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A new route to fabricate flexible, breathable composites with
advanced thermal management capability for wearable
electronics
Huibao Chen1,2,13, Yafei Ding3,13, Guimei Zhu4✉, Yu Liu2, Qun Fang5, Xue Bai 6✉, Yan Zhao 7✉, Xin Li1, Xingyi Huang 8,
Tong-Yi Zhang9, Baowen Li3,10,11 and Bin Sun 1,2,12✉

Wearable electronics with miniaturization and high-power density call for devices with advanced thermal management capabilities,
outstanding flexibility, and excellent permeability. However, it is difficult to achieve these goals simultaneously due to the conflict
between high thermal conductivity and permeability and flexibility. Here, we report an approach to fabricate flexible, breathable
composites with advanced thermal management capability by coating the boron nitride nanosheets (BNNSs) layer with high
thermal conductivity on the grids of patterned electrospun thermoplastic polyurethane (TPU) fibrous mats. The composite
exhibited a significant enhancement of thermal conductivity and preserved instinctive breathability simultaneously. When the
composite was integrated into flexible devices, its saturating operating temperature dropped significantly compared to that of pure
Ecoflex packaging. Moreover, the surface temperature fluctuation was less than 0.5 °C during more than 2000 cycles bending-
releasing process. Finally, a prototype to fabricate wearable electronics with advanced thermal management capability was
proposed.
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INTRODUCTION
Flexible/stretchable devices have gained increasing attention due
to their potential applications in various fields such as sensors1–5,
light-emitting diodes (LEDs)6–8, energy harvest and storage
devices9–13, photodetectors14,15, human-machine interfaces16–18.
Particularly, with the booming of the Internet of Things (IoT) and
artificial intelligence (AI), wearable electronics have been gradually
penetrating into our daily lives because of their potential
applications in human health monitoring, human senses detec-
tion, and movement assistance18–20. To achieve ideal functionality
under mechanical deformation of such devices, electrical compo-
nents have to be integrated with polymers, by either directly
embedding nanomaterials into polymer matrixes; and/or transfer-
ring active materials onto the surface of elastic substrates21. In
addition to the outstanding electrical and mechanical properties,
other important features such as excellent permeability of air,
sweat vapor, and even liquid, are highly desired for an ideal
wearable electronic device, to avoid serious discomfort and even
skin irritation during long-term wearing22–24.
Electrospinning is a versatile technique for fabricating nano/

micro fibers with a variety of outstanding properties, such as large
surface area, high length-to-diameter ratio, flexible surface
functionality, and tunable surface morphologies. The porous
electrospun fibrous membrane is proved to act as substrate
and/or matrix for flexible devices with good permeability1,23,25,26.

Due to the porous architecture, electrospun fibrous mats usually
have low thermal conductivity, and are used as a thermal
insulator. Among numerous polymers that can be electrospun,
thermoplastic polyurethane (TPU) has drawn researchers’ atten-
tion due to its biocompatibility, hydrophobicity, and high
resistance to tearing and oxidation1,26,27. Specially, the high
elasticity, flexibility, and toughness of TPU make it a valuable
substrate and packaging for flexible/stretchable devices. We have
designed a stretchable strain sensor based on graphene
nanoribbons1, where electrospun TPU porously fibrous membrane
with a suppressed thermal conductivity and good breathability is
introduced as thermal insulating layers. Nevertheless, the lateral
directional breathability of the sample cannot meet the real needs
of modern wearable electronics.
On the other hand, with the rapid growth of next-generation

electronic devices, the dense integration, miniaturization, and
large power density of such devices leads to a severa accumula-
tion of waste heat in their compositon, thus advanced thermal
management has become critical to ensure safe operation28–33. In
general, crystalline materials such as metal, carbon-based
materials (graphene, carbon nanotubes (CNTs)), and ceramics
have high thermal conductivity (k)34. However, the rigid nature
hinders the further application of flexible electronics. Polymers
with preponderance such as easy processing, lightweight, high
deformability, and low manufacturing cost, have been widely
adopted for electronic devices and integrated circuit packaging,
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but they always have low intrinsic thermal conductivity (less than
~0.5 W·m−1·K−1), which limits applications in the field of thermal
dissipation. To overcome this barrier, nanocomposites composed
of an insulating polymer matrix and highly thermally conductive
inorganic fillers are usually adopted, by integrating the mechanical
stability of polymers and the high thermal conductivity of
inorganic fillers34,35.
To achieve high heat dissipation, one needs to have high

thermal diffusivity, α= k/(ρ·cp), where ρ, cp, and k denote the mass
density, specific heat, and thermal conductivity of the composite,
respectively. On the other hand, thermal conductivity depends on
elasticity36, according to

k � CVl
3

ffiffiffi

E
ρ

s

: (1)

Therefore, the thermal diffusivity α is proportional to
ffiffiffi

E
p

and
inverse proportional to ρ3/2. Obviously, a large elasticity modulus
is favorable to heat diffusion. However, a large elasticity modulus
is against flexibility. Therefore, making a wearable electronic
device with good permeability, flexibility, and high thermal
conductivity are very challenging and appear to be a “mission
impossible”.
In this work, we achieve this “impossible mission” by fabricating

a composite integrated with advanced thermal management
capability, outstanding flexibility, and excellent permeability. This
composite was fabricated based on patterned electrospun TPU
fibrous mats, followed by coating Ecoflex-BNNSs layers along the

grids of the patterned architectures. BNNS is selected because it
has an ultrahigh thermal conductivity (~1700–2000W m−1 K−1),
and a high-aspect ratio two-dimensional (2D) morphology. More-
over, it is an electrical insulator that can prevent it from the
possible signal shielding and short circuit problem when used for
the thermal management and packaging for the modern electrical
equipment and electronic devices37. As a result, the composite
demonstrated a 4442% enhancement of the thermal conductivity
compared to the pure patterned fibrous structure while main-
taining the inherent breathability. After integrating it into flexible
devices, the saturating operating temperature of the sample with
25 wt% BNNSs demonstrated a drastic dropping than that with
pure Ecoflex packaging. Even during more than 2000 cycles of
continuously bending-releasing process, the surface temperature
fluctuated within a small range of less than 0.5 °C, which was only
one-sixth of that with pure Ecoflex packaging. At last, a prototype
to prepare wearable electronics with desired architecture and
advanced thermal management capability has been proposed.
Our results should be able to provide a feasible route for the
fabrication of next-generation of wearable devices.

RESULTS
Fabrication and structure of the composite film
The fabrication process of the composite is shown in Fig. 1a. The
patterned electrospun TPU fibers were obtained using a metal
grid collector, and the as-exfoliated BNNSs were deposited along
the grids of the patterned fibrous membrane. During traditional

Fig. 1 Basic characterization. a The fabrication process of the composite. b, c Photographs of the patterned electrospun TPU fibrous
membrane, which was analogous to the metal collector. d, e SEM images of the patterned electrospun TPU fibers. Relative alignment of the
fibers can be found on the warps and wefts. f Photograph of the sample covered with Ecoflex-BNNSs layers on the fibrous grids. g, h Cross-
sectional SEM images of the fibrous grids covered with Ecoflex-BNNSs layers. i Even after depositing the Ecoflex-BNNSs layer, the pores among
the warps and wefts remained the breathability of the composite (Insert is the enlarged SEM image of the fibers among the grids after coating
Ecoflex-BNNSs layer).
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electrospinning, the precursor solution firstly emerged from a
spinneret to form a small droplet, and charged under the electric
field. Then the charged solution was extruded from the cone as
jets. Undergoing vigorous whipping and/or splitting motions due
to fluid instability, electrically driven bending instability, and the
volatilization of the solvent, the jets became continuous
electrospun fibers and deposited on the collector as 2D
nonwoven fibrous membrane. However, the random orientation
of the as-spun fibers limit their further applications, and
morphology-controlled micro-/nanofibrous architectures have
been a crucial issue38. Among the structure-controlled electro-
spun products, patterned fibrous architecture can be generated
using metal grids as collector. Due to the redistribution of the
static electric field during electrospinning39, a patterned archi-
tecture similar to the metal collector can be achieved. Figure 1b–e
demonstrates the morphology and structure of the as-spun TPU
fibrous mats in this experiment. It can be seen that the fibrous
web can be assembled on a large scale according to the size of
the metal grid collector (Fig. 1b). After peeling off from the
collector, the electrospun membrane demonstrate a regular
morphology with the warps and wefts, analogous to the collector
(Fig. 1c, d and Supplementary Fig. 1). In the areas among the
warps and wefts, less fibers were deposited, resulting in the large
porosity, as shown in Fig. 1d, while in the areas of the warps and
wefts, relatively aligned fibrous arrays can be observed, as shown
in Fig. 1d, e, which hence rendered better mechanical property
along the axis direction compared to the nonwoven counterpart
(Supplementary Fig. 2).
The BNNSs were exfoliated from commercial bulk h-BN

powders according to our previous works1,40,41, revealing a
typical 2D structure with an extremely high aspect ratio, as
shown in Supplementary Fig. 3. The as-exfoliated BNNSs mixed
with Ecoflex were coated onto the grids of the patterned TPU
fibrous membrane with the aid of a metal mask. In this case, the
reason for introducing Ecoflex was ascribed to the outstanding
elasticity, non-crystallization, and the almost low thermal
conductivity (0.16 Wm−1K−1) compared to TPU42. Most impor-
tantly, the ingredients of Ecoflex were incapable of damaging
the fibers and the fibrous structure. Namely, Ecoflex layer will
not cause an obviously negative impact on the properties of TPU
electrospun film. From Fig. 1f, one can see that after coating
Ecoflex-BNNSs, the composite film still retained excellent
flexibility. And even with the BNNSs loading of 25 wt%, it can
be stretched to more than 600%, a little higher than that
without Ecoflex-BNNSs (Supplementary Fig. 2b). The reason can
be attributed to the better mechanical compliance of Ecoflex
than that of TPU, and the good adhesion between Ecoflex-
BNNSs and TPU fibers, illustrating the outstanding mechanical
property of the composite. The combination of Ecoflex-BNNSs
and TPU fibers was validated by the SEM images of the sample.
As shown in Fig. 1g, Ecoflex-BNNSs were well coated on the
grids of the fibrous structure, while the region between the grids
were porous fibers. From the enlarged cross-sectional SEM
image (Fig. 1h), one can see that Ecoflex-BNNSs were bonded
with electrospun TPU fibers, and the interfaces between Ecoflex-
BNNSs layer and the fibrous membrane were blurry, rendering a
wonderful integration of the components. Even after more than
1000 cycles of bending and stretching (100%), no obvious
separation was observed, as shown in Supplementary Fig. 4. This
good adhesion between Ecoflex-BNNSs and TPU fibers, as well
as the stability, was also contributing to the exceptional
elasticity of the sample.

Breathability of the composite film
As is known, breathability or gas permeability is a crucial factor
for wearable electronics because of the safety requirements.
Devices with poor gas permeability can cause discomfort and

irritation of human skin1,24. The unique patterned fibrous
structure ensure the composite film has a large porosity in the
areas among the grids, leading to good permeability. Even after
depositing BNNSs, the fibrous pores in these fields were almost
unchanged (Fig. 1i). Thus the air flow can effortlessly penetrate
the fibrous mats vertically, retaining the good breathability of
the composite compared to the pure fibrous membrane
(Fig. 2a). After tested, the air permeability of the patterned
fibrous membrane before and after coating Ecoflex-BNNSs layer
changed from 27.54 mm s−1 to 21.43 mm s−1 (Fig. 2b). This was
because the coating of Ecoflex-BNNSs strips concealed some
originally pored region adjacent to the fibrous grids, however,
numerous unaffected pores preserved the superior gas perme-
ability, which was confirmed by the SEM images in Fig. 1i. Next,
the composite film with Ecoflex-BNNSs layer was attached to an
opening bottle containing DI water, and the permeability of
water vapor can be evaluated by measuring the weight loss of
water. As a comparison, a variety of conditions were respectively
estimated, in which bottles were covered with plastic wrap, pure
patterned TPU fibrous membrane, and uncovered. In this
experiment, the samples were placed in a thermostatic chamber
at room temperature and the humidity was 30% RH (Relative
Humidity). It was found that the weight of the bottle with
composite film with Ecoflex-BNNSs decreased at the approx-
imate rate as the bottle with pure patterned fibrous membrane,
and the bottle uncovered. On the contrary, the weight of the
bottle covered with plastic wrap barely decreased after 240 h, as
shown in Fig. 2c. This result evidently demonstrates the high
degree of air/gas permeability of the as-prepared composite
film, and strongly validated the possibility for wearable
electronic devices.

Thermal conductivity
TPU, as well as its fibers, is widely used in flexible/stretchable
electronics43,44. However, the thermal properties of electrospun
TPU fibers remain unknown, although electrospinning is reported
to significantly improve the thermal conductivity of other
polymers (e.g., polyethylene (PE)45,46 and Nylon47) by generating
ultrathin fibers, accompanied with an increased tensile modulus
because of the chain alignment of fibers. Although the increased
tensile modulus leads to unsuitability for the application of flexible
electronic48–50.
Herein, the thermal conductivity of individual TPU fiber was

measured by the thermal bridge method51,52. A suspended micron
device contains two silicon nitride (SiNx) membranes and twelve
beams, which are covered with platinum resistance thermometer
(PRT) coils that served as heater and sensor in the measurement
since the platinum resistance changes with temperature. To
evaluate the thermal conductivity of the pristine individual TPU
fiber, this suspended micron device was placed on the collector to
receive the electrospun TPU fibers. By adjusting the electrospin-
ning time, there is a probability that one or more suspended fibers
will cross the two membranes, as shown in Fig. 3a. Only one fiber
sample was selected while the other fibers were removed by a
nanomanipulator or cut through by the Focused Ion Beam (FIB).
The whole suspended device was placed in a cryostat with a
vacuum level of around 1 × 10−6 mbar to reduce the effects of heat
convection. A direct current (I) was applied on one PRT to generate
a Joule heat Q= I2Rh and raise the temperature of one membrane,
where Rh is the total heating resistance including the PRT of heater
membrane and beams. Part of the Joule heat was conducted
through the suspended fiber to the other membrane. The
temperature changes at the two PRT were measured through
the platinum resistance changes by a small alternating current.
The thermal conductance of the sample (Gs) can be calculated as

Gs ¼ 4T sQ
ð4Th

2�4T s
2Þ, where ΔTh and ΔTs are the temperature rise at the

heater and sensor, and Q is the Joule heat dissipation in the heater
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Fig. 2 Breathability of the composite film. a Schematic diagram of the permeability of the composite based on patterned fibrous structure.
b Comparison of the air permeability of the patterned fibrous membrane before and after coating with Ecoflex-BNNSs layer. c Comparison of
the water vapor permeability of the samples by covering water-containing opening bottles. The composite film with Ecoflex-BNNSs layer
showed the approximate rate as the bottle with pure patterned fibrous membrane, and the bottle uncovered. On the contrary, the weight of
the bottle covered with plastic wrap barely decreased after a long time running (Insert from left to right are the water contents of the bottles
which were covered with plastic wrap, patterned TPU fibrous membrane with Ecoflex-BNNSs layer, pure patterned TPU fibrous membrane,
and uncovered, respectively).

Fig. 3 Thermal properties of the samples. a SEM image of a single TPU fiber on the suspended device for thermal bridge measurement.
b The linear fit of Rt × d product as a function of L/d ratio. c The measured thermal resistance (Rt) and thermal contact resistance (Rtc) vs.
sample. d COMSOL Multiphysics simulated temperature distribution of Sample 1 on the thermal bridge. e Thermal conductivity of the samples
with different contents of BNNSs, which were tested using Hot Disk TPS 2500S. f Thermal conductivity of the nanocomposite with 25 wt%
BNNSs under multiple bending and stretching cycles.
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TPU and one of the Pt beam53,54. The measured thermal resistance
(Rt= Gs

−1) includes the intrinsic thermal resistance of the
suspended sample (Rts) and the thermal contact resistance
between the fiber and the membranes (Rtc). In order to remove
the influence of thermal contact resistance, the room temperature
thermal resistances of three samples with similar diameters (d) but
different suspended lengths (L) have been measured. Since the
contact resistance is inversely proportional to the contact width55,
the Rt × d product was plotted as a function of L/d, as shown in
Fig. 3b. When L= 0, Rt × d= Rtc × d, the thermal contact resistance
Rtc of three samples can be calculated as 3.55 × 106, 2.76 × 106,
3.03 × 106 K W−1, respectively, which are consistent with previous
reported thermal contact resistance of other samples in thermal
bridge method56, indicating the thermal contact resistance within
a reasonable range. Figure 3c shows the measured thermal
resistance (Rt) and thermal contact resistance (Rtc). By removing the
effect from contact resistance, the intrinsic thermal conductivity of
the suspended TPU fiber can be calculated by k ¼ 4L

πd2Rts
, as shown

in Table 1.
To verify the validity of the measured thermal conductivity of

individual TPU fiber, a finite element simulation was conducted by
COMSOL Multiphysics, as shown in Fig. 3d. The thermal bridge
model settings were consistent with the real device, and the
physical property parameters used in the simulation can be found
in the previous study53,57. The simulated temperatures at the
suspended edges of the sample fiber were close to that of TPU on
each membrane, and their temperature difference is less than
0.01 K. Therefore, the temperature drop between the suspended
two sample edges can be calculated as the temperature difference
between the heater and the sensor TPU. Besides, the average
raised temperature ratio of the two membranes in the simulation
shows a general consistency with the measured temperature,
which reveals that the value of the measured thermal conductivity
of individual TPU fiber is reasonable.
The measured thermal conductivity of individual TPU fiber was

around 0.28Wm−1K−1, which was close to that of bulk TPU.
Although the stretching process during electrospinning has been
reported to boost ordered molecular chains in polymers, showing
a dramatic thermal conductivity increase as the electrospun fiber
diameter is less than 150 nm47,53. In our experiment, the diameter
of the electrospun TPU fibers is around 1 μm, which is far from
reaching an effective stretching process to increase molecular
chain alignment in TPU49. Thus, the electrospun fibers maintained
low elasticity modulus (Supplementary Fig. 2), a desirable feature
for wearable flexible electronics. And the enhancement of the
samples was mainly attributed to the addition of highly thermally
conductive materials (BNNSs).
For coating highly thermally conductive layers, the as-exfoliated

BNNSs were mixed with Ecoflex with an increasing loading of 10 wt
%, 20 wt%, and 25 wt%, respectively. And the composite layers
have the thickness of about 0.3 mm. When the content of BNNSs
was more than 25 wt%, it became viscous and lack of liquidity. As a
proof of concept, after depositing Ecoflex-BNNSs layer on the
patterned TPU fibrous grids, the thermal conductivity of the
samples have been significantly improved. As shown in Fig. 3e, the
thermal conductivity of the composite with 25 wt% BNNSs reached
0.844Wm−1K−1, a 4442% tremendous enhancement compared to
the pure patterned TPU fibrous structure (0.019Wm−1K−1),

illustrating the formation of the thermally conductive pathways.
Furthermore, due to the mechanical robustness of the composite,
the thermal conductivity demonstrated outstanding stability. After
being bent and stretched (strain ∼100%) for 800 cycles, the
maximum fluctuation of the thermal conductivity of the composite
based on 25 wt% BNNSs remained within 6.4% and 7.9%,
respectively, as shown in Fig. 3f.

Thermal management capability for flexible electronics
Graphene is now widely used for wearable devices. To validate the
thermal management capability of this breathable structure for
flexible electronics, further experiments based on graphene were
carried out. Firstly, a graphene (Supplementary Fig. 5a) layer was
spray-coated on the fibrous patterned grids, then Ecoflex-BNNSs
layer with different loading of BNNSs was deposited onto
graphene. In this course, the Ecoflex-BNNSs film completely
covered graphene can act as electrical insulating packaging layer
to prevent graphene from leakage due to the electrical insulation
of Ecoflex and BNNSs (Supplementary Fig. 5b), and the breathable
patterned electrospun fibrous membrane act as thermal insulating
layer for wearable electronics. According to the variable loading of
graphene, a flexible conductor and/or strain sensor can be
fabricated, respectively. After coated graphene, the samples
reserved good breathability, and the air permeability was both
about 21.41 mm s−1, similar to that without graphene.
The flexible conductor with an average electrical resistance of

800Ω demonstrated a stable resistance under various bending
angle (θ) from 0° (the flat state) to 140° (Supplementary Fig. 6).
Under a fixed voltage of 10 V, a small normalized electrical
resistance change (ΔRe/Re0) of 0.103 even under the largest
bending angle of 140° (Supplementary Fig. 7) was observed, as
well as a good durability under more than 2000 cycles of bending-
releasing process between 0° and 140° (Fig. 4a), indicating the well
wrapping of graphene by Ecoflex-BNNSs. During the operation of
the flexible conductor, it was found that the surface temperature of
all the samples increased at the beginning, and then reached a
saturated state, to the equilibrium operational temperature, within
a very short time (Fig. 4b). As expected, the nanocomposites with
higher loading of BNNSs showed a lower saturating operating
temperature. It is worthy to point out that the thermal dissipation
in this case is different from that of electronics with a planar
surface, because of the curved surface of the samples. From
Supplementary Fig. 5b, one can observe that the graphene layer
was packaged with the arcuate Ecoflex-BNNSs film, thus heat
generated from graphene can be dissipated through Ecoflex-
BNNSs film. In this way, the close-contacted BNNSs in the Ecoflex
matrix can construct thermally conductive pathways, which ensure
rapid thermal transmission. As a result, the equilibrium operational
temperature of the sample with 25 wt% BNNSs was about 45.1 °C, a
34% dropping than that with pure Ecoflex (68.3 °C). During more
than 2000 cycles of bending-releasing process between 0° and
140°, the surface temperature fluctuation of the flexible conductor
was only within 0.5 °C, as shown in Fig. 4c, demonstrating the
superior durability of the sample.
The flexible strain sensor had an average electrical resistance of

1500Ω due to the less content of graphene than that of the
conductor. Figure 4d showed the curve of ΔRe/Re0 in response to
the change of the applied bending strain (which can be expressed
by the bending angle). It can be seen that the gauge factor (GF)58

(the slope of resistance versus bending angle) was about 1.0 when
the bending angle changed from 0° to 80°. With increasing the
curvature, it turn into about 1.80 between the bending angle of
80° and 140° due to the separation of adjacent graphene, showing
a linear response to various bending strain (Supplementary Fig. 8),
as well as a stable performance during more than 2000 bending-
releasing cycles from 0° to 140° (Supplementary Fig. 9). As a result,
the strain sensor can be adopted for real-time monitoring of

Table. 1. Measured thermal conductivity of samples.

Sample number d (μm) L (μm) k (W m−1K−1)

S1 0.95 ± 0.07 5.99 ± 0.02 0.28 (0.286 ± 0.018)

S2 1.23 ± 0.03 10.04 ± 0.01 0.28 (0.280 ± 0.005)

S3 1.12 ± 0.09 4.52 ± 0.02 0.28 (0.278 ± 0.002)
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human motion, such as repeatedly flexion-extension of finger
(Supplementary Fig. 10a) and wrist (Supplementary Fig. 10b).
During operation of the strain sensor under a 10 V voltage, be the
same as that of the conductor, the equilibrium surface tempera-
ture of the sensor covered with 25 wt% BNNSs had a large decline
than that covered pure Ecoflex film, as shown in Supplementary
Fig. 11. Interestingly, the designed structure of the composite
exhibited a superior thermal management capability. From Fig. 4e,
during multiple cycles of the bending-releasing process between
0° and 140° of the strain sensor, the fluctuation of the equilibrium
surface temperature of the sample with 25 wt% BNNSs was only
within 0.5 °C, while the equilibrium surface temperature fluctua-
tion of that with pure Ecoflex was 3 °C, 6 times higher than the
former. This reason highlights the construction of thermally
conductive pathways in the composite, so that the heat can be
dissipated rapidly from the devices.
With the increasing emphasis on human health problems, more

and more people engage in regular physical activity. Cycling is
one of the most popular forms of exercise not only because of its
effects on prevention of chronic diseases such as hypertension59

and cardiopathy60, but also because of its low requirement on
space restrictions. However, in some case such as riding at night

with inadequate light, danger may occurred. For example, the
driver in a speeding car or truck may not notice the cyclists from a
distance due to the lack of effective warning on the cyclists. To
this end, we designed a set of warning device by integrating the
sensor in a circuit (Supplementary Fig. 12) and a spinning exercise
bike was introduced to mimic this situation. Herein, the flexible
sensor was attached onto the knee of the cyclist. When the knee is
bent and released during cycling, the LEDs on the helmet will
flicker (Supplementary Movie 1), and caution can be given to the
passing cars or trucks. Interestingly, during the continuously riding
process (bending and releasing of the knee), the surface
temperature was almost unchanged, as shown in Fig. 4f, which
was the same as that during flexing or extending the finger and
wrist (Supplementary Fig. 10). It can be ascribed that the excellent
thermal dissipation performance of the device help it maintain a
low and stable surface temperature.

Prototype for wearable electronics with desired architecture
and advanced thermal management capability
Patterned electrospun fibrous structure can be assembled
according to the morphology of the conductive collector, and it

Fig. 4 Thermal management capability for flexible electronics. a Normalized electrical resistance change (ΔRe/Re0) of the flexible conductor
under more than 2000 cycles of bending-releasing process between 0° and 140°. b Comparison of the surface temperature from the
beginning to the equilibrium operational temperature within a very short time. c During more than 2000 cycles of bending-releasing process
between 0° and 140°, the surface temperature fluctuation of the flexible conductor was within 0.5 °C. d Curve of ΔRe/Re0 in response to the
change of the applied bending strain of the flexible strain sensor. e Comparison of the equilibrium surface temperature fluctuation of the
sample with 25 wt% BNNSs and pure Ecoflex during multiple cycles of the bending-releasing process between 0° and 140° of the strain sensor.
f During the operation of the flexible strain sensor as a warning device for the cyclists, the surface temperature was almost unchanged.
Photograph of the printed serpentine flexible electrical conductors onto the Ecoflex-BNNSs film (g) before and (h left) after electrospinning,
and (h right) is the photograph of single flexible conductor cut along the edge after electrospinning. i The surface temperature of the as-cut
conductor with 25 wt% BNNSs (it was fixed onto the elbow of an IKEA doll. And during elbow flexion and extension).
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would be helpful for directly fabricating large-scaled wearable
electronics with desired architecture and thermal management
capability. Herein, a prototype of this strategy was carried out.
Firstly, a flexible thermally conductive Ecoflex-BNNSs film (thick-
ness of ~0.3 mm) with 25 wt% BNNSs was fabricated. Followed by
a UV/O3 surface treatment, serpentine flexible electrical conduc-
tors (electrical resistance of ~2Ω) based Ag ink were deposited on
the film using inkjet printing technology, as shown in Fig. 4g.
We use Ag as an electrical conductive material because of its

excellent conductivity and outstanding flexibility, rendering it a
suitable candidate for the next-generation wearable devices61–63.
Particularly, Ag is proved facile and stable for inkjet printing
technology, which offers the new opportunity for fabricating
wearable electronics with environmentally friendly and cost-
effective production process64,65.
Because of its good electric conduction of Ag, electrospinning

fibers can be deposited on the flexible conductors. After
electrospinning for 2 h, it was found that most of the fibers were
stored on the conductor with a morphology similar to the
conductor (Fig. 4h left). And each serpentine conductor with
Ecoflex-BNNSs film and fibers can be cut along the edges in
accordance with requirements (Fig. 4h right). Under a voltage of
2.5 V, Joule heat was generated. As a result, the surface
temperature of the film packaging side showed obvious
difference. The temperature of the sample with 25 wt% BNNSs
was much lower than that with pure Ecoflex, as shown in
Supplementary Fig. 13, due to the high thermal conductivity of
the composite. In addition, the electrospun fibers render a thermal
insulating capacity because of the porous structure. One can see
that the surface temperature of the fiber packaging sides was
lower than that of the film packaging sides, showing the potential
that the fibrous sides can be attached closed to human skin to
prevent it from burning damage when the devices were
operating. When the as-cut conductor with 25 wt% BNNSs was
fixed onto the elbow of an IKEA doll, as shown in Fig. 4i, during
elbow flexion and extension process, no different surface
temperature was observed. This can be understood as the
following: after inkjet printing, the Ag film demonstrated a
relatively dense structure (Supplementary Fig. 14), which was
quite different from that using graphene nanosheets. During the
IKEA doll elbow flexion and extension process, it is insufficient to
make fracture and/or crack in the Ag flayer, in particular, it is
supported by the flexible Excoflex-BNNSs film. Thus, no obvious
resistance change occurs, resulting in a relative stable surface
temperature. It indicates the stable thermal management
capability and of the sample. All these advantages make it
suitable for the fabrication of next-generation of wearable
electronics.

DISCUSSION
In summary, we have provided a simple route to fabricate a
composite with both enhanced thermal management capability
and remarkable flexibility, while retaining excellent permeability. It
has been achieved by depositing Ecoflex-BNNSs layer onto the
grids of the patterned electrospun TPU fibrous membrane. Besides
a tremendous 4442% enhancement of the thermal conductivity
compared to that of the pure patterned fibrous structure, the
breathability had a minimal degradation. When applied for the
wearable electronics, the saturating operating temperature of the
sample demonstrated a drastic dropping compared to that with
pure Ecoflex packaging. And even under more than 2000 cycles of
continuously bending-releasing process, the surface temperature
fluctuation was within 0.5 °C, indicating the thermal stability of the
composite. Finally, due to the merits of electrospinning, a
prototype to prepare wearable electronics with desired architec-
ture and advanced thermal management capability has been

presented. We believe that our results provide an insight in
fabrication of next-generation of wearable devices.

METHODS
Exfoliation of h-BN
Liquid phase exfoliation of BNNSs from hexagonal boron nitride
(h-BN) was carried out according to our previous work1,40,41. Firstly,
3.5 g of h-BN powders was added into a 200 mL mixture solvent of
isopropanol and deionized water (1:1 by weight). After sonicating
the solution in a sonication bath for 4 h with a frequency of
20 kHz, the dispersions were centrifuged at 4000 rpm for 10min to
remove the non-exfoliated h-BN. Finally, the supernatants were
collected and centrifuged at 9000 rpm for 30 min, and BNNSs were
obtained.

Electrospun patterned TPU fibrous membrane
First, dimethylformamide (DMF) and tetrahydrofuran (THF) were
mixed 1:1 by weight as solvent. The TPU particles were
continuously stirred in a solvent with a concentration of 15 wt%
for 3 h until a uniform electrospinning precursor solution was
formed. For electrospinning, an electrospinning machine supplied
by Qingdao Nokang Environmental Protection Technology Co., Ltd
was adopted, and the steel wire mesh was used as collector to
obtain patterned TPU fibrous membrane. During electrospinning,
the applied voltage was about 15 kV, and the working distance
between the spinneret and the collector was about 16 cm. The
electrospinning time was 8 h. All electrospinning experiments
were carried out at room temperature and ambient humidity of
20–50% RH.

Fabrication of high thermally conductive composites
Firstly, solution of Ecoflex-BN was prepared. Ecoflex rubbers are
mixed 1A:1B by weight. Then BNNSs was added to 1 g of A and
stirred for 30 min. Finally, 1 g B was added and continue stirring
until the solution was uniform. Thus, Ecoflex-BNNSs solution with
different contents of BNNSs was obtained. For comparison, the
contents of BNNSs was chosen as 10 wt%, 20 wt%, and 25 wt%,
respectively. The as-prepared Ecoflex-BNNSs solution was coated
onto the grids of the patterned TPU fibrous membrane with the
aid of a metal mask.
To fabricate the wearable conductor and strain sensor,

graphene was firstly spray-coated onto patterned TPU fibrous
membrane to form specific conductive pathways using the metal
mask. Then the Ecoflex-BNNSs solution was coated onto the
graphene surface through the mask. After vacuum drying for 6 h,
two Cu foils were attached on both naked ends of the fibrous
membrane, and the devices were fabricated.
The serpentine flexible electrical conductor arrays was fabri-

cated by a pneumatic extrusion type flexible electronics printer
(MP1100, Prtronic, Shanghai, China), and the commercial Ag ink
(BASE-CD01) was used. After inkjet printing for about 45 min, the
samples were suffered from a vacuum drying at 120 °C for half one
hour to remove the solvent.

Characterization
The morphology and the microstructure of the samples were
characterized by a field-emission SEM (Nova Nano SEM 450, FEI,
USA). The optical photographs of the samples were captures by a
Huawei mobile phone (Huawei P 40). The electrical properties
were obtained using Keithley 6485 high-resistance meter system,
and the strain-stress curves of the samples were measured by a
dynamical mechanical analyzer (Q-800, TA Scientific). Thermal
conductivity (k) of the samples was tested using Hot Disk TPS
2500S. The permeability of the samples was measured by a digital
air permeability measuring instrument (YG461E-11). Surface
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temperature was captured via an infrared thermograph (FOTRIC-
226–2, China).

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author on request.
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