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A B S T R A C T

Heating and heat retention in buildings account for over 50 % of total energy costs, emphasizing the urgent need 
not only for advanced thermal insulation materials but also for nature-inspired design strategies to enhance 
energy efficiency and address the global energy crisis. In this study, we present a one-step fabrication method 
that improves both thermal insulation efficiency and the mechanical performance of polymer fiber mats. By 
leveraging bioinspired design, we successfully fabricate nanogroove fibers by precisely controlling humidity 
during in-situ electrospinning. This approach mimics the nanogroove topography of Old Man Cactus hair, 
enabling a simple yet effective method to regulate the nanoscale morphology of fibers. The resulting nanogroove 
fibers exhibit a substantial ~10 % reduction in surface temperature compared to conventional insulation coat
ings when applied to hot water pipes. Remarkably, our nanogroove fibrous coatings achieve 25 % higher energy 
savings per unit area and approximately 29 times higher per gram of material mass than commercial rubber 
insulation materials. This study highlights the critical role of nanoscale surface morphology engineering, 
particularly in the facile fabrication of nanogroove structures, in mitigating energy and heat loss during thermal 
transport processes. Based on the unique advantages of humidity-controlled polymer fiber architectures, this 
approach enables the development of flexible, high-performance thermal insulation materials, opening new 
avenues for versatile applications across various fields.

1. Introduction

With the rapid expansion of the global population and concerns over 
environmental sustainability, the energy crisis has become one of the 
most critical matters of our times [1]. Heating and heat retention in 
buildings account for more than 50 % of total energy costs [2]. As a 
result, improving thermal management through thermal insulation 
coatings is a key strategy for developing energy-efficient solutions. A 
straightforward example is the insulation used in indoor hot water cir
culation systems worldwide. However, current pipe systems can lose up 
to 10–30 % of their heat, causing an enormous economic burden for 
societies and impacting the environment [3]. Conventional water pipe 
insulation is composed of rubber, mineral, and glass wools or highly 

porous polymer foams, designed to minimize heat loss, thus saving en
ergy consumption by 4–5 % annually [4]. Here, the effectiveness of pipe 
insulation is influenced by factors such as thickness (ranging from 6 to 
200 mm), porosity, density, and, critically, the nanostructure of the 
materials [5,6]. A material's ability to resist heat conduction, along with 
its structural design, plays a vital role in insulation efficiency by trap
ping heat and preventing its escape, thereby enhancing overall heat 
retention [6]. Improving the efficiency of insulation materials can be 
achieved through various strategies. Increasing material porosity en
hances thermal performance but often compromises its mechanical 
strength [7]. Another approach involves incorporating non-conductive 
nanoparticles, modifying the molecular structure, or introducing nano
porous or nanorough surfaces to precisely tailor thermal properties 
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[8,9].
Animals and plants have evolved unique and effective thermal 

insulation mechanisms [10]. For example, polar bears and penguins 
possess specialized hairs or feathers, enabling them to regulate body 
temperatures in extreme conditions [11,12]. Similarly, in the plant 
kingdom, various adaptive strategies have evolved [10]. For instance, 
cacti have evolved unique structural and physiological attributes to 
thrive in desert environments [13]. One key factor in their ability to 
endure heat and minimize water loss is the thickness of their cuticle. 
Additionally, cacti spines serve multiple functions, including water 
harvesting, defense against predators, moisture collection from the air, 
and temperature regulation of the stem surface during the day [14]. The 
Old Man Cactus (Oreocereus trolli or Cephalocereus senilis) stands out not 
only for its spines but also for having the highest density of hair-like 
structures (trichomes) among cacti species [15]. While the precise 
function of cacti hairs is still not well examined, they are believed to 
provide insulating function by shielding the central part of the plant 
from sunlight, heat, and extreme temperature fluctuations in the desert. 
Keeley et al. demonstrated that the hairy form of Tephrocactus floccosus 
maintains a subepidermal temperature for threehours longer than its 
hairless counterpart, effectively reducing heat loss [13].

Electrospinning is a widely used technique for producing nano- and 
microscale fibers from various materials, including polymers, ceramics, 
and composites [16–18]. The basic principle of this method involves 
using an electric field to draw a polymer solution toward a grounded 
collector, where electrohydrodynamic phenomena lead to the formation 
of ultrafine electrospun continuous fibers [19]. Electrospinning param
eters such as relative humidity (RH), play a crucial role in controlling 
surface morphology of individual fibers, enabling the formation of 
nanopores or grooves [20–22]. Compared to other fiber fabrication 
methods such as melt blowing or air-jet spinning, electrospinning allows 
precise tuning of the surface and structural properties of polymeric 
materials at the nanoscale during their production [23,24]. A key 
advantage of electrospinning is its scalability, which can be achieved 
through multiple nozzles, needleless, centrifugal force, or free surface 
systems [25]. With the growing interest in polymer fibers for thermal 
insulation, electrospinning has emerged as one of the most promising 
techniques for the commercialization of advanced insulation materials 
[26]. Polycarbonate (PC), an amorphous thermoplastic polymer, is 
particularly suitable for effective thermal insulation due to its high 
melting point (~288 ◦C), superior impact resistance, inherent flame 
resistance, and good mechanical performance [27]. Additionally, PC is 
chemically resistant to acids, neutral and acid salt solutions, greases, 
oils, detergents, and alcohols, and notably, it is fully recyclable [28].

In this study, we developed electrospun polymer fibers with high 
roughness and sufficient mechanical strength, biomimicking the hair of 
the Old Man Cactus, for use as a highly robust thermal insulation 
membrane. We demonstrated a one-step fabrication process via 
humidity-controlled electrospinning, enabling the production of non- 
woven fiber mats with customized thermal insulation properties. 
Experimental and computational analyses confirmed that fiber rough
ness, specifically nanogroove surface morphology, significantly en
hances heat insulation by trapping air, thereby reducing thermal 
conductivity. Remarkably, our nanogroove fibrous mats achieved lower 
thermal conductivity values compared to commercially used rubber- 
based materials for pipe insulation. The low thickness and lightweight 
characteristics of our membranes offer significant advantages for prac
tical applications where insulation layer dimensions are critical. Our 
bioinspired fibrous mats, optimized for superior thermal insulation, 
exhibit exceptional mechanical stability, lightweight, and desirable 
thermal properties, highlighting their potential for addressing global 
challenges such as energy loss and heat dissipation during transport.

2. Results and discussion

2.1. Investigation of Cephalocereus Senilis cactus hairs

Cacti are among the few plants that can endure drought conditions 
and high temperatures due to their internal and external structure. The 
role of cactus hair remains relatively unexplored; however, they serve as 
insulation, shielding the plant's inner core from the sun's intense heat 
and the temperature fluctuations typical of desert environments. Natural 
old man cactus (Cephalocereus senilis) hairs were collected and analyzed 
to serve as a basis for our biomimetic design (Fig. S1). As can be seen, the 
plant is covered with hair called trichomes and spines, which are char
acteristic of Cephalocereus senilis [29]. We extracted an areole from the 
cactus skin (Fig. S1A-E). The thickness and the pore size of the hairy 
layer in the cactus were determined, being 0.91 ± 0.23 and 0.08 cm ±
0.05 cm, respectively. Using scanning electron microscopy (SEM), the 
surface of the hairs was examined, showing characteristic grooves on the 
surface (Fig. S1F) and the average cactus hair diameter of 20.01 ± 5.05 
μm.

Upon examination of the cactus hair, notable porosity is evident in 
the hair layer, with apparent variations in pore size (Fig. S1C). This 
suggests that one of the functions of the hairy layer is thermal insulation. 
We notice that cactus hairs have a rough, nanogroove surface, likely 
influencing heat transfer by inducing perturbations in the heat velocity 
profile [30]. Previously, Guen et al. showed that surface roughness at the 
nanoscale is meaningful in heat-conduction material [31]. Alternating 
the roughness of a material significantly changes the heat conduction 
path, consequently, its thermal conductivity [32]. Interestingly, nano
scale surface roughness can trap air gas molecules in grooves, lowering 
material's thermal conductivity [33]. In the case of cactus hair, nano
grooves on the surface serve as a key mechanism for temperature 
retention in the cactus stem.

2.2. Fabrication and characterization of the cactus-inspired polymer 
fibers

A schematic diagram of the strategy for manufacturing cactus- 
inspired fibrous mats for thermal insulation application is shown in 
Fig. 1. We successfully electrospun polymer fibers and mats with two 
types of surface morphology - smooth fiber (sF) and nanogrooved fiber 
(ngF), respectively (Fig. 2A, B and S2). These morphologies were ach
ieved by adjusting RH during electrospinning - 60 % RH for sF and 30 % 
RH for ngF. The average fiber diameter (Df) of sF and ngF was around 
6.35 ± 0.90 and 5.17 ± 0.72 μm (Fig. S2). Additionally, fibers were cut 
using a focused ion beam (FIB) to investigate the cross-section geometry 
and internal structure of the produced fibers, which were further used to 
create the 3D reconstructions (Fig. 1A, B and S3). 3D tomography 
revealed voids with 92 ± 38 nm diameter inside sF fibers, with internal 
porosity around 11 %. For ngFs, the internal structure was solid 
(Fig. S3A, B). Investigation of individual fiber contour geometry inves
tigation showed a circularity of 0.87 ± 0.01 for sF and 0.64 ± 0.04 for 
ngF (Fig. S3C). Using atomic force microscopy (AFM), we determined 
the average surface roughness (Ra) of single fibers: 20 ± 2 nm for sF, 119 
± 27 nm for ngF, and 131 ± 17 nm for cactus hair, respectively (Fig. 2C, 
D, E). All results with statistical significance among each group were 
summarized in Table S1.

Following this bioinspired design, we have successfully developed 
polymer fibers with a nanogroove structure (ngF). In this study, we 
compared it with - smooth fiber (sF) (Fig. 2A, B) to verify the effect of 
fiber roughness on preventing heat loss or maintaining a stable tem
perature. The nanogroove morphology of our fibers was attributed to 
differences in the solvent's evaporation dynamics in the polymer solu
tion, controlled by the RH during electrospinning (Fig. 2B). At high RH, 
water can be absorbed and/or penetrate the polymer jet, leading to 
surface grooves, pores, and/or voids inside the fiber structure [34]. A 
more detailed discussion regarding surface morphology and groove 
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formation was added to supporting information (page S7 in SI). Indi
vidual fiber cross-section geometry investigations show a clear differ
ence between sF and ngF. The circularity coefficient value (~0.87) and 
contour shape for sF were closer to a perfectly round shape (circularity 
coefficient = 1.00), whereas ngF has a much lower value (~0.64) 
(Fig. S3C).

One parameter used to express the differences in surface roughness 
of materials is the Ra - arithmetic average of profile height deviations 
from the mean line [35]. In the case of smooth fibers, the low value of 
the Ra (~20 nm), along with a slight deviation, suggests that the surface 
exhibits a lack of roughness, which is evident from the FIB-SEM images 
and the AFM roughness profile (Fig. 2A, C-E). For nanogroove fibers, 
there is an apparent increase in Ra to ~119 nm (Fig. 2B, C-E). Addi
tionally, the depth of nanogrooves is close to the value presented by 
Guen et al., where surface roughness affects the heat conduction of 
material [31]. What is important is that the surface profile and rough
ness average of ngF and cactus hairs were similar (Fig. 2C, D), demon
strating the biomimetic properties of our fibers. The nanogrooves on the 
fiber surface create nano roughness, which is crucial for obtaining 
thermally insulating materials and is explained further in this work.

2.3. Characterization of fibrous mats

The further characterization of two types of mats (nF and ngF) in
cludes pore size, thickness, wettability, roughness, density, and specific 
surface area (BET), with all the details presented in the SI. The mean 
pore size values were 131.38 ± 119.48 μm for sF and 90.94 ± 73.96 μm 
for ngF, respectively (Fig. S4A, B). The thickness, water contact angle, 
and roughness of mats were similar and were ~410 μm, ~128◦, and 
~13 μm for both samples (Fig. S2C-F and Table S1). The density of 
samples varied, ~1.416 g⋅cm− 3 for ngF and ~ 1.378 g⋅cm− 3 for sF mats, 
and ~ 1.195 g⋅cm− 3 for PC powder material. Specific surface area was 
~22.177 m2⋅g− 1 for sF and ~ 1.357 m2⋅g− 1 for ngF (Table S1 and 

Fig. S5).
One of the main factors determining the properties of electrospun 

mats is the diameter and shape of the fibers [36]. For example, changing 
fiber diameter from micro to nanoscale or altering geometry from 
smooth shape to ribbon or groove results in reduced pore size and can 
affect mat thickness, wetting angle, and mechanical properties [37–40]. 
However, in this work, the average diameter of the sF and ngF fibers was 
similar. The only difference was in shape (see Fig. 2A, B), which did not 
affect pore size, thickness, wettability, roughness, and density of mats. 
The difference in specific surface area is caused by sample preparation 
(cutting) and the porous structure of sF. A more detailed discussion 
regarding specific surface areas can be found in SI, page S8.

2.4. Chemical analysis of mats

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of mats 
indicating the specific peaks at 1161, 1188, and 1230 cm− 1 for C–O 
bond stretching, 1386 cm− 1 for C–H bending, 1500 and 1684 cm− 1 for 
C––C stretching, and 1770 cm− 1 related to C––O (Fig. 2F). The glass 
transition temperature (Tg) of sF, ngF fibers, and PC granulate material 
(raw material) were evaluated using differential scanning calorimetry 
(DSC) and reached: 134.2 ± 1.0, 136.5 ± 1.3, and 152.7 ± 0.7 ◦C, 
respectively (Fig. 2G). The average crystallinity of the electrospun fibers 
and PC granulate was found to be lower than 1 % for both samples. In 
addition, a DSC test was conducted from 25 to 80 ◦C for 30 cycles, which 
showed the thermal stability of sF and ngF (Fig. S6).

The chemical analysis showed no structural differences between 
samples with different individual-fiber geometries, confirming the 
amorphous structure [41]. Only the slight shift in Tg is caused by voids 
inside sF fibers [42]. The voids also caused differences in the density of 
fibers and specific surface area (Fig. S3). Nanogroove fibers (ngF) 
exhibited extensively lower gas sorption, reducing specific surface area. 
Contrary to expectations, this outcome is attributed to the sample 

Fig. 1. Cactus hairs inspiration. Schematic diagram presenting the strategy for electrospinning bioinspired hair-inspired fibrous mats and their functional application 
as thermal insulation.
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preparation process (Fig. S5). Detailed discussion of gas adsorption re
sults was explained in SI, see page S7–8.

2.5. Mechanical properties of individual fibers and mats

The mechanical properties of individual sF and ngF and mats were 
examined using a tensile module (Fig. 2H, I). Individual fibers were 
collected directly during electrospinning onto laser-cut rectangular 
paper frames with 1 × 2 mm openings. This enabled controlled isolation 
of straight, single fibers suitable for tensile testing using a 1 N force cell. 
The methodology is described in detail in the Materials and Methods. 
Individual smooth fibers exhibited ~1.83 and ~1.53 higher maximum 
stress (σmax) and Young's modulus (E), but ~3 times lower strain at 
maximum stress (εmax) and failure (εfailure), and ~2.1 lower toughness 
(W) compared to those of individual nanogroove fibers. All results from 
mechanical testing and all stress-strain curves are summarized in the SI 
(Table S1 and Fig. S7). We observed a similar trend in the case of mats 
consisting of randomly oriented fibers, showing a higher σmax and lower 
εmax, εfailure, and W for sF mats than results for a ngF mat (Table S1).

In terms of the mechanical properties, we verified them for indi
vidual fibers and mats. The tensile test results demonstrate ~83 % and 
~53 % higher tensile strength and Young's Modulus for sF but ~300 % 
lower strain and toughness than ngF. A similar tendency was previously 

observed for PVDF fibers, where smooth fibers exhibited higher tensile 
strength than grooved ones [43]. The higher tensile strength of sF is 
linked to the existence of voids inside fibers [44]. The presence of voids 
in the single fiber increases the packing of molecules in the structure 
[45]. making the chains less free to move and pull out, which increases 
the strength of the material while reducing elongation, as seen in sF 
[65]. The mats composed of ngF showed higher strain and toughness 
than sF based mat, which are desirable for thermal insulation applica
tions (Fig. 2H, I; Fig. S7 and Table S1) [46]. In the randomly oriented 
fiber network, individual fiber strength significantly influences the 
mechanical properties of electrospun mats [47]. The random arrange
ment of fibers distributes stress and enhances mechanical performance 
due to interactions between the fibers, highlighting the significance of 
individual fiber stiffness [48].

2.6. Analysis of thermal properties

Starting with the thermal properties of individual fibers, we 
employed scanning thermal microscopy (SThM) to precisely map the 
heat transfer with a spatial thermal resolution (<50 nm) and remarkable 
thermal sensitivity (<0.01 ◦C), see Fig. 3A [49]. Previously, SThM was 
used to investigate the thermal conductivity of polyimide (PI) nano
fibers, which was improved by adding silicon-nitride (SiN) particles 

Fig. 2. Morphology, cross-section and surface investigation of single cactus hairs inspiration polymer fibers. (A, B) SEM micrographs showing surface morphology 
and cross-section of individual electrospun smooth (sF) and nanogroove (ngF) fiber. (C) AFM topography images of individual fibers - sF, ngF, and cactus hair 
indicating the differences in surface roughness. (D) Example of individual fiber sF and ngF surface profile used to calculate Ra from AFM images. (E) Bar graph of 
surface average roughness (Ra) for individual fibers sF and ngF, and cactus hair. (F, G) Representative DSC heating curves and FT-IR spectra for sF and ngF fibers, and 
PC granulate (raw material). (H, I) Representative stress-strain curve of sF and ngF individual fiber and fibrous mats.
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[50]. The temperature recorded by the SThM reflects the rate of heat 
conduction when the probe contacts the sample's surface; a higher sur
face temperature of the tip indicates lower heat transfer between the tip 
and the sample, implying lower conductivity of the material. Therefore, 
SThM was used to investigate heat transfer in both types of fibers. 
Topographic and thermal images of individual sF and ngF showed 
similar tip temperature, at 67.46 ± 0.21 and 67.68 ± 0.33 ◦C, respec
tively (Fig. 3B, C).

The thermal insulation performance of the fibers and cactus hair 
mats was evaluated using a thermal camera, with measurements 
recorded at hot plate temperatures of 40, 50, 65, and 80 ◦C (Fig. 3D). For 
cactus hair mats, different thicknesses (Z) were achieved by trimming, 
resulting in 2.5, 5-, and 10-mm thicknesses (Fig. S8A). To compare it 
with polymer mats, greater Z values were achieved by stacking 1 to 5 
layers of mats, reaching thicknesses from 0.4 cm (Z0.4–1 layer) to 2.5 cm 
(Z2.5–5 layers) (Fig. S8B, C). The thermal camera analysis showed a 

temperature difference (ΔT) between the hot plate and the samples 
(Fig. 3E, F and Fig. S9). Notably, a higher ΔT indicates greater thermal 
insulation properties of tested materials. For sF (Z0.4), ΔT was approxi
mately 1.5, 2.8, 4.1, and 5.6 ◦C at hot plate temperatures of 40, 50, 65, 
and 80 ◦C, respectively (Table S2). The ngF (Z0.4) showed an approxi
mately 65 % higher ΔT at all temperatures than sF samples, with values 
of ~2.5, 4.7, 7.0, and 9.4 ◦C, respectively. Higher ΔT for ngF mats was 
also observed across all tested thicknesses (Fig. S9 and Table S2). 
Interestingly, 2.5 mm thick ngF mats exhibited better thermal insulation 
performance than 2.5 mm thick cactus hair mats (Fig. 3E, F and 
Table S2). Layer stacking confirmed that, regardless of the insulation 
thickness, grooved fibers consistently exhibited better insulation prop
erties. Furthermore, the proposed system has practical significance for 
the industry, enabling reduced production times, efficient material 
fabrication, and application in a layered form.

To further assess the mats' effectiveness in reducing heat loss, we 

Fig. 3. Thermal insulation properties of polymer fibers and cactus hair mats. (A) Schematic of SThM experiment setup. (B) SThM representative scan maps (scale bar 
- 5 μm). (C) The average temperature measured by the SThM tip is presented in the bar graph. (D) Schematic of hot plate experiment setup to verify the performance 
of nanogroove fibers. (E) Thermal camera images of sF, ngF, and cactus hair mat measured at two different thicknesses (Z): 0.4 and 2.5 mm at hot plate set to 40, 50, 
65, 80 ◦C (scale bar - 1 cm). (F) The graphs show the differences between the temperature (ΔT) of the reference sample (carbon tape) to sF and ngF mats for different 
hot plate temperature (THP). (G) Schematic of water piper experiment setup. (H) Comparison of thermal images of reference tape, sF, ngF electrospun mats and 
commercial rubber pipe insulation with 1 mm (R1) and 6 mm (R6) wall thickness mounted in hot water pipe system (scale bar - 1 cm).
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conducted an additional experiment involving a copper pipe to replicate 
a hot water circulation system in a building (Fig. 3G and S10). We 
directly deposited sF and ngF mats onto the copper pipe, which was 
connected to a continuously circulated hot water system. In buildings, 
water transported through pipes to heaters can reach approximately 
80 ◦C during the cold season [5]. Thus, we selected this temperature for 
our experiment. In this work, the primary purpose of pipe insulation is to 
minimize heat loss from the pipe to the surrounding environment, 
addressing a critical issue in thermal insulation: Maintaining a stable 
temperature while reducing energy losses. The individual fiber diameter 
deposited on pipe was ~6 μm, and the thickness of the mat applied on 
pipe was ~110 μm for both types (Fig. S10B-D). For comparison, we 
used a commercial insulation rubber coating with wall thicknesses of 1 
mm and 6 mm, named R1 and R6 (Fig. 3H), respectively. As a reference 
sample, we used a special tape (further details can be found in the ma
terials and methods section), which resulted in a pipe surface temper
ature of ~75.7 ◦C. Importantly, the surface temperatures achieved with 
sF and ngF were ~ 60.4 and ~ 53.0 ◦C, respectively. For R1 and R6 
insulation, surface temperatures were ~ 61.3 and 32.9 ◦C, respectively.

Lastly, we verified the thermal conductivity (λ) of fiber mats with a 
thickness of 2.5 cm (Z2.5–5 layers). Changing the sample morphology 
from smooth to nanogrooved significantly affected the thermal con
ductivity of the tested materials, with values of ~42 for sF and ~ 36 
mW⋅m− 1 K− 1 for ngF (Table S1). We conducted comparison of the 
thermal conductivity of the produced mats and the conventional mate
rials used for pipe insulation (Fig. 4A). For example, the thermal con
ductivity of the rubber foam used for insulation in this work is ~35 
mW⋅m− 1 K− 1, which is close to that of ngF, highlighting its potential for 
industrial applications. Additionally, the low thermal conductivity of 
the nanogrooved mats, combined with their lightweight and flexible 
structure, makes them promising candidates for use in energy-efficient 
thermal insulation systems, especially where space constraints or com
plex geometries are involved. To further assess the performance of our 
materials, we conducted a comparative analysis of thermal conductivity 
values reported for electrospun materials dedicated to thermal insu
lation applications over the last three years. In total, approximately 28 
relevant publications were identified, reflecting a growing research in
terest in this area. As illustrated in Fig. 4B, the field shows a noticeable 
focus on composite systems, such as polymer fibers incorporating 
ceramic particles, as well as fully ceramic fibrous structures obtained 
through calcination or pyrolysis. There is significant interest in both 
composite and ceramic electrospun fibers due to their potential to offer 
enhanced thermal insulation performance; however, these materials 
often exhibit a wide range of thermal conductivity values. Moreover, 
their higher production costs and more complex fabrication processes 
reduce their feasibility for industrial-scale implementation compared to 
simpler polymer-based systems. For example, polyimide/polysulfone 
amide (PI/PSA) porous micro-nano fiber membranes demonstrated a 

thermal conductivity of ~45 mW⋅m− 1 K− 1, while hollow TiO₂ fibrous 
membranes achieved values around ~30 mW⋅m− 1 K− 1 [51,52]. These 
values are comparable to those obtained for our nanogrooved fiber mats, 
despite our use of a simpler and more scalable fabrication process.

We further demonstrated that modifying the geometry of individual 
fibers from smooth to a nanogroove surface improves the thermal 
insulation properties of the mat, resulting in a ~ 30 % decrease in 
sample surface temperature compared to a reference sample (~80 ◦C) 
for ngF with 2.5 cm (Z2.5) thickness (Fig. 3E, F). It is important to note 
that ngF mats exhibit better insulation performance than natural cactus 
hair mats with the same thickness (Z2.5). In hot water pipe experiment, 
despite the commercial rubber coating (R1) having an insulation 
thickness (~1.0 mm) ~10 times greater than ngF mats (~0.1 mm), ngF 
mats still resulted in ~9 ◦C lower surface temperature (~62 ◦C for R1 
and ~ 53 ◦C for ngF). Furthermore, thermal measurements indicate that 
ngF mats possess similar or even better-insulating properties than 
commercial materials such as rockwool or rubber foam, confirming their 
potential for pipe insulation coatings (Fig. 4A). Moreover, low thickness 
and light weight of our coatings offer a major advantage for applications 
where insulation layer dimensions are critical, such as in the space in
dustry [53].

When thermal flux flows through fibrous materials with high 
porosity, heat transfer behavior within these porous structures can be 
categorized into four components: solid and gas conduction, convection, 
and radiation [54]. Solid thermal conduction in porous materials is 
linked to phonon transport occurring at both solid/solid and solid/gas 
interfaces [55]. Reducing the pore size of fibrous materials weakens 
solid thermal conduction, which enhances the diffusion and specular 
scattering of phonons [56]. Additionally, fibers with small diameters 
create numerous tortuous channels within the materials. These channels 
serve as pathways for phonon scattering and trap more still air with low 
thermal conductivity, ultimately leading to a decrease in the effective 
thermal conductivity of the fibrous materials [57]. When fibrous ma
terials have pores larger than 1 mm, thermal convection occurs due to 
heat flow within the porous structures. In contrast, when the pore size is 
smaller than 1 mm, thermal convection can be neglected because the 
small pore size limits the thermal transportation induced by gas flow. 
Radiative heat transfer is typically negligible at room temperature and 
standard pressure. However, this changes extensively for fibrous mate
rials with nanofibers [57]. Reducing the fiber diameter to the nanoscale 
decreases the mean pore size. Consequently, due to their small pore size 
and high porosity, photon transport is suppressed, which can reduce 
radiative heat dissipation in fibrous materials [58].

From a material engineering point-of-view, especially for high- 
porosity 3D materials like aerogels, electrospun mats, foams, and 
sponges, insulating properties depend on solid- and gas-phase conduc
tion [57,59–63]. Solid phase conduction in fibrous materials is strongly 
related to the type of material, geometry (type of fiber lattice), and fiber- 

Fig. 4. Thermal conductivity comparison of commercial and electrospun materials. (A) Thermal conductivity values of electrospun fibers compared to commercial 
insulation pipe materials: rubber foam, wool, rockwool, mineral wool, cotton, fiberglass [76,82,83]. (B) Comparison of thermal conductivity values for different types 
of electrospun materials used as thermal insulation — one-step (produced by one-step electrospinning), composites (e.g., polymer fibers with ceramic particles), and 
ceramic composites (e.g., electrospun fibers subjected to calcination or pyrolysis) - based on data collected since 2021. [52,76,78,84–105]
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to-fiber contacts [54]. Thermal properties of polymers depend on mo
lecular chains, crystallinity, and molecular weight [64–66]. For 
example, aromatic structures in the polymer backbone, higher crystal
linity, and molecular weight improve the thermal properties of polymers 
[65,67]. In the case of mat geometry, changing fiber diameter, thickness, 
and pore size affects the porosity of mats, thus, heat conduction [57,68]. 
Additionally, the contact points and adhesion between fibers are 
affecting the solid phase conduction of randomly oriented fibrous mats 
[69]. Merged fibers or a larger contact area between them can cause an 
increase in the number of so-called solid conduction pathways, thus 
affecting the insulating properties of the mats [68]. Notably, conduction 
in the gas phase related to the Knudsen number, which is based on the 
average free path of the gas at a given temperature and pressure, as well 
as the average pore size forming the void [68]. In the case of sF and ngF, 
the contact between fibers in the mats varies as the surface roughness is 
significantly higher for nanogroove fibers (Fig. 2C-I). Additionally, their 
enhanced toughness and flexibility facilitate better contact with curved 
or irregular surfaces, minimizing conduction pathways and maintaining 
effective insulation [68]. Other characteristics, such as type of structure 
(amorphous), crystallinity, pore size, and porosity of mats, are similar. 
Moreover, although the average diameter of ngF fibers (5.17 ± 0.72 μm) 
is slightly smaller than that of sF fibers (6.35 ± 0.90 μm), the difference 
is not statistically significant. Thus, we rule out fiber diameter as a major 
factor in the thermal performance differences observed. Instead, our 
data clearly points to the role of surface nanogrooves as the dominant 
mechanism enhancing air trapping and reducing heat conduction in the 
ngF mats.

The thermal properties of polymers depend on the orientation of 
molecules, or crystallinity, which can influence the solid conduction 
mechanism in the material. However, for our two samples, these prop
erties are similar [70]. Interestingly, despite the presence of pores in the 
sF, which can lead to lower thermal conductivity, there is still no visible 
difference in the thermal properties of the single fiber [71]. This is 
because the porosity within the single fiber is relatively very low (~11 
%), and the pores are closed in the structure. In contrast, previous 
studies have shown that hollow double-shell fibers, with ~37 % of their 
structure being hollow, exhibit lower thermal conductivity compared to 
solid fibers [72].

The change in thermal conduction depends on gas-phase conduction, 
with air entrapped in mat structure by the nanogrooves of individual 
fibers, enhancing the thermal insulation. Radiative heat transfer and 
convection can be neglected due to the large fiber diameter (greater than 
1 μm) and small mat pore size (less than 1 mm) [57,58]. The air mole
cules trapped in the mat between fibers reduce conduction through the 

air phase, a phenomenon known as the Knudsen effect (Fig. 5) [73]. The 
experimental work on the hot plate showed a straightforward difference 
in surface temperature between sF and ngF (Fig. 3E, F). As the tem
perature rises, the heat flow also increases. Still, heat flow is reduced 
because more air is enclosed in the nanogrooves of fibers and between 
the fibers in mats [74]. Thus, ngF mat's surface reaches a lower tem
perature than the sF (Fig. 3E, F) [75]. In assessing thermal conductivity, 
our objective is to quantify the transfer of heat facilitated by thermal 
conduction. In the mats, the predominant medium is gaseous (air), 
thereby dictating the dominance of gas-phase thermal conduction. 
Consequently, we discovered the impact of fiber morphology (smooth 
and nanogroove) on the thermal conductivity values, thus on solid- 
phase conduction, and proved a gas conduction effect (hot plate and 
hot pipe experiment). Although smooth fibers (sF) exhibited ~11 % 
internal porosity due to phase separation under high humidity condi
tions, FIB-SEM analysis revealed that nanogroove fibers (ngF) had a 
solid internal structure. While such pores can theoretically reduce solid- 
phase thermal conductivity by disrupting phonon transport, our results 
suggest that surface morphology, specifically nanogrooves, have a 
greater impact. The enhanced insulation of ngF mats arises primarily 
from air entrapment on the fiber surface and between fibers, dominating 
over minor effects of closed internal voids in sF. This highlights that 
nanoscale surface architecture plays a more decisive role in gas-phase 
thermal resistance than moderate internal porosity in the polymer ma
trix. Wang et al. tested the thermal insulation properties of grooved PS 
fiber geometry. However, they did not address the mechanism behind 
the mats' insulating effects [76]. Additionally, Paul and Diller showed 
similar results, where grooved fibers exhibited better thermal insulation 
performance than smooth fibers [77]. In addition, a more developed 
(grooved) structure of fibers leads to a reduction in thermal conductiv
ity. However, the authors used polyester, a semicrystalline material, and 
did not verify the thermal properties of a single fiber. In another work, 
thermal insulation properties of electrospun mats were enhanced due to 
the use of core-shell hollow fibers and nanopores on the fibers' surface 
[78]. Nonetheless, other studies show that changing the surface 
roughness at the nanoscale can drastically affect the heat flow across the 
material's surface, leading to a change in insulating properties, which we 
observe for ngF mats [31,32,79]. Noto et al. presented results where 
even small changes in geometry can reduce heat motion, which is 
consistent with our results [80]. Further, it was proved by numerical 
simulation, where open nanovoids (like nanogrooves) on the surface 
reduce the effective thermal conductivity of porous structures like 
electrospun mats [71]. Molecular simulation studies of entrapped mol
ecules in material nanoscale grooved surfaces showed expanded heat 

Fig. 5. Nanogrooves effect. Schematic explanation of nanogrooves effect on heat flow behavior through ngF mats.
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transfer [81]. The grooved scales exhibited different patterns of mo
lecular packing, leading to changes in heat transfer properties, which 
correlate with our results.

2.7. Numerical simulation of heat flow through smooth and nanogroove 
fibers

To verify further the effect of nanogrooves on the thermal insulation 
properties of mats, we performed a numerical 2D heat transfer simula
tion through 1, 2, 5, and 10 smooth and nanogroove fibers in a defined 
arrangement (Fig. S11). Simulations indicate the relation between the 
temperature at the fibers' surface (Tsim) and the difference between sF 
and ngF temperatures (ΔTsim) concerning the number of fibers in the 
random arrangements (Fig. 5A). For sF, Tsim was 79.62, 79.47, 79.37, 
and 79.05 ◦C, and for ngF it was 79.63, 79.45, 79.33, and 78.97 ◦C for 
simulations with 1, 2, 5, and 10 fibers, respectively.

In the case of a numerical simulation of heat flow through a single 
fiber, the difference between the materials is not remarkable, which 
correlates with SThM results (Fig. 2B, C). In the context of our work, it is 
evident that gas-phase conduction is less important than solid-phase 
conduction for a single fiber. However, as the number of fibers in the 
system increases, the temperature difference between sF and ngF rises 
(Fig. 5A). Thus, gas-phase conduction has visible effects, confirming the 
surface roughness consequences for thermal insulation, as demonstrated 
by thermal camera results for mats (Fig. 3E, F). Similar results for heat 
transport simulations of rough surfaces were demonstrated for heat 
sinks and tubes, verifying the effect of surface roughness [106–108].

2.8. Energy saving analysis of porous thermal insulation coatings

Given the demand for energy-saving technologies and new directives 
related to the reduction of polymer waste, fundamental economic 
analysis of the mass-produced polymer in terms of energy savings and 
recyclability was undertaken. The measurements were based on the hot 
water pipe insulation test data (Fig. 3H). In addition, we calculated the 
energy saved per unit area (PA) and per 1 g of insulation material mass 
(PM) for R1, R6, sF, and ngF, which was around 11.9, 18.6, 16.4, 23.2 
kW⋅m− 2, and 0.06, 0.04, 0.08 and 1.17 W⋅g− 1, respectively (Fig. 6B and 
Table S3).

The energy-saving showcase demonstrates enormous potential for 
reducing energy consumption. Specifically, insulation type R1 achieved 
a 32 % reduction in heat loss, with energy savings of 27.1 W. In contrast, 
insulation type R6 outperformed others by delivering a remarkable 74.4 

W of energy savings, representing an 88 % reduction in heat loss 
compared to bare pipe (Table S3). The ngF and sF insulation types also 
demonstrated significant energy savings, with the reduction of 31.2 W 
(52 %) and 16.4 W (37 %), respectively. Furthermore, when considering 
energy savings per unit area (PA), ngF exhibited the highest value at 
23.2 kW⋅m− 2 and excelled in terms of energy savings per gram of ma
terial mass (PM) with a value of 1.17 W⋅g− 1 (Fig. 6B). Parameters such as 
the amount of material used, the energy saved by the system per area 
(PA), and per mass (PM), show a potential perspective in using nano
groove fiber mats as an insulating material. R6, despite having the 
highest energy saving (~74.4 W), generates the highest amount of waste 
(2000 g), which is 52 times more than fiber mats (~38 g for sF and ngF) 
(Table S3). Importantly, comparing the energy retained per unit area 
and mass of insulation used, ngF mats showed 25 % more PA and ~ 30 
times more PM than R6, (Fig. 6B). From the environmental perspective, 
the commercial rubber coating (R1, R6) is a hard-to-recycle or non- 
recyclable material [109]. In contrast, the PC used to produce mats 
belongs to the category of fully recyclable materials, which is desirable 
in achieving a sustainable future for thermal insulation [110,111].

3. Conclusion

The novel approach in our studies led to the development of recy
clable polymer mats as an alternative to the current thermal insulations. 
We successfully created thermally insulating mats based on the nano
grooved fibers, having 65 % higher ΔT for all temperatures than fibers 
without nanogrooves. This proves that biomimicking nanogroove 
structures from cactus hair helps us to develop universally applicable, 
flexible, mechanically robust, thermally insulating fibrous mats. All of 
these can be easily fabricated using single-step electrospinning under 
controlled-humidity. Our study clearly demonstrates that the thermal 
insulation properties of these materials are significantly influenced by 
the roughness and morphology of the individual fibers in the mats. 
Importantly, we verified the performance of individual fibers using 
scanning thermal microscopy, which was theoretically confirmed via 
numerical simulation. The random arrangements of fibers in mats and 
coatings enhance thermal insulation by capturing air in the nanogrooves 
of the electrospun nonwoven fibers. Inspired by the Old Man Cactus hair 
mats, nanogrooved fibers (ngF) achieved ~30 % higher efficiency in the 
thermal insulation of water pipes compared to smooth fiber (sF), and ~ 
10 % higher than commercial rubber coating under identical experi
mental conditions. Apart from excellent thermal insulation, the mats 
showed outstanding mechanical performance, with an exceptional boost 

Fig. 6. Heat transfer simulation and energy saving analysis of cactus hair inspired fibers. (A) Relation between fiber surface temperature (Tsim) and the difference 
between sF and ngF temperatures (ΔTsim) to the number of fibers used in the simulation. (B) Results of energy saved per unit area (PA) and per 1 g of insulation 
material mass (PM) for commercially used materials (R1 and R6) and both types of PC mats.
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in the toughness and strain of ngF mats. Compared to commercial 
insulation, nanogroove fibrous coatings demonstrate 25 % higher en
ergy savings per unit area and ~ 29 times higher energy savings per 
gram of material mass. In summary, we have demonstrated a practical 
and straightforward one-step strategy for increasing the applicability 
and effectiveness of bioinspired nanogroove fibrous mats as thermal 
insulation.

4. Materials and methods

4.1. Materials

Old Man Cactus (Cephalocereus senilis) was brought from the local 
plant shop and kept in laboratory ambient conditions (21–23 ◦C and 
30–40 % RH). The hairs were carefully extracted from the plant by 
manually trimming them. The thickness of the hair layer was measured 
using a ruler after extraction of areole perpendicular to the cactus skin. 
To produce polymer fibers, 24 wt% polymer solution of polycarbonate 
granulate (PC, Mw = 29,800 g⋅mol− 1, Makrolon 3108, Goodfellow 
GmbH, Germany) granulate was dissolved in a mixture of dimethyla
cetamide (DMAc, Sigma Aldrich, UK) and tetrahydrofuran (THF, Sigma 
Aldrich, UK) at 1:1 weight ratio. The solution was stirred at 700 rpm for 
2.5 h on a hot plate set at 60 ◦C (RCT basic, IKA, Germany). The mass of 
the samples was measured using a high-precision analytical balance 
(XPR, Mettler Toledo, Switzerland).

4.2. Fabrication of cactus hair inspired fibers

Cactus hair-inspired fibers were produced via electrospinning 
(EF300, SKE Research Equipment, Italy) at T = 22 ± 1 ◦C and RH = 30 
± 1 % for nanogroove fibers and 60 ± 1 % for smooth fibers. Preliminary 
trials were conducted at various relative humidity (RH) levels including 
20 %, 40 %, 50 %, and 70 %. However, these conditions led to process 
instabilities such as needle clogging, jet interruptions, and uneven fiber 
deposition. To ensure consistent and reproducible mat fabrication suit
able for further testing, electrospinning was limited to stable RH con
ditions of 30 % and 60 %. A voltage of 31 kV was applied to the needle 
(0.51 mm inner and 0.82 mm outer diameter - 21G x 1 1/2″) kept at 27 
cm from the grounded rotating stainless-steel drum with 20 cm diameter 
at 1200 rpm that was used as a collector to deposit individual fibers and 
20 rpm formats. The flow rate was set to 3.9 ml⋅h− 1. Electrospinning 
time was 1 s for individual fibers and 90 min for further tested mats. The 
samples were deposited directly on baking paper for all analysis and 
laser-cut paper frames for mechanical testing. For the hot water pipe 
test, fibers were deposited directly on a 6 mm diameter copper pipe 
rotating at 20 rpm for 15 min, keeping the same parameter as above.

4.3. Surface morphology and 3D tomography

Morphology and cross-section investigation of fibers and Old Man 
Cactus hair and bundle diameter were carried out using scanning elec
tron microscopy (SEM, Merlin Gemini II, ZEISS, Germany) at 2.5 kV 
accelerating voltage, 105 pA current and 4–9 mm working distance. 
Prior to the SEM analysis, samples were coated with an 8 nm thick Au 
layer using a sputter coater (Q150RS, Quorum Technologies Ltd., UK). 
Cross-section imaging of fibers was achieved using a freeze-fracture 
method where samples were immersed in liquid N2 for 10 min and 
cracked using a scalpel prior to SEM imaging.

3D tomography of the fibers was achieved with FIB-SEM (Neon 
CrossBeam 350, Zeiss, Germany), using the Ga + ion beam at a current 
of 50 pA and voltage of 30 kV. SEM images of the cross-sectioned 
samples were taken at a current of 500 pA and voltage of 3 kV. The 
3D reconstructions were prepared using Avizo v8.1 software. The 
circularity of fibers, mats pore fraction, and size were calculated based 
on SEM and FIB-SEM images using the analyze particles function in 
ImageJ software (version 1.51, Fiji, USA). The average thickness of the 

mats was measured using a light microscope (Axio Imager M1m, ZEISS, 
Germany) imaging in the z-direction from 10 different points on the 
samples.

4.4. Roughness of individual fibers and mats

An atomic force microscope (AFM, CoreAFM, Nanosurf) was used to 
measure the surfaces of fiber samples and cactus hair. Areas of 4 × 10 μm 
for each sample were obtained with Dynamic Force Mode (Tapping 
Mode) using HQ:NSC18/Al (μMasch, Bulgaria) probes. All measure
ments were carried out with a scan rate of 1 Hz. Data processing was 
carried out using Gwyddion open-source software (version 2.62). Ra is 
the arithmetic mean of the absolute values of the surface departures 
from the mean plane, which describes the roughness of the measured 
area. The average Ra values were calculated based on 3 different mea
surements performed on one sample representative for each material. A 
profilometry study was conducted using an optical profiler (Veeco, 
WykoNT9300, USA) at the following settings: objective (20×), field-of- 
view multiplier (0.55×), and sampling area (910 nm) to obtain the 
roughness average (Ra) of mats. Density and specific surface area 
analysis.

Density measurements were conducted using a helium pycnometer 
(Anton Paar, Ultrapyc 5000 Micro), calibrated with standard reference 
material to ensure accuracy and precision. Approximately 600 mg of 
each prepared sample was weighed and placed in the sample chamber, 
which was then sealed and purged with high-purity helium gas. The 
helium gas filled the space around the sample, and the pressure was 
measured to calculate the volume of the sample chamber. This process 
was repeated 20 times for consistency and low % variance. The density 
of each sample was calculated based on the mass and the measured 
volume, with results averaging at least 15 independent measurements to 
ensure reproducibility and accuracy.

The Brunauer-Emmett-Teller (BET) surface area analysis was per
formed using a gas sorption analyzer (NOVA 800, Anton Paar, USA) to 
quantify changes in specific surface area (surface area per mass of fibers) 
between the two fiber types. Specific surface area was measured using 
nitrogen gas physisorption at 77 K. Samples were divided into smaller 
pieces and placed as beads into a 9 mm diameter measuring cell using a 
filling rod. This division was done to prevent excessive compaction of 
the material, which could affect its texture and, consequently, the BET 
surface area. Before the surface area characterization, the fibers were 
degassed in a vacuum oven at 105 ◦C for 24 h. Full adsorption and 
desorption isotherms in the relative pressure range of 10− 4 to 0.99 p/p0 
were recorded. Relative pressures ranging from 0.05 to 0.30 were used 
to calculate the surface area via BET using Kaomi for Nova software 
(Version 2023). The specific surface area of each fiber type was analyzed 
in duplicate (N = 2). Each replicate included approximately 600 mg of 
electrospun fibers fabricated from a single electrospinning solution. The 
ex-situ SEM imaging of the fibers after gas adsorption analysis was used 
to ensure that there was no considerable difference in texture after 
degassing in 105 ◦C.

Microporosity measurements were conducted using the gas adsorp
tion analyzers (ASAP 2020, Micromeritics Instrument Corp., USA). The 
system was calibrated with high-purity reference materials to ensure 
accuracy and reproducibility. Approximately 600 mg of each pre-treated 
sample (the same as for N2 adsorption) was used. The CO2 adsorption 
isotherms were measured at 273 K using high-purity (99.999 %) CO2 
gas. The adsorption measurements were conducted in a pressure range 
from 0.001 to 0.03 p/p0.

4.5. Wetting properties

The static contact angles on mats, deposited on glass slides, were 
measured using deionized (DI) water (pH ~ 5, surface tension γ = 72.2 
mJ⋅m− 2, Spring 5UV purification system – Hydrolab, Poland). The im
ages of droplets were captured using a DSLR camera (EOS 700D, lens EF- 
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S 60 mm f/2.8 Macro USM, Canon, Japan) ten seconds after the depo
sition of 3 μl droplets on the samples. The experiments were conducted 
at 25 ± 1 ◦C and RH of 45 ± 1 %. Contact angles were determined for 10 
different droplets deposited on the fibers using ImageJ's drop shape 
analysis plugin (version 1.51, Fiji, USA).

4.6. Chemical characterization

Thermal analysis was performed with differential scanning calo
rimetry (DSC 3, Mettler Toledo, Switzerland) at a heating rate of 10 
K⋅min− 1 from − 25 to 300 and from 25 to 80 ◦C for thermal stability test 
(30 cycles). For statistics, three samples of fibrous mats and PC granulate 
were examined. Presented values are averaged from 3 independent tests. 
The molecular structure of was investigated with Fourier Transform 
Infrared Spectroscopy (FTIR, Nicolet iS5, Thermo Fisher Scientific, 
USA). Obtained fibers prepared 24 h prior the tests were compared to 
unprocessed powder. For each sample, 32 scans with a resolution of 4 
cm− 1 in the 400–4000 cm− 1 range were performed.

4.7. Mechanical testing

The electrospun fibers were deposited directly on the surface of laser- 
cut rectangular paper frames with hole of 1 × 2 mm for individual fibers 
and 20 × 8 mm for mats, which were later tested in a tensile machine (1 
N cell for individual fibers and 20 N for mats, Kammrath & Weiss, 
Germany) at T = 24 ± 1 ◦C and RH = 50 ± 1 %. The extension rate was 
1 μm‧s− 1 for individual fibers and 20 μms− 1 for mats.

The stress was calculated using a force measured by the tensile 
module divided by a sample cross-section area (Acs). For individual fi
bers, the cross-section area was defined as a circle (AcsF = π⋅R), where R 
is taken as the average diameter of the fibers (Df). For mats, the stress 
was calculated as force divided by the cross-section area of mats - the 
average thickness to width (8 mm) of the mat. Young's modulus of in
dividual fibers was calculated based on linear fitting in 0.5 to 1 % strain 
region. The average values for maximum stress (σmax), strain at 
maximum stress (εmax), strain at failure (εfailure), Young's Modulus (E), 
and toughness (W) were calculated from 5 separate measurements using 
the integrate function in OriginPro software.

4.8. Thermal conduction measurements of individual fibers

The thermal conduction behavior of individual sF and ngF was 
examined using an atomic force microscope (AFM) equipped with a 
scanning thermal microscopy (SThM) module (CoreAFM by Nanosurf, 
Switzerland, and VertiSenseTM by AppNano, USA, respectively). The 
measurement method was based on a previous report [50]. A VTP-375 
thermal probe containing a Si cantilever with a hollow silicon dioxide 
tip (k = 0.9 N⋅m− 1) integrated with a 50 nm thermocouple at the tip's 
apex was utilized for the measurements. The cantilever tip was heated to 
a stable temperature of approximately 80 ◦C using the AFM laser. We 
selected three randomly deposited fibers for each sample to obtain ac
curate measurements and simultaneously gathered topography and 
thermal data over a 30 × 30 μm scan area. We took measurements at a 
minimum of 3 distinct locations on each sample. All SThM measure
ments were carried out using the same probe to ensure consistency and 
eliminate any thermal transport variations related to the probe. To 
ensure consistent heat transfer between the tip and the scanned surface, 
the scan speed was set to 3 s per line. To avoid any erroneous reading 
resulting from the circular shape of the fibers, we only considered values 
from the apex of the fibers when calculating the average temperature for 
each sample. Measurements were conducted in a single session using the 
same SThM probe to maintain consistent heat transport and room con
ditions. The ambient conditions in the room during the experiments 
were at RH = 47 ± 1 % and T = 24 ± 1 ◦C. The data obtained from the 
experiments were processed using Gwyddion (v2.56, Gwyddion.net) 
and OrginPro (2022 SR1, OriginLab, USA) software.

4.9. Thermal insulation and thermal conductivity tests of mats

Two experiments verified the insulating characteristics of the mats. 
In the first, all the fibrous mats were cut into a square (4 × 4 cm) using 
the laser cutter and then placed on a hotplate (TLC plate heater III, 
CAMAG, Switzerland). For the test, mats were stacked into 1–5 layers 
(0.4 mm - 2.5 mm thickness) and pressed with 0.5 kg steel weight for 3 h 
to minimize the influence of interlayer air. The plate was heated to a 
specific temperature: 40, 50, 65, and 80 ◦C, and then mats were placed 
on a hot plate for 30 min to stabilize the temperature. In addition, a vinyl 
electrical tape (Scotch Super 33+, 3 M, USA) with a constant emissivity 
of 0.96 was placed on the hot plate as a reference. The distance between 
the thermal camera and the heating plate was 50 cm. Next, fibrous mats 
were analyzed using a thermal camera (T560, FLIR, USA). To ensure a 
precise measurement, the camera was calibrated based on material with 
known emissivity (vinyl electrical tape - 0.96) and performed in stable 
environment conditions (T = 23 ± 1 ◦C and RH = 41 ± 1 %) according 
to the camera manufacturer instructions. The average surface temper
atures were calculated using the average square in FLIR Tools software 
from 5 separate measurements.

A hot water pipe experiment was conducted to verify the applica
bility of the manufactured mats as thermal insulation coatings 
(Fig. S10). A vinyl electrical tape and mats were placed on the Cu pipe 
with 6 mm outer diameter (OD), 4 mm inner diameter (ID), and 1 mm 
wall thickness (Fig. S10). Rubber pipe insulation (6 mm ID, 6 mm wall 
thickness, K-flex ST, Poland) was used to compare commercial material 
to produced mats. Additionally, to reach the manufactured mats more 
easily with commercially used insulation, a 5 mm thickness was cut out 
from the previously mentioned material to get 1 mm thick rubber 
insulation. Then, hot water with a temperature of 80.0 ± 0.5 ◦C was 
pumped into the system using a water pump with 9 l⋅min− 1 water flow 
rate. During the entire test, the water temperature was monitored using 
a thermocouple (SE000 Type K, Pico Technology, UK) connected to a 
USB data logger (TC08, Pico Technology, UK) to confirm the stability of 
the water temperature. The temperature of the mats was verified using 
the same thermal camera as above. Both experiments were performed in 
a room with stable conditions, where the temperature and humidity 
were 24 ± 1 ◦C and 50 ± 1 %, respectively.

The thermal conductivity of mats was determined with a thermal 
analyzer (Trident TCi, C-Therm Technologies Ltd., Canada) equipped 
with Modified Transient Plane Source (MTPS) method following ASTM 
D7984–16 measurement protocol, carried out under stable room con
ditions (T = 22 ± 1 ◦C and RH = 40 ± 5 %). The calibration of machine 
was performed for textile materials (C-Therm Technologies Ltd., Can
ada). For the test, mats were cut into 90 mm discs, stacked into 5 layers 
(2.5 mm thickness) and pressed with a 0.5 kg steel weight.

4.10. Heat transfer simulation of individual fibers

The heat transfer simulation, considering air temperature rise from 
thermal buoyancy forces and conductive heat transfer through fibers, 
was conducted using COMSOL Multiphysics (version 5.6, COMSOL Inc., 
Sweden). 2D steady-state models were used, assuming a high length-to- 
diameter ratio of the fibers. The geometry was based on FIB-SEM images 
(Fig. S3A, B). The arrangement of fibers in the simulation (for 4 fibers) 
was determined by cutting several fibers using FIB (Fig. S12). Addi
tionally, nanogroove fibers were randomly rotated from the center 
point. Incorporating material information such as thermal conductivity 
of polycarbonate and surface emissivity (0.85) of the fibers. For the heat 
transfer in solids and fluids, PC was used as the solid, and air was used as 
the medium for the internal pores and the fluid around the fibers. The set 
temperature for all cases was 353.15 K set to the bottom boundary. The 
top of the fluid domain was set as an open boundary at 293.15 K. The 
laminar flow interface was used with no slip conditions on all surface 
boundaries of the fibers. A normal inflow velocity of 0.01 m/s and a 
constant gravity constant was used. The outlet and open boundary 
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conditions were used for the top fluid boundary conditions.

4.11. Economic analysis of thermal insulation mats

The economic insulation for a copper pipe was calculated with the 
following various parameters to optimize energy efficiency and reduce 
costs in a fluid flow system (Table S4). The dimensions included the 
length of the pipe (L) - 100 m, the outer diameter of the bare pipe (d) - 
0.006 m, and the surface area of the pipe (A). Temperature consider
ations involved the ambient temperature (Ta) of 298.15 K, the pipe wall 
temperature (Th), and the insulation thickness (t). The thickness and 
total mass of the insulating material are important factors for optimizing 
insulation energy savings. The internal heat transfer coefficient is 
influenced by the flow rate (Kg⋅sec− 1) set to 0.1505, and internal 
diameter (di) of the pipe, 0.004 m, and the fluid temperature (K) of 353 
K. Thermal properties such as the thermal conductivity of copper (KCu) 
401 W⋅m− 1⋅K− 1, thermal conductivity of air (KAir) 0.024 W⋅m− 1⋅K− 1, 
and surface heat transfer coefficient (hconv,ext) was used to calculated the 
total heat losses. The mass of the samples was measured by analytical 
balance (XPR105DR, Mettler Toledo, Switzerland).

To establish the surface heat transfer coefficient hconv,ext , the Rayleigh 
number (Rray.) was employed. The Rayleigh number was calculated 
using the following formula. 

Rray. =

(
g × β × (Th − Ta) × d3

)

(μ × α) , (1) 

where g is the acceleration due to gravity, β is the thermal expansion 
coefficient, μ is the dynamic viscosity of the fluid, and α is the thermal 
diffusivity of the fluid.

The surface heat transfer coefficient was calculated with the 
following equation [112]. 

hconv,ext =
KAir × 0.125 × Ra0.333

d
d

, (2) 

The calculation of total heat loss (Q) from the surfaces was deter
mined using the equation. 

Q = hconv,ext ×A×(Th − Ta), (3) 

Additionally, the total heat loss from the bare pipe (Q') was calcu
lated using a similar approach. The Power Saved (P) was then derived by 
the following equation. 

P = Q − Qʹ, (4) 

4.12. Statistical analyses

The statistical analysis was performed using Student's t-test with 
OrginPro (2024 SR1, OriginLab, USA) software. For all tests, the sig
nificance was set at p < 0.05. Data are expressed as the arithmetic 
average ± standard deviation (SD).
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