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ABSTRACT
3D fibre aerogels with aligned architecture, due to their high porosity, interconnected pore structure and high specific surface 
area, show great potential in sound absorption, oil‐water separation and air filtration. Herein, we present a novel and simple 
long straight bundle electrospinning strategy inspired by Darwin's bark spider to prepare 3D aligned fibre aerogels. Different 
from the conventional electrospinning, whipping instability of the fibre is effectively eliminated by manipulating the distri
bution of electric field lines during the long straight bundle electrospinning, resulting in the formation of a 3D aligned fibre 
aerogel. The detailed long straight bundle electrospinning process (formation of fibre bundle, flying path of fibre bundle and 
deposition of fibre bundle) along with the underlying mechanism are systematically studied. Based on this theoretical basis, 
scalable fabrication of the 3D flexible aligned fibre aerogel with an ultrahigh fibre alignment degree of 0.93 and an ultrathick 
structure (2.8 cm) is achieved in one step. As a proof of concept, we investigate the use of the 3D aligned fibre aerogel in air 
filtration. It is found that the fibre aerogel shows excellent PM1.0 and PM2.5 filtration performance in both perpendicular to and 
parallel to fibre alignment direction. Interestingly, the pressure drop in the direction parallel to fibre alignment is only 21 Pa, 
which is much lower than that in the direction perpendicular to fibre alignment. We also compare the filtration performance of 
our 3D fibre aerogel with other filters and find that the comprehensive performance of our aerogel is obviously better.

1 | Introduction

3D fibre aerogel assembled by lots of ultrafine fibres is a new 
kind of aerogel. This novel aerogel integrated the merits of both 
conventional aerogels and ultrafine fibres, including high 
porosity, low density, interconnected pores and also high spe
cific surface area, leading to their vast application scenarios, 
such as air filtration, oil‐water separation, sound absorption, 
tissue regeneration and heat insulation [1–4]. Numerous effects 
have been devoted to preparing 3D fibre aerogels. Among these, 
template‐assisted collection [5], self‐assembly [6], 3D printing 
[7], gas foaming [8] and freeze‐drying [9] are the most 
commonly used methods. For instance, Cao et al. first split the 
nanocrystal bundles from cellulose nanocrystals powders and 

prepared a polyacrylonitrile nanofiber membrane by electro
spinning. Then, the fibre aerogel was prepared by a freeze‐ 
drying technique and further heat‐treated to obtain cross
linked fibre aerogel [10]. Similarly, Zhu et al. extracted cellulose 
nanofibers (CNF) from a northern bleached softwood kraft pulp 
as the 3D printing ink and then prepared CNF aerogel using the 
3D printing technique. The CNF aerogel was further modified 
for fast solar‐driven atmospheric water harvesting [11]. Jin et al. 
synthesised graphene oxide (GO) using the Hummers method 
and prepared polyacrylonitrile/itaconic acid fibre membrane by 
electrospinning. Then, the 3D fibre aerogel was successfully 
fabricated by the combination of gas foaming, freeze drying and 
coating with GO [12]. As mentioned above, these preparation 
methods involved expensive setups and suffered from multistep 
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processes, which greatly hindered the large scale production, 
and were also widely used [13].

Recent studies indicated that the aligned fibre structure is bene
ficial to improve materials properties [14–17]. For instance, Li 
et al. prepared a silicon nitride sponge containing highly aligned 
fibres, and the sponge demonstrated a high air filtration efficiency 
of over 99.8% and a low pressure drop of only 131 Pa. The filtration 
performance with the aligned structure was superior to that with 
the random fibre structure [18]. Zhu et al. developed an aniso
tropic wood aerogel with high fibre alignment. The aerogel 
exhibited excellent oil absorption capacity [19]. Panatdasirisuk 
et al. designed a polycaprolactone nanofiber membrane for 
separating oil‐in‐water emulsion. By stretching to align the in
ternal fibres, the aligned fibre membrane was able to exclude oil 
from the ultra‐small diameter (< 18 nm) oil‐in‐water emulsion 
droplets and maintained a high volumetric flux of 
70 L⋅m−2 h−1 bar−1 [20]. For example, Vaquette et al. developed a 
new technique involving braiding and electrospinning to prepare 
aligned poly (L‐lactic acid‐ε‐caprolactone) electrospun micro
fibers for ligament tissue engineering. The composite scaffold 
exhibited an elastic modulus (150 ± 14 MPa) similar to the 
modulus of human ligaments owing to the aligned structure. 
Biological evaluation results showed that cells could spontane
ously align along the direction of microfiber alignment compared 
with random scaffolds [21]. Based on these, the aligned fibre 
structure may be important for high‐performance fibre aerogels 
and thus it is of great significance to propose a simple and versatile 
method to prepare 3D fibre aerogels with high fibre alignment.

Nature offers a plethora of excellent design that inspires valuable 
insights into the preparation of new materials. In the nature, 
Darwin's bark spider, a notable example of a predator, is capable 
of spitting out a long and highly aggregated bundle of silk over 
20 m for its prey. The spitting aligned fibre bundle of Darwin's 
bark spider inspired us to propose a long straight bundle elec
trospinning strategy to fabricate a 3D aligned fibre aerogel. Unlike 
the conventional single‐jet spinning process, the biggest differ
ence of the new spinning strategy was that, after finely controlling 
the electric field, an aligned fibre bundle was ejected from the 
Taylor cone and the bundle was then flown straight, resulting in 
an ultra‐thick bioinspired 3D aligned fibre aerogel. We system
atically investigated the straight bundle spinning process (for
mation of fibre bundle, flying path of fibre bundle and also fibre 
deposition) and the mechanism behind 3D aerogel formation. 
Furthermore, bioinspired 3D aligned fibre aerogel was prepared, 
and the fibre alignment was analysed by combining scanning 
electron microscopy (SEM) and a two‐dimensional fast Fourier 
transform (FFT) approach. Finally, as a proof of concept, we 
investigated the potential of the bioinspired 3D aligned fibre 
aerogel in particulate matter filtration, and anisotropic air 
filtration performance (parallel and perpendicular to the fibre 
alignment direction) was carefully evaluated.

2 | Materials and Methods

2.1 | Materials

PS (Mw: 350000 g/mol, ρ: 1.04 g/mL) was purchased from 
Sigma‐Aldrich Company. Anhydrous lithium chloride (LiCl) 

was obtained from Tianjin Tianda Chemical Reagent Factory. 
Silver nitrate (AgNO3) was supplied by Tianjin Tiangan 
Chemical Technology Development Co. Ltd. Anhydrous cal
cium chloride (CaCl2) was supplied by Tianjin Sheng'ao 
Chemical Reagent Co. Ltd. N, N‐Dimethylformamide (DMF) 
and tetrahydrofuran (THF) were provided by Shanghai Aladdin 
Reagent Co. Ltd. All reagents and solvents were used as received 
without further purification.

2.2 | Fabrication of the Bioinspired 3D Aligned 
Fibre Aerogels

A homogeneous solution containing LiCl was obtained by 
adding 75 mg LiCl powders into a mixed solvent containing 
2 mL of DMF and 2 mL of THF. The mixture was stirred for 
30 min at room temperature. Then, 0.75 g PS particles were 
added to the above solution. Subsequently, the solution was 
placed on an electrospinning device. The spinning voltage was 
controlled at 13 kV. The distance between the nozzle and the 
rotated drum was 8 cm, and the flow rate was maintained at 
1.5 mL/h. The speed of rotation of the collector was set to 
50 rpm. To investigate the effect of salt species on the long 
straight bundle electrospinning process, the other two salts, 
CaCl2 and AgNO3, were also added into the solution for spin
ning, respectively.

To study the influence of salt concentration on the long straight 
bundle electrospinning process, a solution with different con
centration of LiCl (2.5%, 5%, and 10%) was prepared. Firstly, 
18.75, 37.5 and 75 mg of LiCl powders were added to a mixed 
solvent of 2 mL of DMF and 2 mL of THF. Then, 0.75 g PS 
particles were added to the solution. The mixture was stirred at 
room temperature for 12 h. The spinning parameters were 
consistent with that mentioned before. Finally, the fabricated 
bioinspired 3D aligned fibre aerogels were vacuum‐dried at 
50°C for 24 h to remove the residual solvent.

A 2D PS fibre membrane was also prepared as control. A ho
mogeneous PS spinning solution was obtained by adding 0.75 g 
PS particles into a mixture of 2 mL of DMF and 2 mL of THF. 
The fibre membrane was deposited on aluminium foil under a 
high‐voltage power supply of 8 kV. The flow rate was 1.0 mL/h, 
and the spinning distance was 15 cm. Finally, the fabricated 2D 
PS fibre membrane was vacuum‐dried at 50°C for 24 h to 
remove the residual solvent.

2.3 | Characterisation

The morphology of the prepared bioinspired aerogel was char
acterised using SEM (SU8010, Hitachi). The thickness of the 
aerogel was measured with a thickness gauge. The mechanical 
properties were tested both parallel and perpendicular to the 
fibre alignment directions using a tensile testing machine 
(sunszy‐2000, utm2103, Shenzhen, Suns). The conductivity 
tester (DDS‐308F) was utilised to measure the conductivity of 
the spinning solutions at room temperature. Additionally, the 
viscosity of the spinning solutions at room temperature was 
tested using a rotational digital viscometer (HS YZL‐H). Three 
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tests were conducted for each solution and the results were 
averaged to minimise errors. The volume density (ρ) of the 
aerogel was calculated using Equation (1):

ρ = M/V (1)

where V is the volume of the bioinspired nanofiber aerogel and 
M is its mass.

An FFT analysis of the SEM image was performed to determine 
the fibre alignment in aerogels. The FFT output images were 
generated by using a module in the software ImageJ, which 
contained greyscale pixel patterns that reflects the degree of 
fibre alignment in the SEM image. The aerogel alignment de
gree (S) was also determined by the following Equation (2):

S = (3 cos2θ − 1)/2 (2)

where θ was the angle between the direction of the long axis of 
each individual fibre and the drum rotation direction.

2.4 | Anisotropic Filtration Performance of the 
Bioinspired 3D Aligned Fibre Aerogels

The TSI 8532 automated filtration tester was utilised to assess 
the filtration performance of the bioinspired 3D aligned fibre 
aerogels in the directions parallel to and perpendicular to fibre 
alignment. The number of parallel replicates was at least three 
for each experiment. The instrument was linked to a particle 
generator capable of producing particles ranging in diameter 
from 0.3 to 10.0 μm. A fan connected to the particle generator 
facilitated driving the generated aerosol particles through the 
filters. Aerosol wind speed was measured using an anemometer 
(FMA1002R‐V1, OMEGA). Two automated filtration testers 
were employed for measuring aerosol concentrations before and 
after passing through the filters. Additionally, the pressure drop 
across the filter was gauged utilising a pressure transducer (DP‐ 
CLCTM5825). Particulate aerosol tests were conducted at room 
temperature with a fixed aerosol wind speed of 0.20 km/h, and 
the filtration efficiency (η) of the filters was calculated using 
Equation (3):

η = [(N1 − N2)/N1] × 100% (3)

where N1 and N2 are the particle concentrations upstream and 
downstream of the filter, respectively. The pressure drop ΔP (the 
difference in pressure before and after filtration) is calculated as 
follows Equation (4):

ΔP = P2 − P1 (4)

where P1 and P2 are the pressures before and after filtration, 
respectively.

The quality factor (QF) was a crucial parameter for evaluating 
the filtration performance of filters and could be calculated as 
follows Equation (5):

QF = − ln(1 − η)/ΔP (5)

3 | Results and Discussion

3.1 | Characterisation of the Bioinspired 3D 
Aligned Fibre Aerogel

The Darwin bark spider possesses elongated major ampullate 
ducts. Through the precise modulation of the spinning envi
ronment, it produces dragline silk exhibiting ultrahigh tough
ness and exceptional tensile strength. Due to this outstanding 
toughness, the silk can be aerially transported by wind currents 
to span river gaps for effective insect capture. Inspired by the 
spitting of the long fibre bundle phenomenon of Darwin bark 
spider, a novel long straight bundle electrospinning technique 
was proposed to fabricate bioinspired 3D aligned fibre aerogel 
(Figure 1a). During spinning, a fine and narrow bundle was 
observed to fly to the rotated drum, highly similar to the spider 
spitting phenomenon, as shown in Figure 1b. The fibre bundle 
was then wrapped on a rotated drum to form a thick 3D aligned 
fibre aerogel. Figure 1c revealed that the thickness of the bio
inspired aerogel increased with spinning time, and the thickness 
could increase to 2.8 cm after 6 h of deposition. As depicted in 
Figure 1d, the fibre aerogel showed an ultralow density about 
3.88 mg/cm3 and could freely stand on the top of a flower, 
indicating its ultra‐light feature. The bioinspired aerogel also 
exhibited good tensile strength and could bear a weight 1000 
times heavier than itself without breaking (Figure 1e). In 
addition to mechanical robustness, it also displayed good me
chanical flexibility. It could be knotted and even repeatedly 
twisted without destruction (Figure 1f,g).

The SEM images in Figure 1h,i indicated that fibres in the 
bioinspired aerogel were highly aligned along the drum rotation 
direction, and the fibre surface was smooth without beads. 
Furthermore, the alignment degree of the fibres in the bio
inspired aerogel was further investigated by the FFT method. 
From Figure 1j, it was found that the FFT output image dis
played a linear pattern, indicating that the fibres showed good 
alignment. The degree of alignment S was calculated to be high 
up to 0.93, further indicating high alignment of the fibres, as 
shown in Figure 1k.

3.2 | Effect of LiCl Concentration on the 
Formation of the Bioinspired Aligned Fibre 
Aerogels

The effect of LiCl concentration on fibre flying path, deposition 
width and fibre alignment of the resultant fibre materials was 
thoroughly studied. As shown in Figure 2a1–a5, for the electro
spinning of the pristine PS solution, the fibres underwent a 
strong whipping motion with the deposition width over 20 cm, 
and a 2D membrane was finally obtained after continuing fibre 
deposition. When the loading ratio of LiCl increased to 2.5%, an 
obvious whipping phenomenon was also observed, resulting in 
the formation of the 2D fibre membrane (Figure 2b1). Interest
ingly, the whipping of the fibre was effectively hindered when the 
loading ratio was fixed at 5% (Figure 2c1). Besides, we also 
observed that the deposition width of the fibres was obviously 
shortened, and the thickness of the membrane was significantly 
improved. During the electrospinning of PS/10%LiCl solution, a 
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long straight fibre bundle could be observed, and a thick fibre 
aerogel was found to be deposited on the drum (Figure 2d1,d2). 
The deposition width of the fibre aerogel was gradually decreased 
to only 10 cm, which was much narrower than that of the ob
tained 2D membrane (Figure 2b2,c2,e). The SEM results in 
Figure 2b3–d3 revealed a gradual increase of fibres alignment 
with different LiCl concentrations. Meanwhile, the FFT output 
images and the quantitative result of the alignment degree S also 
proved that the fibres in the 3D aerogel showed a highly aligned 
structure (Figure 2b4–d4,b5–d5). In order to clarify the under
lying mechanism, both the conductivity and viscosity of the four 
spinning solutions were tested. The results in Figure 2f displayed 
that the conductivity of the four spinning solutions exhibited a 
notable increase from 0.46 to 820 µS/cm, whereas the corre
sponding viscosity did not undergo a significant change with the 
increasing LiCl concentration.

3.3 | Effect of Salt Species on the Formation of the 
Bioinspired Aligned Fibre Aerogels

We carefully studied the effect of three different salts, namely 
AgNO3, CaCl2 and LiCl, on the fibre motion path. As shown in 
Figure 3a1–c1, all the three kinds of fibre bundles underwent a 
straight path, and no obvious bundle whipping could be 
observed. The widths of the fibre bundles for the PS/10%AgNO3 

aerogel, PS/10%CaCl2 aerogel and PS/10%LiCl aerogel were 1.5, 
2.5 and 0.5 cm, respectively. Interestingly, different from the 2D 
membrane obtained from the conventional electrospinning, we 
observed that the resultant PS/10%AgNO3 aerogel, PS/10%CaCl2 

aerogel and PS/10%LiCl aerogel all showed a 3D thick archi
tecture, as shown in Figure 3a2–c2. In addition, we also 
observed that the deposition of the fibre was focused at the 
centre of the drum, and the deposition widths of these aerogels 
were very narrow (Figure 3d).

We then employed the SEM technique to observe the 
morphology of these fibre aerogels and found that most of the 
fibres were in a parallel direction (Figure 3a3–c3). The FFT 
output images in Figure 3a4–c4 indicated a linear pattern for the 
three kinds of aerogels, suggesting that the fibres were aligned 
along the drum rotation direction. The average angle θ between 
the long axis direction of each fibre and the drum rotation di
rection for PS/10%AgNO3 aerogel, PS/10%CaCl2 aerogel and PS/ 
10%LiCl aerogel was 16.16°, 16.25° and 13.22°, respectively. The 
alignment degree S was calculated to be 0.72, 0.61 and 0.92, 
respectively, as shown in Figure 3a5–c5. As shown in Figure 3e, 
we measured the conductivity and viscosity of the PS/ 
10%AgNO3, PS/10%CaCl2 and PS/10%LiCl spinning solutions 
and found the conductivities of the solution were 310, 190 and 
820 µS/cm, respectively. The viscosities of the three spinning 
solutions was 702, 710 and 720 cP, respectively. There was a 

FIGURE 1 | (a) Schematic illustration of the bioinspired concept and the preparation of the 3D aligned fibre aerogel. (b) Digital photograph of the 
straight fibre bundle and the novel spinning process. (c) Thickness variation with the increasing spinning time. (d) Ultra‐lightness of the aerogel. (e–g) 
The aerogel is mechanically robust. (h) Low magnification and (i) high magnification of the aligned fibres. (j) FFT result, (k) alignment degree of the 
fibres.
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significant difference in the conductivity of the three spinning 
solutions. On the contrary, the viscosity of the three spinning 
solutions remained almost unchanged for the three types of salt.

3.4 | Formation Mechanism of the Bioinspired 3D 
Aligned Fibre Aerogels

Generally, electrospinning is recognised to be a simple and ver
satile method to produce fibres. During the conventional elec
trospinning process, a single fibre was ejected from the charged 
droplet due to the low conductivity of the spinning solution. The 
flying fibre became highly unstable under the downward electric 
field force FE and the repulsive force (FR, FR'), and then under
went a strong whipping motion. After the solvent evaporation, the 
fibres were randomly deposited on the drum in a large area with 
the form of the 2D membrane (Figure 4a) [22, 23].

In this study, different from the conventional electrospinning, 
we proposed a novel long straight bundle electrospinning 
strategy for the preparation of 3D aligned fibre aerogels. The 
possible mechanism was shown in Figure 4b. Due to the high 
conductivity of the spinning solution, lots of fibres were 
simultaneously ejected from the charged droplet. The aligned 
fibre bundle flew in the shortest straight path in order to 
immediately release large quantities of electric charge in the 
fibres due to the instability. Once in contact with the drum, 
the rotated drum will pull the aligned fibres along the drum 
rotation direction, and the charges could be immediately 
released on the conductive drum. Although when the deposi
tion time increased, the flying fibres would deposit onto the 
pre‐deposited fibres rather than the conductive drum. As the 
pre‐deposited fibres were insulating, the pre‐deposited fibres 
with massive positive charges would repel the flying fibres 
with like charges. Thus, a 3D fluffy aerogel with aligned fibres 
was formed.

FIGURE 2 | (a1, a2) Whipping motion of the fibre during the electrospinning of pristine PS solution and appearance of the thin 2D PS fibre 
membrane. (a3–a5) SEM image, FFT result and fibre alignment degree S of the resultant PS fibre membrane. (b1, b2) Whipping motion of the 
fibre during the electrospinning of PS/2.5%LiCl solution and the obtained fibre membrane. (b3–b5) SEM image, FFT result and fibre alignment 
degree S of the PS/2.5%LiCl fibre membrane. (c1, c2) Slightly whipping motion of the fibre during the electrospinning of the PS/5%LiCl solution 
and appearance of the PS/5%LiCl fibre aerogel. (c3–c5) SEM image, FFT result and fibre alignment degree S of the PS/5%LiCl fibre aerogel. (d1, 
d2) Long straight bundle formation during the electrospinning of the PS/10%LiCl solution and appearance of the PS/10%LiCl fibre aerogel. 
(d3–d5) SEM image, FFT result and fibre alignment degree S of the PS/10%LiCl fibre aerogel. (e) Deposition widths of the four kinds of fibre 
materials. (f) Conductivity and viscosity of the spinning solutions with different LiCl concentrations.
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FIGURE 3 | (a1, a2) Flying path of the fibre bundle and the resultant PS/10%AgNO3 fibre aerogel. (a3–a5) SEM image, FFT result and fibre 
alignment degree S of the PS/10%AgNO3 fibre aerogel. (b1, b2) Flying path of the fibre bundle and the obtained PS/10%CaCl2 fibre aerogel. 
(b3–b5) SEM image, FFT result and fibre alignment degree S of the PS/10%CaCl2 fibre aerogel. (c1, c2) Flying path of the fibre bundle and the 
obtained PS/10%LiCl fibre aerogel. (c3–c5) SEM image, FFT result and fibre alignment degree S of the PS/10%LiCl fibre aerogel. (d) Deposition 
widths of the three kinds of fibre aerogels. (e) Conductivity and viscosity of the spinning solution containing three different kinds of salt.

FIGURE 4 | Schematic illustration of the formation mechanism of (a) 2D fibre membrane and (b) bioinspired 3D aligned fibre aerogel.
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It was found that salt concentration exerted a profound influ
ence on the formation of the 3D aligned fibre aerogel. This is 
due to the fact that the electrical conductivity of the spinning 
solution gradually increased with the addition of salt, and the 
whipping motion of the fibres would be weakened or even 
disappeared when the conductivity was high enough. Further 
studies demonstrated that the addition of different types of salts 
all resulted in the formation of 3D aligned fibre aerogels. The 
addition of different types of salts resulted in high electrical 
conductivities of the spinning liquids, resulting in the weak
ening of fibre whipping motion.

Thanks to the high conductivity‐induced electric field redistri
bution, long straight fibre bundle electrospinning could be used 
to prepare 3D fibre aerogel in one step. The whole preparation 
process was simple and there was no need to further refine the 
electrospinning setup. It is believed that this one‐step scalable 
method is of great significance for broadening the use of the 
fibre aerogel.

3.5 | Anisotropic Mechanical Property of the 
Bioinspired 3D Aligned Fibre Aerogel

The anisotropic tensile mechanical properties of the aligned 
fibre aerogel were tested in parallel and perpendicular to the 
direction of aligned fibres, as shown in Figure 5a,b. Figure 5c
displayed the tensile strength of the PS fibre membrane and 
bioinspired aerogel parallel and perpendicular to the direction 
of fibre alignment, which was 230, 210 and 100 kPa, respec
tively. The elongation at break of the pure PS fibre membrane 
was approximately 120%, whereas that of the aerogel in parallel 
to the fibre alignment direction was 80% and that of the aerogel 
in perpendicular to fibre alignment direction was only 60% 
(Figure 5d). As shown in Figure 5e, the Young's modulus of the 
pure PS fibre membrane and the bioinspired aerogel parallel 
and perpendicular to the fibre aligned direction was 200, 260 
and 150 kPa, respectively. The results indicated that the 

bioinspired aerogel displayed anisotropic mechanical properties 
and possessed superior mechanical characteristics in the direc
tion parallel to fibre alignment. When stretched along the di
rection of fibre alignment, the aerogel was subjected to a more 
uniform distribution of the total load and was able to withstand 
higher stresses, resulting in excellent mechanical property. On 
the contrary, when stretched perpendicular to the direction of 
fibre alignment, the externally applied stress was difficult to be 
transferred to the fibres, which ultimately resulted in poor 
mechanical property [24–26].

3.6 | Potential Application of the Bioinspired 3D 
Aligned Fibre Aerogel in PM Filtration

As the fibre aerogel showed a unique alignment structure, as a 
proof of concept, we investigated its potential application in air 
filtration (Figure 6a). Figure 6b shows the schematic diagram of 
the anisotropic air filtration performance of the bioinspired 
aerogel in both parallel to and perpendicular to the fibre 
alignment direction. As shown in Figure 6c, the filtration effi
ciencies of the 2D fibre membrane, bioinspired aerogel parallel 
to the fibre alignment direction and bioinspired aerogel 
perpendicular to the fibre alignment direction for PM2.5 were 
97.0%, 99.0% and 97.3%, respectively, whereas the corresponding 
filtration efficiencies for PM1.0 were 97.0%, 98.5% and 97.0%, 
respectively. Interestingly, their pressure drop was obviously 
different, which was 79, 21 and 87 Pa, respectively (for PM2.5 

and PM1.0) (Figure 6d). As displayed in Figure 6e, the quality 
factors of these three filters were 0.048, 0.200 and 0.046 Pa−1 for 
PM2.5 filtration and 0.041, 0.170 and 0.040 Pa−1 for PM1.0 

filtration, respectively. The results indicated that, regardless of 
whether PM2.5 or PM1.0, the bioinspired aerogel exhibited the 
enhanced air filtration, reduced pressure drop and superior 
quality factor in the direction parallel to fibre alignment. It was 
also found that the filtration efficiency and pressure drop of the 
bioinspired aerogel did not change significantly after 180 min of 
filtration, as shown in Figure 6f.

FIGURE 5 | (a) Schematic illustration of anisotropic tensile testing. (b) Stress–strain curves, (c) tensile strength, (d) elongation at break, 
(e) Young's modulus of the bioinspired 3D aligned fibre aerogel in the direction parallel to and perpendicular to fibre alignment.

Biosurface and Biotribology, 2026 7 of 10
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The filtration performance of the fibre aerogel prepared in this 
study meets the requirements of relevant standards (GB 
19083–2010 and T/CNTAC 55‐2020). The filtration performance 
of the bioinspired aerogel was further compared with that of the 
commercially available fibre filters and the reported fibre filtra
tion materials, as shown in Figure 6g and Table 1 [17, 18, 27–31]. 
The results indicated that the filtration efficiency, especially the 
pressure drop, of the bioinspired aerogel was superior to that of 
the commercial products and the reported air filters.

We carefully investigated the mechanism of the anisotropic 
filtration performance of the bioinspired aerogel (Figure 6h). 
When filtered parallel to the direction of fibre alignment, par
ticles slid radially along the surface of the aligned fibres and 
were eventually deposited on the fibre surface due to gravity and 
diffusion, resulting in high filtration efficiency. When filtered 
along the direction perpendicular to fibre alignment, particles 

were physically intercepted by impacting with the intricate fibre 
network, ultimately leading to high filtration efficiency [32]. It 
was worth noting that the bioinspired fibre aerogel in the di
rection parallel to fibre alignment showed a particularly low 
pressure drop. The low pressure drop was resulted from the 
synergistic coupling of anisotropic permeability and slip flow 
effect. In contrast to isotropic random fibre networks, our 3D 
aligned fibre architecture established well‐defined, low‐ 
resistance flow channels oriented parallel to the fibre axis. 
This structural anisotropy substantially reduced flow path tor
tuosity. Furthermore, the slip flow effect also played a critical 
role since the flow direction coincided precisely with the local 
fibre orientation. Due to the ultrahigh porosity and the more 
pronounced slip flow effect between airflow and aligned fibres, 
collisions of particles with fibres were reduced, resulting in a 
lower pressure during the filtration process and lower respira
tory resistance [17, 33–35].

FIGURE 6 | Schematic diagram of (a) air filtration device and (b) anisotropic filtration performance test. (c) Filtration efficiency, (d) pressure drop, 
(e) quality factor of fibre membrane and aerogel in perpendicular to and parallel to fibre alignment directions for PM2.5 and PM1.0. (f) Long‐term 
filtration performance of the bioinspired aerogel. (g) Comparison of the filtration performance of the bioinspired aligned aerogel with other air 
filters, commercial filters and industry standards [17, 18, 27–31]. (h) Schematic illustration of the anisotropic filtration performance mechanism of 
the bioinspired aligned aerogel.
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4 | Conclusions

In summary, we proposed a simple and versatile approach to 
fabricate the bioinspired 3D aligned fibre aerogel. The key of 
this method was to control the formation fibre bundles and 
bundle motion path by manipulating the electrical lines distri
bution. By doing so, the whipping motion of the fibres was 
eliminated, and the fibre bundles could undergo a straight 
motion and freely wrap onto the collector to form the 3D 
aligned fibre aerogel. This novel method was extremely simple, 
which did not need any complicated setup. Besides, this method 
was capable of fabricating the aligned fibre aerogel with a large 
area in one step. Due to these merits, a polymer aerogel with 
high fibre alignment degree and thickness of 2.8 cm was pre
pared. As a proof of concept, this aerogel was utilised in air 
filtration performance; the bioinspired aerogel exhibited supe
rior air filtration performance in the direction parallel to fibre 
alignment. The filtration efficiencies for PM2.5 and PM1.0 were 
99.0% and 98.5%, respectively, whereas the pressure drop was 
only 21 Pa. The air filtration performance of our aerogel was 
significantly better than that of the commercialised products 
and reported air filtration materials. This novel preparation 
strategy may provide a reference for the preparation of 3D fibre 
aerogels with aligned structures for the applications of oil–water 
separation, tissue regeneration, desalination and other related 
fields.
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