high-voltage power supply used in electrospin-
ning. It typically provides a voltage output ranging from a few hundred volts to several
kilovolts [66]. This type of power supply is the most common and widely used device
because it is relatively inexpensive and easy to operate [67]. Unlike DC power supplies, AC
power supplies provide a time-varying voltage output that can help produce more uniform
fibers. This is mainly because the AC power supply induce the charges to be transferred
back and forth along the jet, which weakens the Coulomb repulsive force acting on the
following jet and, therefore, the whipping instability [68].

2.2.2. Spinneret

The spinneret is a critical component of electrospinning, as it determines the resulting
microarchitectures of the prepared materials to a large extent. Various spinnerets possess
their own characteristics for electrospinning. Five types of common spinnerets, including
(i) single-needle spinneret, (ii) multi-jet spinneret with various mechanical and array
structures, (iii) coaxial spinneret, (iv) triaxial spinneret, and (v) multi-channel spinneret,
are systematically described. The single-needle spinneret usually has a blunt tip (Figure 2a)
which is used typically to produce randomly oriented fibers [62], aligned fibers [69], and
various self-assembled electrospun microstructures [1-6,37]. The alignment and diameter of
the prepared fibers can be well controlled by adjusting the electrospinning parameters, such
as the electrostatic field strength and solution flow rate [70]. In contrast to the single-needle
spinneret that commonly emits a single jet from the Taylor cone, the multi-jet spinneret is
used to emit multiple jets, leading to a more uniform distribution of electrospun fibers and
higher production rates. Multi-jet spinnerets include needleless spinnerets and multiple-
needle spinnerets. Needleless spinnerets have all types of sharps, for example pyramid-
(Figure 2b) [71], disk- (Figure 2c) [50], cylinder- (Figure 2d) [72], tube- (Figure 2e) [73],
spiral- (Figure 2f) [74], ball- (Figure 2g) [75], and wire-shaped [76](Figure 2h) spinnerets.
The multiple-needle spinneret consists of two or more needles arranged in various ways
(Figure 2i) [77,78]. Due to the complex structure of spinnerets and mutual interference
of multiple jets, the diameter and alignment of the fibers prepared by means of multi-jet
spinnerets may not be as controllable as with a single-needle spinneret [79]. The coaxial
spinneret can produce core—shell [80], hollow [81], and porous [82] fibers with controlled
diameters and shell thicknesses. In this type of spinneret, the polymer solution or oil is
dispensed through an inner needle, while a sheath fluid is dispensed through an outer
needle (Figure 2j) [80-82]. Similarly, the triaxial spinneret with three concentrically arranged
spinnerets can produce fibers with core—shell-shell [83] and wire-in-tube [84] structures.
The innermost spinneret is used to dispense a core solution, which is surrounded by a
middle spinneret that dispenses a shell solution or oil and then a third outermost spinneret
that dispenses (another) shell solution (Figure 2k) [83,84]. Moreover, the multi-channel
spinneret is capable of fabricating fibers with multi-channel microtube and multicomponent
microcapsule structures (Figure 21) [85].
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Figure 2. Various spinnerets for producing different electrospun microstructures. (a) Schematic
diagram of the needle spinneret. (Reprinted with permission from Ref. [5]. Copyright 2019, Royal
Society of Chemistry.) (b—d) Multi-jet spinnerets with various shapes. (b) Schematic diagram of the
pyramid-shaped spinneret. (Reprinted with permission from Ref. [71]. Copyright 2014, Elsevier.)
(c) Schematic diagram of the disk-shaped spinneret. (Reprinted with permission from Ref. [50].
Copyright 2013, Royal Society of Chemistry.) (d) Photograph of the cylinder-shaped spinneret.
(Reprinted with permission from Ref. [72]. Copyright 2009, Wiley-VCH.) (e) Schematic diagram of
the tube-shaped spinneret. (Reprinted with permission from Ref. [73]. Copyright 2009, Royal Society
of Chemistry.) (f) Schematic diagram and photograph of the spiral-shaped spinneret. (Reprinted with
permission from Ref. [74]. Open access Creative Common CC licensed 4.0, Hindawi.) (g) Photograph
of the ball-shaped spinneret. (Reprinted with permission from Ref. [75]. Copyright 2011, Taylor &
Francis Group) (h) Schematic diagram and photograph of the wire-shaped spinneret. (Reprinted
with permission from Ref. [76]. Copyright 2023, Elsevier.) (i) Schematic diagram and photograph of
the multiple-needle spinneret. (Reprinted with permission from Ref. [77]. Copyright 2016, Elsevier.)
(j) Schematic diagram of the coaxial spinneret. (Reprinted with permission from Ref. [80]. Copyright
© 2010 American Chemical Society.) (k) Schematic diagram of the triaxial spinneret. (Reprinted with
permission from Ref. [84]. Copyright © 2005 Wiley-VCH.) (1) Schematic diagram of the multi-channel
spinneret. (Reprinted with permission from Ref. [85]. Copyright © 2010 Wiley-VCH).

2.2.3. Collector

A wide variety of collectors can be chosen to fabricate desired electrospun microstruc-
tures. The conducting plate or mesh collector (Figure 3a) is the most common type of
collector used in electrospinning due to its simplicity. Additionally, many other more com-
plex collectors have been developed. High-speed rotator collectors, such as rotating drums [37]
(Figure 3b), rotating wire drums [86] (Figure 3c), and rotating disks [87] (Figure 3d), are usu-
ally utilized to produce aligned fibers by applying mechanical force during the collecting
process. The roll-to-roll collector involves a continuous collection of electrospun fibers
onto a rotating cylinder or drum (Figure 3e), which allows for high throughput production
and can easily be scaled up for industrial use [15]. Parallel electrode collectors, such as
horizontal substrates [42,88] (Figure 3f) and dual rings [89] (Figure 3g), can also help create
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aligned fibers. Some 3D-architectured collectors, such as columnar- [41] (Figure 3h) and
spring-shaped (Figure 3i) collectors as templates, are used to make corresponding 3D
fibrous constructs, for example, nanofibrous tubes.

Assembling special devices to and near the collector is also an effective approach to
obtain desired micro/nanoarchitectured electrospun textiles. For instance, adding a pair of
thin polyimide films positioned a few millimeters away from a rotating cylindrical collector
can redirect the airflow generated by the collector’s rotation and concentrate the electric
field onto the gap between them, resulting in precise control over the alignment of the
fiber bundles (Figure 3j) [61]. Assembling electrodes connected to a signal generator near
the collector can deflect a polymer jet onto a substrate in a controlled pattern by stacking
nanofibers on top of each other, which is used to print complex submicron-featured 3D
objects with high precision and accuracy (Figure 3k) [59]. When a rotating and charged
mandrel is placed asymmetrically between two charged plates, electrospun fibers with
larger diameters can be oriented circumferentially to the longitudinal axis of a tubular struc-
ture, while small-diameter fibers are randomly oriented (Figure 31). Moreover, an auxiliary
electrical field can be employed when a charged auxiliary electrode made of a plurality of
connected aluminum foil strips is placed several centimeters away from the drum collector.
This auxiliary electrical field can be used to achieve substantial circumferential orientation
of deposited fibers (Figure 3m) [90]. In addition, adding an electrostatic lens consisting of
a series of charged rings to the traditional electrospinning apparatus can exert multiple
field effect to the moving jet and, therefore, reduce its whipping instability. The jet can be
straightened, to some extent, in this process, and nicely aligned fiber yarns even can be
collected (Figure 3n) [91]. In addition to being placed in air, the collector can be placed in
liquid to prepare porous electrospun fibers (Figure 30) [92]. Electrospun fibers can deposit
not only on specific collectors but also on almost all solid surfaces. Even the skin can serve
as a collector (Figure 3p) [93].
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Figure 3. Various collectors for producing different electrospun microstructures. (a) Schematic
diagram of the conducting plate collector. (Reprinted with permission from Ref. [37]. Copyright
2020, IOP Publishing Ltd.) (b) Schematic diagram of the rotating drum collector. (Reprinted with
permission from Ref. [3]. Copyright 2020, Elsevier.) (c¢) Schematic diagram of the rotating wire drum
collector. (Reprinted with permission from Ref. [86]. Copyright 2004, American Chemical Society.)
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(d) Schematic diagram of the rotating disk collector. (Reprinted with permission from Ref. [87]. Copy-
right 2003, AIP Publishing LLC.) (e) Schematic of the roll-to-roll collector. (Reprinted with permission
from Ref. [15]. Copyright 2021, Springer Nature.) (f) Schematic of the horizontal parallel electrode
collector. (Reprinted with permission from Ref. [88]. Copyright 2004, Wiley-VCH.) (g) Schematic
of the dual ring parallel electrode collector. (Reprinted with permission from Ref. [89]. Copyright
2005, Elsevier.) (h) Schematic of the dual ring parallel electrode collector. (Reprinted with permission
from Ref. [41]. Copyright 2008, American Chemical Society.) (i) Schematic of the columnar-shaped
collector. (Reprinted with permission from Ref. [41]. Copyright 2008, American Chemical Society.) (h)
Schematic of the spring-shaped collector. (Reprinted with permission from Ref. [94]. Copyright 2017,
Wiley-VCH.) (j) Schematic showing a drum collector assembled with a pair of thin polyimide films
(Reprinted with permission from Ref. [61]. Copyright © 2017 Wiley-VCH.) (k) Schematic showing
jet-deflecting electrodes assembled near the plate collector. (Reprinted with permission from Ref. [59].
Open access Creative Common CC licensed 4.0, Springer Nature.) (1) Schematic showing two charged
plates assembled near the charged mandrel collector. (m) Schematic showing a charged auxiliary
electrode assembled near the charged drum collector. (n) Schematic showing three charged rings
assembled near the charged plate collector. (Reprinted with permission from Ref. [91]. Copyright
2001, Elsevier.) (0) Schematic showing a plate collector placed in liquid. (Reprinted with permission
from Ref. [92]. Copyright © 2006 American Chemical Society.) (p) Schematic diagram showing skin
serving as a collector. (Reprinted with permission from Ref. [93]. Copyright © 2016 Royal Society of
Chemistry).

3. Construction Strategies and Physical Properties of Electrospun Textiles

Microstructures, to a large extent, determine the performances of sensors in detecting
pressure, temperature, humidity, gas, biochemical molecules, and light [63,95-103]. Elec-
trospun textiles with inherent biocompatibility, breathability, waterproofness, mechanical
durability, and thermal-moisture stability are ideal materials to meet the increasingly ur-
gent demands in wearable functional devices [24,29,30,38,54]. Therefore, it is highly desired
to develop electrospun textiles with special microstructures to achieve high-performance
wearable sensors [104]. In this section, we will discuss the construction strategies of 1D,
2D, and 3D electrospun microstructures and the unique advantages of microstructured
electrospun textiles in breathability, flexibility, stretchability, robustness, thermal-moisture
stability, imperceptibility, and transparency. Representative examples are exhibited, with a
focus on discussion and comparison of the merits of various construction strategies and
designs.

3.1. Construction Strategies

In the following subsections, we discuss the construction strategies of 1D electrospun
fibers, 2D electrospun textiles, and 3D electrospun microstructures, respectively. Some
typical strategies for constructing 3D electrospun microstructures are extensively discussed
owing to their specificity of morphology and difficulty of preparation. Notably, the division
of electrospinning material dimensions often causes confusion because there is no uniform
standard. In this review, we defined 1D, 2D, and 3D electrospun materials, relying mainly
on the standard which dominates the particular functions of each of the 1D, 2D, or 3D
structural properties.

3.1.1. One-Dimensional Electrospun Fibers

One-dimensional electrospun fibers refer to a single fiber (Figure 4a) or several fibers
(Figure 4b) that cannot compose a film. Since the moving speed of the jet in electrospinning
usually is ultrafast (from several tens to several hundreds of meters per second) and a large
number of electrospun fibers can be collected in a very short time [28], 1D electrospun
fibers, in general, are fabricated by NFES rather than SDES or FFES. Chang et al. used
near-field electrospinning to direct-write poly(vinylidene fluoride) (PVDF) fibers with in
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situ mechanical stretch and electrical poling characteristics. The prepared single electro-
spun fiber with a diameter ranging from 500 nm to 6.5 pm was rendered with excellent
piezoelectricity due to the in situ stretch and poling process [105]. Fuh et al. fabricated
approximately 500 parallel electrospun PVDF fibers with an average diameter of 2.5 um
onto metallic electrodes for preparing a piezoelectric nanogenerator (PENG) [106]. It is
noted that NFES is an ideal approach to direct-write highly designable electrospun fibers
with relatively large fiber diameters, typically to the micron level.

Although there exist some difficulties in preparing 1D electrospun fibers by SDES
and FFES due to a large spinneret—collector distance, this difficulty can be conquered by
retrofitting traditional SDES and FFES apparatuses. Brown et al. found that the relationship
between jet speed and collector speed influenced the alignment of collected fibers [106].
When the collector was not moving, the jet deposition location diverged away from the
point directly below the spinneret due to coiling caused by compressive forces along the jet
once the jet crashed against the collector [2]. A 2D fibrous network was obtained in this
case. With the increase of the collector moving speed, the net effect of the compressive
force became weaker owing to an axial tensile force acting on the jet, which stemmed from
the drag between the jet and the collector. Once the collector moving speed was equal to
the jet speed, a balance between the compressive force and the tensile force was realized,
and, therefore, the deposition point was directly below the spinneret (Figure 4c). A straight
1D electrospun fiber of micron-level diameter was successfully fabricated (Figure 4d).
When the speed of the collector exceeded that of the jet, the jet was stretched because the
drag surpassed the compressive stresses. The average diameter of the obtained fiber was
reduced. This condition was intensified with a further increase in the collector speed. To
fabricate 1D electrospun fibers with nanoscale diameters, modified FFES was used. Hansen
et al. reported that when two grounded copper pieces with a 2 cm gap was used as the
collector and the spinneret—collector distance was 15 cm, the nanofibers were aligned across
the gap of these two copper pieces (Figure 4e,f) [107]. The reason was that an insulating
gap between the electrode collector changed both the electrostatic field structure and the
electrostatic force direction acting on the jets [88]. Meanwhile, induced charges on the
electrodes further attracted the fiber to locate across the insulating gap [1].

Figure 4. One-dimensional electrospun fibers constructed by NFES, SDES, and FFES. (a) SEM image
of a single nanofiber fabricated by NFES. (Reprinted with permission from Ref. [105]. Copyright 2011,
American Chemical Society.) (b) SEM image of dozens of fibers independent of each other, which are
fabricated by NFES. (Reprinted with permission from Ref. [106]. Copyright 2015, American Chemical
Society.) (c) Schematic showing that the shape of the melt electrospinning jet profile is dependent
on the speed of the collector (Sc) relative to the jet speed (Sy). (d) Photograph showing the 1D fibers
fabricated by SDES with different moving speeds of the collector. (Reprinted with permission from
Ref. [108]. Copyright 2011, Wiley-VCH.) (e) Schematic diagram of a FFES apparatus to fabricate 1D
fibers. (f) Photograph and SEM image of the 1D fibers fabricated by FFES. (Reprinted with permission
from Ref. [107]. Copyright 2010, American Chemical Society).
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3.1.2. Two-Dimensional Electrospun Textiles

In general, for ease of description, the 2D electrospun textile is roughly defined as an ultra-
thin network (Figure 5a) and a relatively thick mat with relatively flat surfaces (Figure 5b) [1,3].
The 2D non-woven textile is the most common electrospun structure, which can be divided
into two types: the film composed of (i) randomly oriented and (ii) regularly aligned elec-
trospun fibers. FFES and SDES are usually used to fabricate randomly oriented electrospun
fiber textiles with different thicknesses. Choosing appropriate electrospinning time is the
most effective and simplest approach to produce 2D electrospun textiles with desired thick-
nesses ranging from tens of nanometers to a few millimeters [4]. Wu et al. utilized FFES
with a copper ring as the collector to prepare ultrathin 2D electrospun textiles consisting
of randomly oriented water-soluble polymer nanofibers [109]. After metal is deposited
on this 2D electrospun network and the polymer template is dissolved, a metal network
with nanotroughs interconnected at their junctions is prepared (Figure 5c,d). Wang et al.
also constructed ultrathin 2D electrospun polyurethane (PU) networks based on randomly
oriented nanofibers by FFES with a silicone-coated paper attached to the grounded collector
for easy delamination [104]. The as-prepared 2D electrospun networks were immersed in
polydimethylsiloxane (PDMS) solution to connect junctions of electrospun PU nanofibers,
producing interconnected nanofiber meshes (Figure 5e). Ni et al. used a systematic method
involving the sequential processes of FFES, welding, and dry-annealing to produce intercon-
nected nanofiber-based electrospun PVA mats (Figure 5f,g) [110]. The interfaces between
nanofibers were welded by a post-treatment of water vapor exposure. Since connecting
the junctions of electrospun nanofibers can significantly improve both mechanical and
electrical properties of 2D electrospun textiles but requires tedious steps [104,109,110], there
is a necessity to develop one-step self-assembled interconnected nanofiber-based textiles
for simplification of the fabrication process. Zhang et al. developed a direct electronet-
ting technology to self-assemble interconnected nanofiber-based networks from various
materials [43]. An FFES apparatus included a dielectric electrospun mesh as the collector
and the very dilute polymer solution as liquid precursor [111]. This set-up tailors the pre-
cursor solution and microelectric field, enabling charged droplets to levitate, deform, and
phase-separate to form the resulting interconnected fibrous 2D structure (Figure 5h,i) [112].

Compared with the textile composed of randomly oriented fibers, the well-aligned
fiber-based electrospun textile, in general, possesses special effects and higher performances
in sensing [28]. NFES, SDES, and FFES can all be used to prepare regularly aligned fiber-
based 2D electrospun textiles [51,69]. Direct-writing electrospinning techniques that are
based on NFES and SDES are the most precise but most inefficient approach to produce this
type of electrospun textile [113]. Huang et al. reported that NFES can be used directly to
direct-write various patterned 2D textiles (Figure 5j,k) [56]. Moreover, with optimal control
so that the collector moves at speeds matching the jet speed, SDES can also be used to
regularly direct-write melt fiber to form patterned 2D electrospun mats (Figure 51) [108]. To
significantly improve production efficiency, assembled with a cylindrical collector rotating
at high speed (usually reaching up to thousands of rpm), both SDES and FFES can be
used to yield roughly uniaxially aligned fiber-based 2D electrospun films [114]. This is
because the high-speed collector applies a mechanical force to straighten the crimped fibers.
Assembling patterned electrodes onto the high-speed cylindrical collector can further
improve the orientation of uniaxially aligned fibers due to the optimized electrostatic field
distribution (Figure 5m,n) [69]. There are still other collectors and designs to produce well-
aligned fiber-based 2D electrospun films by SDES and FEES, which have been described in
Section 2.2.3. Notably, stacking two layers of uniaxially aligned nanofibers with a certain
rotation angle can produce a mesh comprising biaxially aligned nanofibers (Figure 50) [42].
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Figure 5. Two-dimensional electrospun textiles constructed by NFES, SDES, and FFES. (a) SEM image
of a typical ultrathin electrospun network with relatively flat surface. (Reprinted with permission
from Ref. [115]. Copyright 2010, American Chemical Society.) (b) SEM image of a typical relatively
thick mat with relatively flat surface. (Reprinted with permission from Ref. [2]. Copyright 2011,
American Chemical Society.) (¢) Schematic of the preparation process of the 2D metal nanotrough
network by means of FFES. (d) Photograph showing ultrathin 2D electrospun textile consisting of
randomly oriented fibers prepared by FFES. (Reprinted with permission from Ref. [109]. Copyright
2013, Springer Nature.) (e) Schematic diagrams, photographs, and SEM images of the ultrathin 2D
electrospun PU network based on randomly oriented nanofibers and the PU-PDMS core—sheath
nanomesh. (Reprinted with permission from Ref. [104]. Open access Creative Common CC licensed
4.0, American Association for the Advancement of Science.) (f) Schematic diagram of the preparation
process of interconnected nanofiber-based electrospun PVA mats. (g) SEM image of an interconnected
nanofiber-based electrospun PVA mat. (Reprinted with permission from Ref. [110]. Copyright 2021,
Elsevier.) (h) Schematic diagram of the apparatus and mechanism to produce an interconnected
fibrous 2D net. (Reprinted with permission from Ref. [112]. Open access Creative Common CC
licensed 4.0, Springer Nature.) (i) SEM image of the interconnected fibrous 2D net fabricated by the
self-assembly electronetting technology. (Reprinted with permission from Ref. [43]. Open access
Creative Common CC licensed 4.0, Springer Nature.) (j) Schematic diagram of an NFES apparatus
that is direct-writing a pattern-controlled 2D textile. (Reprinted with permission from Ref. [113].
Copyright 2022 American Chemical Society.) (k) SEM image of a 2D electrospun textile composed of
regularly aligned fibers. (Reprinted with permission from Ref. [56]. Copyright 2013, Royal Society
of Chemistry.) (1) SEM image of a patterned 2D electrospun mat consisting of well-aligned fibers.
(Reprinted with permission from Ref. [108]. Copyright 2011, Wiley-VCH.) (m) Schematic diagram of
the FFES apparatus for preparing uniaxially aligned electrospun fiber mats. (n) SEM image of the
uniaxially aligned electrospun fiber mat. (Reprinted with permission from Ref. [69]. Open access
Creative Common CC licensed 4.0, MDPL) (o) Optical micrograph of the mesh comprising biaxially
aligned nanofibers. (Reprinted with permission from Ref. [42]. Copyright 2003, American Chemical
Society).
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3.1.3. Three-Dimensional Electrospun Microstructures

Typically, a nanofiber nonwoven mat has a 2D structure, which restricts its use in
sensing fields due to its inferior optical, thermal, mechanical, and electrical properties
of the flat plane and its limited porosity [1,25,116-120]. To overcome this limitation, var-
ious methods have been investigated to transform the 2D electrospun textile into 3D
micro/nanoarchitectured electrospun mats with various hierarchical structures [28]. In
this section, given the application potential in wearable sensing, the discussion focuses
mainly on three types of hierarchical 3D electrospun microstructures: (i) porous structures,
(ii) secondary micro/nanostructures, and (iii) array structures.

Much attention has been paid to fabricating porous fiber-based 3D electrospun mats,
owing to their high porosity, good compressibility, large specific surface area, and the ability
to trap charges [121-125]. The formation of pores in electrospun fibers is governed mainly
by the phase separation of the different components existing in the electrospinning liquid
precursor. This includes primarily the separation between the polymers and nonsolvents
or antisolvents, the phase separation of different polymer components, and the separation
between the polymers and solvents. Casper et al. found that water molecules in the air can
act as the nonsolvent for non-water-soluble electrospun polymers to produce electrospun
fibers with nanoporous structures on their surface (Figure 6a). Raising the relative humidity
to more than 30% causes an increase in the number and diameter of pores on the fiber
surfaces [126]. Megelski et al. reported that the use of a highly volatile solvent can separate
the polymer and nonsolvent to create polymeric fibers with micro-nanoporous-structured
surfaces [127]. In general, more complex approaches are needed to introduce nanoporous
structures into the electrospun fiber interior. Zhang et al. used bicomponent electrospinning
with a component as the sacrificing template to produce internally nanoporous fibers. The
polyacrylonitrile / polyvinylpyrrolidone bicomponent electrospun fibers were first prepared
by FFES and then transferred to deionized water at 100 °C to remove polyvinylpyrrolidone.
After a drying process in a vacuum, the desired fibers were obtained [128]. Yu et al.
utilized two-component coaxial electrospinning with mineral oil as the nonsolvent liquid
template to construct nanoporous electrospinning fibers. The mineral oil was dislodged by
a extraction process with cyclohexane, and the cyclohexane still needed to be removed via
vacuum-drying over a long time to obtain the resultant electrospinning fibers with internal
nanoporous structures [82]. Pant et al. used an FFES apparatus with a water-bath collector
to produce porous electrospun fibers. This design required a non-water-soluble electrospun
polymer and a water-soluble electrospinning solvent. The water-bath process transferred
the polymer from liquid phase to solid phase, resulting in the formation of porous structures
after a subsequent drying treatment [129]. McCann et al. placed a grounded collector in a
liquid nitrogen bath to freeze the electrospun fibers (Figure 30), leading to phase separation
between the polymer and the solvent. Subsequently, by removing the solvent in a vacuum,
internally porous fibers were constructed (Figure 6b) [92]. Recently, Zhang et al. developed
a solvent engineering strategy to self-assemble internally nanoporous electrospun fiber by
means of a simplest FFES apparatus, which did not require complex electrospinning set-up
and avoided not only the complicated and time-consuming post treatment for removing
various sacrificing templates or solvent but also the waste of a great deal of toxic wash
solvents and sacrificing templates [37]. The mixed solvent, consisting of two components
with different saturated vapor pressures (or boiling points), was utilized in this strategy. A
low-boiling-point solvent of acetone was used to control the surface tension for translating
the jet into continuous fibers. A high-boiling-point solvent of dimethyl sulfoxide (DMSO)
acting as both a solvent and a liquid template was the key for this strategy. Due to its high
boiling point, DMSO was difficult to fully volatilize during electrospinning, resulting in
humid fibers received on the collector. The residual DMSO continued to volatilize, inducing
the formation of nanopores in semi-dry electrified fibers. At the same time, electrostatic
charges on the surfaces of nanopores helped prevent the collapse and amalgamation of
the nanoporous structures (Figure 6¢). As the remaining DMSO completely volatilized,
stable nanoporous structures formed in the interior of the electrospun fibers (Figure 6d).
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Additionally, this strategy can also be used to self-assemble directly nanoporous composite
electrospun fibers composed of organic polymer matrices and inorganic nanoparticles
(Figure 6e) [6]. To further improve the density of the relatively closed nanopores for more
functional points, solvent engineering strategy can also self-assemble 3D nanoporous
blocks, which is referred to as the electro-pore-creating technique (Figure 6f,g) [2]. In
addition to the selected solvent mentioned above, this technique depends on the joint effect
between electrified curly fibers and droplets in electrospinning. As the fibers and droplets
are collected together, the droplets cannot make complete contact with the entangled curly
fibers. Bubbles appears at the interfaces between the droplets and humid fibers. As the
high-boiling-point solvent volatilizes, increasingly more nanopores develop within the
semi-dry, electrified droplet, finally producing a 3D nanoporous block [2]. Notably, another
advantage of the electro-pore-creating technique is precise control of the porous block
thickness due to its nanolayer-by-nanolayer self-assembly approach [3]. In addition to
the above methods for producing porous structures, there are preparation strategies for
other classic 3D electrospun porous structures, such as hollow (Figure 6h) [81], wire-in-tube
(Figure 6i) [84], and multi-channel microtube [80] fibers (Figure 6j), which were briefly
introduced in Section 2.2.2.

Constructing 3D electrospun secondary micro/nanostructures has aroused intense
interest due to their excellent interface effects and mechanical behaviors. Uzabakiriho et al.
used a conjugate electrospinning apparatus with a metal funnel to fabricate thermoplas-
tic polyurethane (TPU) yarns (Figure 6k) [130]. The yarn consisted of many electrospun
fiber bundles twisted into a spiral structure (Figure 6m,l) [130], which could be woven
into various functional sensing fabrics [131]. Huang et al. prepared PVDF nanofibers
whose surfaces were roughened with secondary nanostructures (Figure 60) by FFES in a
high-humidity environment (with relative humidity between 40% and 50%) [132]. Ge et al.
set up a synchronous electrospraying and electrospinning apparatus which included a group
of syringes (five side-by-side) and a grounded metallic rotating roller collector (Figure 6p)
to produce a mat with a lotus-leaf-like micro-nanostructured surface (Figure 6q) [133]. Four
dilute polyacrylonitrile (PAN) solutions with different concentrations of 1, 3, 5, and 7 wt%
were used as electrospinning liquid precursors. Under the same electrospinning param-
eters, due to the different concentrations, the jets with different morphologies (fibrous
and bead-on-string structures) were simultaneously ejected and collected. The fibrous
and bead-on-string electrospun fibers stacked up to form the biomimetic secondary micro-
nanostructures [133]. Similar biomimetic secondary micro-nanostructures can also be
fancifully constructed by single-step self-assembly strategies using common FFES appa-
ratus. Zhang et al. prepared dilute PVDF electrospinning solution and connected the
collector of an FFES apparatus to a negatively charged high-voltage power supply to self-
assemble 3D electrospun lotus-leaf-like mats (Figure 61,s) [3]. The dilute PVDF solution
helped create “nanowire-microsphere—nanowire” structured jets with cyclically charged
insulation. The negatively charged power supply endowed collected microsphere struc-
tures with more negative charges compared with nanowire structures. The electrostatic
interaction between two types of electrified microstructures led to the self-assembly of
the lotus-leaf-like secondary micro-nanostructures [3]. Moreover, Zhang et al. utilized
the wind-force stemming from a high-speed rotator collector in FFES to self-assemble 3D
secondary heart-like fibers (Figure 6t,u) [5]. The fundamental unit of this structure was
a spindle-shaped microsphere enveloped by numerous thin nanowires. The formation
of this 3D secondary micro-nanostructure depended on the combined action, including
the wind-force acceleration, electrostatic field force acceleration, and gravity acceleration.
The resultant acceleration exerted different effects on thin nanowire- and spindle-shaped
jets, which led to many thin nanowires located at the top surface of a spindle-shaped
microsphere [5].
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Three-dimensional microarrays are classic structures of high-performance sensors
owing to their outstanding ability to regulate force, heat, light, and electricity [134]. Direct-
writing NFES and SDES techniques are ideal approaches to produce 3D electrospun mi-
croarrays. For example, Huang et al. used an NFES apparatus to direct-write a 3D grid
wall (Figure 6v,w), which served as a spacer layer for a flexible piezoresistive sensor [135].
In terms of FFES, the self-assembled micro-honeycomb is the most famous 3D electro-
spun array structure obtained by this type of technique (Figure 6x). Yan et al. found
that micro-honeycombs could be self-assembled from various polymers and self-assembly
could only occur when the nanofibers were in a fluid state. They thought that surface
tension and electrostatic repulsion played crucial roles in driving the self-assembly of wet
electrospun nanofibers. The surface tension enabled wet nanofibers to adhere and coalesce
upon contact, while electrostatic repulsion opposed this merging process and attempted
to separate individual fibers or clusters of fibers when they came close to each other. The
three-branched structure with an intersecting angle of 120° offered the highest mechanical
stability, thus facilitating the formation of networks consisting of three-branched clusters by
the nanofibers. As these clusters captured incoming nanofibers, the electrostatic repulsion
between them caused the clusters to rise and develop vertically along the walls of the 3D
honeycomb-patterned nanofibrous structures [135]. In general, 3D microstructure arrays
with gradient geometries, such as micropyramids, microcones, microdomes, and micro-
prisms, possess more advantages in the development of high-performance sensors [136].
Most recently, Zhang et al. developed a new self-assembled electrospun micropyramid
array (EMPA) from various polymers by solvent engineering-strategy-improved FFES
(Figure 6y,z), which endowed various on-skin sensors with superior performances [1]. The
basic unit (i.e., a micropyramid) of EMPAs could be self-assembled from the micron to
millimeter scale. The flexible structural and material designability of the EMPA lay in its
special growth mechanism. Heterostructured electrified jets, inhomogeneously charged
initial fibers, and height-dependent local electric field were three key points. Firstly, the
solvent with a low boiling point was used to yield wet heterostructured electrified jets.
The initial deposition of wet heterostructured electrified jets resulted in the creation of
microdomains with inhomogeneous charges. The positively charged aerial jets were at-
tracted to the negatively charged microdomains that had a higher polymer content due to
electrostatic interactions. As a result, these microdomains developed into fibrous domes
that were embryonic forms of EMPAs. Electrostatic induction and polarization from the
electrostatic field gave rise to negative charges on the dome tops. The position closer to
the protuberance tip possessed a higher local electric field. Therefore, single fibers always
crossed the tops of neighboring domes, forming suspended “ropeways”. These suspended
“ropeways” acted as frameworks to capture subsequent aerial jets, outlining the architec-
ture’s arrays. Meanwhile, microdome arrays transformed into prominent EMPAs. The
EMPAs were able grow continually with the deposition of more jets [1].

3.2. Physical Properties

In this section, unique advantages of microstructured electrospun textiles serving as
wearable sensing devices are briefly discussed. The discussion focuses mainly on their
breathability, flexibility, stretchability, robustness, thermal-moisture stability, imperceptibil-
ity, and transparency.
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Figure 6. Constructure strategies of 3D electrospun microstructures. (a) SEM image of an electrospun
fiber with nanoporous structures on its surface. (Reprinted with permission from Ref. [126]. Copyright
2004, American Chemical Society.) (b) SEM image of an electrospun fiber with internally nanoporous
structures fabricated by a liquid-nitrogen-bath-based FFES. (Reprinted with permission from Ref. [92].
Copyright 2006, American Chemical Society.) (c) Schematic diagram of the solvent-engineering-
strategy-improved FFES. (d) SEM image showing internal nanopores of an electrospun fiber self-
assembled by the solvent-engineering-strategy-improved FFES. (Reprinted with permission from
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Ref. [37]. Copyright 2020, IOP Publishing Ltd.) (e) SEM image showing a self-assemble nanoporous
composite electrospun fibers composed of organic PVDF matrix and BaTiO3 nanoparticles. (Reprinted
with permission from Ref. [6]. Copyright 2022, American Chemical Society.) (f) Schematic diagram of
the solvent-engineering-strategy-based electro-pore-creating technique. (g) SEM image showing a
nanoporous block self-assembled by the electro-pore-creating technique. (Reprinted with permission
from Ref. [2]. Copyright 2019, Elsevier.) (h) SEM image of the hollow fiber. (Reprinted with
permission from Ref. [81]. Copyright 2004, American Chemical Society.) (i) SEM image of the
wire-in-tube fiber. (Reprinted with permission from Ref. [84]. Copyright 2010, American Chemical
Society.) (j) SEM image of the multi-channel microtube fiber. (Reprinted with permission from
Ref. [80]. Copyright 2010, Wiley-VCH.) (k) Schematic diagram of the yarn fabrication strategy.
(I) SEM image of the surface of the fabricated yarn. (m) Cross-sectional SEM image of the fabricated
yarn. (Reprinted with permission from Ref. [130]. Copyright 2022, American Chemical Society.)
(n) SEM image of a PVDF nanofiber whose surface is roughened with secondary nanostructures.
(Reprinted with permission from Ref. [132]. Copyright 2014, Elsevier.) (o) Schematic diagram of
the synchronous electrospraying and electrospinning apparatus. (p) SEM image of the lotus-leaf-
like micro-nanostructured surface. (Reprinted with permission from Ref. [133]. Copyright 2018,
Wiley-VCH.) (q) Schematic diagram showing the self-assembly process of the 3D hierarchical lotus-
leaf-like mat. (r) SEM image of the self-assembled 3D electrospun lotus-leaf-like mat. (Reprinted with
permission from Ref. [3]. Copyright 2020, Elsevier.) (s) Schematic diagram of the electrospinning
apparatus and the acceleration analysis. (t) SEM image of the 3D secondary heart-like PVDF fiber mat.
(Reprinted with permission from Ref. [5]. Copyright 2019, Royal Society of Chemistry.) (u) Schematic
diagram of an NFES apparatus to direct-write the 3D grid wall. (v) SEM image of the 3D grid wall.
(Reprinted with permission from Ref. [135]. Copyright 2022, Wiley-VCH.) (w) SEM image of the
self-assembled micro-honeycomb structure. (Reprinted with permission from Ref. [137]. Copyright
2011, American Chemical Society.) (x) Schematic illustration showing the growth process of EMPAs.
(y) SEM image of EMPAs. (Reprinted with permission from Ref. [1]. Open access Creative Common
CC licensed 4.0, Springer Nature).

3.2.1. Breathability and Imperceptibility

A healthy microenvironment of wearable sensors enables the human skin to ‘breathe’,
which means that it has enough permeability to allow the passage of air, water vapor, and
liquid [138]. To fully exploit the potential of wearable sensors working for a long time, these
devices should prioritize breathability as one of its essential features. Breathable wearable
devices can enhance the biocompatibility by not only avoiding inflammation but also
allowing gas to pass through. Electrospun textiles naturally possess excellent breathability
because of their network structures [139]. The water vapor transmittance rate of electrospun
textiles usually reach up to hundreds to tens of thousands of grams per square meter per
day (Figure 7a) [47,139]. Meanwhile, the water vapor transmittance rate increases with
the decrease in fiber density and film thickness. For an ultrathin 2D electrospun sensing
textile (with thickness from a few nanometers to a few microns), sweat secretion is not
disturbed by the wearing of the device (Figure 7b) [24]. Furthermore, ultrathin, ultralight,
gas-permeable 2D electrospun textiles can endow corresponding on-skin sensors with
imperceptibility [29]. Touch sensation and natural operation are not interfered with when
wearing this type of sensors (Figure 7c).

3.2.2. Thermal-Moisture Stability

Wearable sensing devices may experience degradation or failure due to prolonged
use and exposure to sweat or moisture due to delamination from the skin or analyte con-
tamination. It is necessary to develop waterproof and washable wearable sensors that can
perform effectively in varied hydration conditions, such as sweating, raining, swimming,
and showering. Furthermore, the achievement of long-term comfort requires a wearable
sensor that possesses good resistance to water penetration and hydrophobicity and is
capable of conducting heat, sweat, and moisture to maintain excellent thermal-moisture
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stability (Figure 7d) [47,140]. Electrospinning is an ideal technique to produce textiles with
this feature because of its excellent material and microstructure designability [141,142]. For
example, Zhang et al. reported a wearable electrospun triboelectric nanogenerator (TENG),
which was gas-permeable and was able to maintain stable electric outputs after being
washed ten times as well as being soaked in water for a week [5]. Yang et al. constructed a
nanofiber network into a hierarchical structure for realizing the moisture-wicking function
of the e-textile [141]. Peng et al. designed a micro-to-nano hierarchical porous structure,
providing the e-skin with numerous capillary channels for thermal-moisture transfer [142].
Zhang et al. prepared a bio-inspired hydrophobic/cancellous/hydrophilic 3D Trimurti
electrospun mat-based wearable motion sensor, which could not only accelerate evapora-
tion of sweat by the hydrophilic cancellous-bone-like bottom region but also resist water
by the hydrophobic lotus-leaf-like top region [2].

3.2.3. Flexibility, Stretchability, and Transparency

The comfort level of users and portability of devices depend greatly on mechanical
flexibility and stretchability. As a result, these features have garnered significant attention
worldwide for the development of wearable sensors. More importantly, these proper-
ties allow for conformal contact with dynamic, curvilinear human skin, enabling acute
health measurements. Devices should be able to stretch up to 10% strain on flat skin and
almost 60% strain for full-body motions, depending on the application and placement
of the wearable sensors. Electrospun textiles are known for their outstanding flexibility
and stretchability due to the micro-size effect [143], and interconnected nanofiber-based
electrospun textiles possess higher stretchability and strength compared with traditional
electrospun textiles without interconnected junctions [110]. For example, Li et al. used
a physical interlocking strategy to achieve a self-interlocked highly stretchable flexible e-
skin by simultaneous electrospinning of poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) and electrospraying of styrene—ethylene-butylene-styrene (SEBS) (Figure 7e).
The electrosprayed SEBS microspheres acted as the elastic binders, which enhanced the
stretchability of the electrospun film from 250% to 490% [144]. Moreover, decreasing the
electrospun film thickness was able to increase the flexibility. Miyamoto et al. reported that
an ultrathin on-skin 2D nanomesh sensor with excellent flexibility could even follow the
irregular structure of the finger skin (Figure 7b) [24].

Wearable sensors with high transparency offer distinct benefits, including excellent
visual effects, the ability to function as “invisible” equipment, and the enabling of optical
monitoring. Additionally, they enhance the aesthetic appeal of daily usage [145]. Low-
dimensional electrospun textiles usually have high transparency [109,146]. Ren et al. re-
ported a electrospun fiber-based wearable transparent pressure sensor whose transparency
was greater than 94% (Figure 7f) [147].

3.2.4. Robustness

Mechanical robustness plays a pivotal role in the lifespan of wearable sensors. Elec-
trospun wearable sensors, in general, possess good robustness [148]. There are two main
ways to evaluate the robustness of electrospun wearable sensors. One is comparing the
morphologies, structures, and components of the electrospun devices before and after fatigue
measurement via cyclic pressure loading and unloading, stretching and releasing, attaching
and detaching, washing and drying, and so on (Figure 7g) [2]. Another is directly comparing
the performances or outputs of the devices before and after the fatigue test (Figure 7h) [4].
Zhang et al. reported that after cyclic loading and unloading of a pressure of 5.5 N for
10,000 times, there were no visible changes in the surface or internal microstructure or in the
contact angle of the electrospun mat. Furthermore, the output performances and recovered
performances of the corresponding device after 10,000 working cycles, respectively, under
normal and harsh working environment did not exhibit visible changes [2]. These two tests
indicated outstanding robustness for wearable electrospun sensors.
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Figure 7. Common physical properties of wearable electrospun textiles. (a) Photograph showing the
waterproof and breathable properties of the electrospun electronic skin. (Reprinted with permission
from Ref. [139]. Copyright 2020, Wiley-VCH.) (b) Photograph and SEM image of a nano-mesh sensor
around a sweat pore of a skin replica. (Reprinted with permission from Ref. [24]. Copyright 2017,
Springer Nature.) (c) Photograph showing an imperceptible on-skin pressure sensor. (Reprinted
with permission from Ref. [29]. Copyright 2020, American Association for the Advancement of
Science.) (d) Schematic diagram showing an electrospun fabric with good thermal-moisture stability.
(Reprinted with permission from Ref. [47]. Copyright 2020, American Chemical Society.) (e) Pho-
tographs and SEM images of a highly stretchable electrospun textile. (Reprinted with permission
from Ref. [144]. Copyright 2020, Elsevier.) (f) Photograph showing a wearable transparent pressure
sensor which is used to detect pulse. (Reprinted with permission from Ref. [147]. Copyright 2019,
American Chemical Society.) (g) SEM image of an electrospun device before and after working for
seven days. (h) Outputs of the electrospun device after working for one and seven day(s). (Reprinted
with permission from Ref. [149]. Copyright 2015, Elsevier).

4. Applications of Microstructured Electrospun Textiles in Wearable Sensing

The human body and the surrounding microenvironment constantly emit electrical,
mechanical, thermal, moisture, and biochemical signals that can help characterize one’s
overall health. With advancements in technology, wearable sensors can now be developed
to specifically target these signals by detecting pressure, temperature, humidity, gas, bio-
chemical molecules, and light. As a result, non-invasive wearable sensors can be used
continuously over a long period for physiological signal recognition, behavior monitoring,
and health diagnosis. These detections play important roles in improving the health and
quality of life of individuals. In this section, a brief discussion regarding the wearable
electrospun textiles applied in sensing pressure, temperature, humidity, gas, biochemical
molecules, and light for individual healthcare and behavior monitoring is presented.

4.1. Wearable Electrospun Pressure Sensors

According to working mechanisms, current electrospun pressure sensors can be di-
vided into capacitive, piezoresistive, piezoelectric, triboelectric, and iontronic pressure
sensors [7,150,151]. Electrospun 1D fibrous, 2D interconnected network, and 2D aligned
fiber structures are able to improve the stress distribution and enhance the stretchability of
piezoelectric and piezoelectric strain sensors [104,152]. For example, Huang et al. prepared
a 1D serpentine self-similar electrospun PVDF piezoelectric fiber array—which, serving as
a piezoelectric velocity, strain, and pressure sensor—possessed a high stretchability of more
than 300% [153]. This piezoelectric sensor was able to monitor posture and movement
of the human body for healthcare. The network and porous structures in the interiors of
2D and 3D electrospun mats could provide good compressibility and associated electro-
static effect, which were beneficial for enhancing the capacitance, resistance, and voltage
changes of capacitive, piezoresistive, and triboelectric pressure sensors under a certain
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pressure [154,155]. For example, Zhang et al. fabricated a triboelectric action sensor con-
sisting of electrospun nanoporous fibers, which delivered ultrahigh electrical outputs of
56.9 W m~2 and 2209 V under an impact force of 100 N. Owing to its excellent electrical
performances and, therefore, high signal-to-noise ratio, the triboelectric sensor was able to
detect various body motions, such as running, walking, and picking up an object [37]. Some
3D (secondary) microstructures or 3D gradient microarrays on the electrospun mat surface
were able to improve the effective contact area, stress distribution, and compressibility
of triboelectric, iontronic, piezoresistive, piezoelectric, and capacitive pressure sensors at
a certain pressure [1,135,156]. The 3D spiral structure of the electrospun yarn enhanced
the stretchability and strength of the piezoresistive strain sensors [130]. These inherent
structural advantages of electrospun fibers and fabrics optimize multiple sensing prop-
erties, especially sensitivity and detection limit, of corresponding wearable sensors and,
therefore, promote their application in health, action, and manipulation monitoring [7].
Additionally, optimizing electrospun fiber density and alignment can further endow these
wearable devices with new functions and better usage experience. For example, Yang
et al. used a pair of 2D uniaxially aligned antimony-doped tin oxide electrospun nanofiber
films to assemble a wearable strain sensor with direction-awareness and high transparency
(Figure 8a) [157]. The single electrospun film exhibited exceptional anisotropic sensing
performance, allowing for unidirectional sensing capability along the nanofiber direction.
This sensing property was leveraged to construct the direction-aware biaxial strain sensor
by stacking these two electrospun films orthogonally. Meanwhile, they demonstrated the
potential of this direction-aware strain sensor for multi-degree-of-freedom applications,
such as human motion monitoring and human-machine interaction. In addition, Zhang
et al. used ultrathin, ultralight, gas-permeable 3D EMPA films to design a capacitive—
triboelectric hybrid sensor with high sensitivity of 19 kPa~!, ultralow detection limit of
0.05 Pa, ultrafast response less than 0.8 ms, and good imperceptibility (Figure 6z) [1]. This
on-skin sensor could detect an ultraweak fingertip pulse during monitoring of natural
finger manipulation over a wide frequency range with minimal sensory interference, which
was suitable for recording complicated manipulation details and detecting mental stress
and emotion information of the eSports players (Figure 8b).
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Figure 8. Applications of electrospun textiles in wearable pressure sensing. (a) SEM image, photo-
graph, unidirectional sensing performance, and wearable application of the direction-aware strain
sensor. (Reprinted with permission from Ref. [157]. Copyright 2022, Elsevier.) (b) Pictures of finger
manipulation monitoring and synchronous current and capacitance signals during finger manipu-
lation and pulse monitoring for an eSports player. (Reprinted with permission from Ref. [1]. Open
access Creative Common CC licensed 4.0, Springer Nature).
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4.2. Wearable Electrospun Temperature Sensors

Temperature is a fundamental physical indicator that reflects the human physiolog-
ical, psychological, and health status. The human body temperature is approximately
36-37 °C, and the pleasant ambient temperature is usually between 18 and 24 °C. Devia-
tions from this range, whether too high or too low, can cause certain harm to human health.
In addition, the ambient temperature can also affect people’s comfort levels. Wearable
electrospun temperature sensors can be divided mainly into thermochromic and resistive
temperature sensors [158-161]. Thermochromic sensors render an effective and intuitive
real-time solution to detect the local temperature by the naked eye. In general, electrospun
thermochromic temperature sensors are prepared by adding colorimetric dyes to the liquid
precursor with a subsequent electrospinning process. Compared with traditional dense
film-based thermochromic sensors exposing many dye molecules to the surface, the porous
electrospun nanofiber structure with uniformly distributed dyes possesses superior light
transmittance and, therefore, higher sensitivity and faster response speed. Kim et al. pre-
pared an electrospun thermochromic sensor using (C3HgNg-CH,O)x as thermochromic
dyes, which had high sensitivity and fast response time at 31.6-42.7 °C (Figure 9a). They
found that the aligned electrospun nanofiber-based sensor showed 1.67-fold enhancement
in thermochromic sensing performances compared with a randomly oriented fiber sensor
(Figure 9b). Moreover, the electrospun thermochromic fibers can be processed into 2D films
and 3D yarns to monitor real-time body temperature in the forms of patches, masks, and
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Figure 9. Applications of electrospun textiles in wearable temperature sensing. (a) Schematic illustra-
tion of the sensing performance comparison between the traditional dense film-based thermochromic
temperature sensor and the electrospun thermochromic temperature sensor. (b) Photographs of the
sensing performance comparison among the sensors consisting of randomly oriented nanofibers,
well-aligned nanofibers, and yarns. (c) Temperature sensing application of the electrospun devices.
(Reprinted with permission from Ref. [158]. Copyright 2022, Wiley-VCH.) (d) Schematic diagram,
SEM image, and dual-functional sensing performances of the electrospun temperature—pressure
sensor. (Reprinted with permission from Ref. [160]. Copyright 2023, Elsevier).
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In terms of the electrospun resistive temperature sensor, it is usually integrated with
the electrospun pressure/strain sensor, achieving dual-function sensing [159-161]. The
current key points for this type of dual-function sensors are pressure-temperature signal
decoupling and sensing performance enhancement, including sensitivity and response time.
Wang et al. prepared 2D electrospun thermoplastic polyurethane (TPU) films and integrated
resistive-temperature- and capacitive-pressure-sensing units to the electrospun TPU films, form-
ing an all-fiber fully decoupled dual-function sensor with other advantages of air permeability,
humidity inertness, and waterproof ability (Figure 9a) [160]. The resistive temperature sensor
layer comprised a serpentine poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS)/PVA/G layer on top of two PEDOT:PSS interdigital electrodes. The capacitive
pressure sensor layer was an ionic liquid /TPU fabric electrolyte layer on top of the su-
percapacitive PEDOT:PSS/PVA /Co30y interdigital electrodes. Since the temperature and
pressure sensing units were based on completely different mechanisms, dual signals were
successfully decoupled. The temperature change of 0.1 °C resulted in a fast response time of
0.7 s. Meanwhile, the temperature and pressure sensitivities reached up to 0.040 °C~! and
147.19 kPa~!, respectively. On the basis of these merits, this wearable sensor was capable
of monitoring pulse beats and body temperature at the wrist before and after exercise in a
wireless and real-time mode [160].

4.3. Wearable Electrospun Gas Sensors

Toxic and harmful gases in the air affect the health of people. The exhaled gases
reflect the health status of the body. The timely detection of gases can provide a good
understanding of the state of health and air pollution, which is of great importance for
disease prevention, early treatment, and human health protection [162]. The large spe-
cific surface area and high porosity of electrospun fabrics render numerous active sites to
connect with gas molecules, which have huge potential to achieve rapid gas sensing [26].
Common wearable electrospun gas sensors can be divided into chemical dye, resistive, and
triboelectric gas sensors [13,163]. Electrospun chemical dye gas sensors as a visible sensing
technology allow people to directly identify targeted analytes with their eyes [163]. Kim
et al. embedded ion-pairing dyes into stacked nanofibers via electrospinning, realizing
harmful-gas sensors with sub-ppm theoretical detection limits (e.g., 0.15 ppm for formalde-
hyde) (Figure 10a) [13]. The dye-based electrospun sensing array comprised 12 sensing
elements with varying initial states. Due to the wide range of color variations available
with these dyes, the resulting color map generated by the array was both uncomplicated
and accurate enough to differentiate among functional groups, such as amines, aldehydes,
and carboxylic acids, as well as varying carbon chain lengths. Utilizing these nanofiber
mats, an optoelectronic filter system could be implemented to detect formaldehyde in the
surrounding area and to verify the successful elimination of the detected formaldehyde
through the gas filter cartridge [13]. Electrospun resistive gas sensors have been widely
studied. Zhang et al. prepared uniaxially aligned and randomly oriented electrospun
PEDOT:PSS/PVP composite nanofibers as a resistive gas sensor to detect carbon monox-
ide (CO), and a linear relationship was observed between the response of PEDOT:PSS
nanofibers and the concentration of CO within the range of 5-50 ppm (Figure 10b) [33].
Electrospun triboelectric gas sensors are based on changes in electrical signals caused by
changes in properties, such as the dielectric constant, due to adsorption of gas molecules
by tribo-materials [164]. In addition, triboelectric gas sensors can achieve self-powered
sensing [165].
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Figure 10. Applications of electrospun textiles in wearable gas sensing. (a) Schematic diagram, SEM
image, and sensing performances of the electrospun chemical dye gas sensor consisting of stacked
nanofibers. (Reprinted with permission from Ref. [13]. Copyright 2022, Wiley-VCH.) (b) SEM images
and sensing performances of an electrospun resistive CO sensor. (Reprinted with permission from
Ref. [33]. Open access Creative Common CC licensed 4.0, Hindawi).

4.4. Wearable Electrospun Humidity Sensors

The measurement and control of local humidity are of great importance for improving
the quality of human life. The large specific surface area and high porosity of electrospun
fabrics are also beneficial for humidity sensing. There are four common types of wearable
electrospun humidity sensors, including resistive, capacitive, colorimetric, and triboelectric
humidity sensors [14,166-168]. For example, You et al. prepared electrospun 2D composite
nanofibrous films composed of polyamide 66 and cobalt chloride (PA66/CoCl,), which
were used as colorimetric humidity sensors [169]. The sensors displayed a noticeable color
transformation from blue to pink as the relative humidity increased from 12.4 to 97.2%,
attributed to the color-changing properties of CoCl, (Figure 11a). Moreover, the fabricated
sensors demonstrated desirable features, such as fast response and recovery time (less than
65.4 s and 11 s), low hysteresis (less than 11%), excellent reproducibility, and stability [169].
Recently, the wearable electrospun humidity sensors based on some new mechanisms were
developed. Su et al. proposed a sensing-transducing coupled piezoelectric strategy by
integrating a high-piezoresponse ceramic into a moisture-sensitive polyetherimide (PEI)
polymer matrix through electrospinning [170]. This technique allowed for simultaneous
and synchronous humidity perception and signal transduction and achieved a high sensi-
tivity of 0.9% per relative humidity and a fast response time of 20 s to ambient moisture
(Figure 11b). This sensor was designed to adhere to the skin, allowing for simultaneous
monitoring of tension and the level of sweat on the skin [170].
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Figure 11. Applications of electrospun textiles in wearable humidity sensing. (a) Schematic diagram,
SEM image, and sensing performances of the electrospun colorimetric humidity sensor. (Reprinted
with permission from Ref. [169]. Open access Creative Common CC licensed 4.0, Springer Nature.)
(b) Photograph, SEM image, and sensing performances of the electrospun sensing—transducing-
coupled piezoelectric humidity sensor. (Reprinted with permission from Ref. [170]. Copyright 2023,
Royal Society of Chemistry).

4.5. Wearable Electrospun Biomolecule Sensors

The biomolecules in the human body reflect the state of physical health, and detecting
these molecules can provide valuable insights into the body’s condition. This is particularly
important for preventing the spread of infectious diseases and early treatment of major
chronic illnesses. It should be noted that human biomolecules may contain various compo-
nents, such as bacteria and viruses, and effective methods are needed to detect them [171].
Electrospun polymeric nanofiber membranes can be easily modified and functionalized
with more target binding sites and sensing elements to improve their sensitivity and selec-
tivity for biomolecule analytes [172]. For example, Frias et al. produced an asymmetrical
nanofiber-based mat with an open-porous characteristic by the electrospinning of PVA and
alginated polymers and posterior hierarchization with conductive polyaniline, which was
used to detect the Zika virus (Figure 12) [173].
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Figure 12. Applications of electrospun textiles in wearable biomolecule sensing. Schematic diagram,
SEM image, and sensing performances of the electrospun sensor to detect Zika virus. (Reprinted with
permission from Ref. [173]. Copyright 2022, American Chemical Society.)
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4.6. Wearable Electrospun Photosensors

Wearable photosensors have the potential to improve human health and life in several
ways, such as monitoring UV radiation exposure, detecting glucose levels in individuals
with diabetes, drug development, and personalized medicine [27]. Currently, wearable
electrospun photosensors featuring low-dimensional nanostructures are used mainly to
monitor UV radiation exposure. Excessive exposure to UV radiation can cause skin damage
and increase the risk of skin cancer. By monitoring UV radiation exposure in real-time,
wearable electrospun photosensors can help individuals to take steps to reduce their risk
of skin damage and cancer. For example, Huang et al. utilized highly flexible ceramic
nanobelts to construct a suitable “invisible” soft UV photodetector (Figure 13a) [174]. The
remarkable mechanical flexibility and optical transparency of the nanobelt network could
be attributed to its tightly entangled network structure and customized ribbon geometry.
Despite being bent to a radius of 1 mm, the conductivity of the SnO, nanobelt remained
stable during the bending process. Even after 1000 cycles of bending to a radius of 2 mm,
the resistance of the nanobelt network increased by only 110%. This nanobelt network
could be conveniently and effectively transferred to or integrated with any functional
electronic device, and its flexibility or stretchability could be modified on the basis of
the surface structure of different substrates, allowing for the selection of appropriately
flexible or curved substrates for the preparation of “invisible” UV photodetectors at a low
cost [174]. In addition, they also fabricated a wearable electrospun photosensor based on
5SnO; nanobelts, which was able to maintain consistent performance even when subjected
to finger bending (Figure 13b) [175]. This is because the inorganic SnO, nanobelt network
featured a buckling open-mesh configuration, high optical transparency (>86% at 550 nm),
and remarkable stretchability (=160%). The light-switching process of this sensor displayed
a nearly constant light-response performance and recovery speed. These nanobelts could be
laminated onto various surfaces to create wearable UV photodetectors that demonstrated
reliable photoelectric performance and were able to tolerate repeated complex deformations
caused by human movement [175].
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Figure 13. Applications of electrospun textiles in wearable light sensing. (a) SEM images, pho-
tographs, and sensing performances of the electrospun photosensor. (Reprinted with permission
from Ref. [174]. Open access Creative Common CC licensed 4.0, Springer Nature.) (b) SEM images,
photographs, and sensing performances of the electrospun photosensor. (Reprinted with permission
from Ref. [175]. Copyright 2015, Wiley-VCH).

5. Conclusions and Outlook

This review begins with a description of the principle, typical apparatuses (including
NFES, SDES, and FFES), and key components (including high-voltage power supply, spin-



Chemosensors 2023, 11, 295

24 of 31

neret, and collector) of electrospinning for producing wearable sensors. Then, we elaborate
on construction strategies and physical properties of microstructured functional electro-
spun fabrics for wearable sensing. In the section of construction strategies, we discuss
mainly how to construct various typical 1D, 2D, and 3D electrospun microstructures by
NEFES, SDES, and FFES. In the section on physical properties, breathability, impercepti-
bility, thermal-moisture stability, flexibility, stretchability, transparency, and robustness
of wearable electrospun sensing textiles are mainly discussed. Subsequently, we review
the applications of various 1D, 2D, and 3D microstructured electrospun textiles in sensing
pressure, temperature, gas, humidity, biochemical molecules, and light for physiological
signal recognition, behavior monitoring, personal protection, and health diagnosis. Finally,
we summarize the challenges of constructing functional electrospun microstructures of
wearable sensors for physiological signal detection and healthcare as follows:

1. It was demonstrated that constructing complex microstructures usually endows the
wearable devices with superior sensing performances. Currently, a majority of clas-
sic functional microstructures, such as micropyramid, microcone, microhelix, and
thin-layer structures, are created by photolithography, 3D printing, hydrothermal
synthesis, inkjet printing, and screen printing. Photolithography and 3D printing can
produce very regular and highly designable microstructures. Both techniques are
suitable for directly processing a wide range of materials, such as inorganic crystals
and organic polymers, without the requirement of complicated process exploration.
According to the growth law of crystals, hydrothermal synthesis can also yield highly
regular microstructures with material and geometric specificities. Inkjet printing
and screen printing can produce precise thin-layer patterns with ultrahigh resolution
and controllable thickness ranging from a few nanometers to tens of microns. In
contrast to the above five classic processing technologies, it is difficult to obtain highly
regular microstructures through electrospinning, which hinders the study of rigor-
ous structure—performance relationships for electrospun functional microstructures,
especially for sophisticated electrospun microstructures. Moreover, compared with
photolithography and 3D printing, complicated process exploration, in general, is
needed for expanding a certain sophisticated electrospun microstructure to new mate-
rial systems. For example, our group developed a self-assembly strategy to create the
electrospun micropyramid array. We spent much effort to endow various polymer
materials with this type of advanced electrospun microstructure [1]. In addition,
electrospinning requires liquid precursors and cannot directly process solid materials,
which further limits its material universality compared with photolithography and 3D
printing. Therefore, we should develop systematic strategies and easy-to-implement
methods to promote the material universality and improve the geometrical regularity
of sophisticated electrospun microstructures, widening their functionality as much
as possible. Furthermore, we should develop various classic high-performance mi-
crostructures by electrospinning as well as guarantee the inherent merits, such as
high gas-permeability, porosity, and specific surface area, of electrospun products
to further improve the sensing performances, comfort, and practicality of wearable
devices. Over the past several years, our group has developed various complex
self-assembled electrospun microstructures (secondary micro-nanospheres [5], hierar-
chical micropapillaries [3], gradient micropores [2], micropyramid arrays [1], etc.) for
high-performance comfortable sensors, which may inspire the design and preparation
of new functional electrospun microstructures.

2. The special and attractive phenomenon in FFES is the self-assembly of regular mi-
crostructure. Meanwhile, the classic self-assembled electrospun microstructures (e.g.,
interconnected 2D nano-nets and 3D micro-honeycombs) have huge potential in
achieving advanced wearable sensors. However, the electrospinning self-assembly
mechanisms of these microstructures are still not very clear [176,177]. More attention
should be paid to investigate explicit self-assembly mechanisms for developing more
suitable electrospun microstructures in the field of wearable sensing.
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3.  Inthe past, the development of electrospun sensors focused only on their network
structures that produced good permeability, large specific surface area, and numerous
functional sites. Recently, Someya’s group exploited the attractive imperceptibility
of ultrathin, ultralight, gas-permeable electrospun sensors, which triggered new
application prospects of wearable pressure sensors in clinical restoration of hand
function and digital archiving of a craftsperson’s skills [29]. Therefore, focusing on
the specificities of existing electrospun microstructures, we should further expand
and deepen their applications in wearable sensing.

4. At present, it is difficult for wearable electrospun sensors to integrate biophysical,
electrical, optical, and biochemical sensing modalities together, hindering the sensing
capabilities and often leading to expensive products. It is imperative to integrate
multiple sensing modalities onto a single platform to enhance health monitoring
efficiency and level. This will enable the measurement of more selective and specific
bio-signals, allowing for a comprehensive evaluation of health conditions and body
statuses.
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