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A B S T R A C T   

Fabric-based personal thermal management devices propel the development of flexible heaters which play 
important roles in medicinal therapy and protecting humans from cold environments. However, due to the poor 
mechanical properties, most heaters are easy to be damaged under dynamic loading forces, and also difficult to 
provide necessary anti-impact protection for human beings. Therefore, it is significant to develop multifunctional 
fabric heaters with high mechanical properties. Herein, a novel MXene/SSG/Kevlar-based multifunctional textile 
composite (MS-Kevlar) with sensitive monitoring, thermal management and impact protection is developed by 
assembling Kevlar fiber, shear stiffening gel (SSG) and two-dimensional MXene. This MS-Kevlar has high sen
sitive monitoring properties to various stimuli from slight physiological activities to high-speed bullet impact. 
MS-Kevlar with excellent conductivity shows high thermal management properties which can reach 80.9 ◦C at 6 
V working voltage. Besides thermal protection property, the multifunctional MS-Kevlar can absorb 55.4% force 
under low-speed impact and still retain the electro-thermal performance after impacted. More importantly, the 
ballistic limit velocity of MS-Kevlar increases more than 142.1% compared with that of neat Kevlar which could 
provide safeguarding for humans. Finally, a smart curtain with thermal and anti-impact performance was 
designed and the based wireless impact alarm system is beneficial for people to assess and avoid dangers.   

1. Introduction 

Thermal management devices which can convert electricity to heat 
energy based on the Joule heating effect have be flourished in recent 
years [1,2]. They show profound applications in personal thermal 
management [3,4], drug delivery controlling [5,6], defogging and 
defrosting [7]. Recently, owing to the unique softness, comfort and low 
price, fabric materials are ideal candidates for developing wearable 
thermal management devices. So far, fabric-based wearable heater has 
made profound contribution to personal healthcare which protects 
human beings from cold weather and frostbite [8–10]. To further 
improve the electricity-heat conversion efficiency of fabric-based 

thermal management devices, a novel multifunctional 2D MXene ma
terial, with the chemical formula of Mn+1XnTx [11,12], has been 
extensively applied due to its unique surface chemistry, ideal metal 
conductivity and typical layered structure [13–15]. Beside constructing 
excellent conductive path for high-performance thermal management, 
introducing 2D MXene also endows wearable thermal devices with other 
functions. All-in-one wearable flexible heaters with various functions 
are more favorable in practical thermal protection and therapeutic 
healthcare. 

Zhao et al. fabricate a multifunctional MXene-based smart fabric 
with fast and stable electro-thermal response for bacterial ablation [16]. 
The metal-like conductivity of MXene renders the functional fabric high 
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sensitivity to humidity, which enables to act as wearable respiration 
monitoring device. Ma et al. prepare a hydrophobic and electrical/ 
photonic/mechanical tri-responsive textile composite by decoration of 
conductive MXene nanosheets onto air-laid paper [17]. In addition, Liu 
et al. develop an intelligent PET fabric based on MXene with excellent 
electromagnetic shielding effect, which not only maintain electro- 
thermal capability, but also presents significant photo-thermal effect 
[18]. However, most wearable fabric-based thermal devices can only 
withstand slight human movements because of its weak mechanics 
property, such as joint flexion [19], facial expression [20] and pulse 
[21], etc. The thermal as well as electrical performance of the as- 
prepared flexible devices are always vulnerable to failure under dy
namic impact loading which seriously impede their practical 
applications. 

Harmful collisions such as car crashes and even bullet impacts are 
widespread all over the world which leads to heavy property damage 
and human casualties. With the improvement of personal safety 
awareness, developing wearable devices with force protection perfor
mance to protect human beings from danger has become an urgent de
mand. Due to its high modulus, small fracture strain and low density, 
Kevlar fibers have been widely used in the protection field [22–24]. 
Furthermore, shear thickening materials are novel star materials 
[25–27] and compounding them with Kevlar fibers is proven to be an 
effective strategy for improving the protective properties of the com
posite fibers [28–30]. Especially, viscoelastic solid shear stiffening gel 
(SSG) with typical shear stiffening effect could change its storage 
modulus by four orders of magnitude under dynamic loading conditions 
and show fantastic enhancing impact protective effect for Kevlar 
[31–33]. Due to its excellent mechanical properties, Kevlar is a potential 
candidate for developing robust wearable thermal management devices. 
Woven Kevlar-based personal thermal management devices have been 
fabricated before [34,35]. However, the dynamic mechanical properties 
of the devices, especially the anti-impact properties under bullet- 
shooting loading, are always neglected in the past studies. In addition, 
its thermal stability after the impact excitation have not been explored 
yet. 

In this paper, a wearable thermal management device with multiple 
functions of force protection, sensing and thermal management is re
ported based on SSG, Kevlar and lightweight dried MXene. The wearable 
MS-Kevlar is capable of responding to slight human physical activities 
and more importantly, it can also capture stimulation from high-speed 
impact. Under bullet shooting, ballistic limit velocity (vbl) of MS- 
Kevlar increases at least 142.1%, which shows excellent force safe
guarding effect. Because of excellent electrical conductivity of MXene, 
MS-Kevlar can act as a thermal management device by taking advantage 
of Joule heating. MS-Kevlar still retains stable heating ability after being 
impact owing to the excellent enhancement effect from SSG on Kevlar 
which overcome the weak mechanical properties. Finally, an MS-Kevlar 
based intelligent curtain not only regulates the indoor temperature but 
also provides protection for the indoor people. The resistance changes of 
the curtain under impact can be transmitted remotely to the mobile 
phone through the Bluetooth module, which enables people to effec
tively avoid danger. To this end, multifunctional MS-Kevlar shows 
promising applications in new intelligent wearable systems and safe
guard areas. 

2. Experiments and characterization 

2.1. Materials 

Hydroxyl silicone oil and boric acid were purchased from Sinopharm 
Chemical Reagent Co. Ltd, Shanghai, China. The fabric was the plain- 
woven aramid Kevlar fabric with areal density of 200 g/m2, and it 
was also commercially available. MAX-Ti3AlC2 was purchased from 11 
technology Co. Ltd, Jilin, China. All the chemical reagents were of 
analytical purity and used as received without further purification. 

2.2. Synthesis of lightweight dried MXene 

MXene nanosheets solution was prepared by etching the precursor 
bulk MAX-Ti3AlC2 phase powders. First, the MAX phase powder (Fig. 1a 
I) reacted with the mixture of hydrochloric acid and lithium fluoride to 
selectively remove the Al layers and the accordion-like multilayered 
MXene was obtained (Fig. 1a II). These MXene flakes were then 
delaminated and separated by ultrasonic and further centrifugal treat
ment to obtain single-layer MXene suspension (Fig. 1a III). The MXene 
suspension was dripped into soft PDMS mold. Then, they were put into 
vacuum freeze drier (Fig. 1a Ⅳ) to sublimate the water and lightweight 
dried MXene was finally obtained. 

2.3. Fabrication of MS-Kevlar 

Firstly, the SSG solution with a concentration of 0.67 g/mL was 
obtained by ultrasonic treating SSG in ethyl alcohol for 3 h at room 
temperature. Neat Kevlar (Fig. 1b I) was tailored and immersed in SSG 
solution and dried for six times. Thus, SSG/Kevlar (Fig. 1b II) was ob
tained. Finally, lightweight dried MXene was pressed on SSG/Kevlar by 
Teflon film at room temperature to obtain MS-Kevlar (Fig. 1b III). 
Because of the adhesion of SSG, dried MXene could be stuck on it tightly. 

2.4. Characterization 

The micro-structures of nano-particles and Kevlar were character
ized by SEM (Gemini SEM 500, ZEISS). TEM images of MXene nano
sheets were observed on a Field emission transmission electron 
microscopy (JEM-2100F) with an accelerating voltage of 200 kV. 
Rheological properties of the polymer matrix were measured by a 
commercial rheometer (Physica MCR 301, Anton Paar Co., Austria). The 
tested samples were fixed into cylinders with diameter of 20 mm and 
thickness of 1 mm. The shear frequency varied from 0.1 Hz to 100 Hz. 
The electrical properties were measured by the ModuLab Materials Test 
System (Solartron Analytical, AMETEK Advanced Measurement Tech
nology, Inc., United Kingdom). The safeguarding property of MS-Kevlar 
was explored by a drop hammer test system. In the high-speed bullet 
impact experiment, a gas gun was used to fire the bullet. The bullet was 
8.0 mm in diameter and 2.0 g in weight. MS-Kevlar with the size of 81.6 
× 81.6 mm2 was fixed at 15 cm away from the muzzle, so that the ve
locity attenuation of the projectile at this distance could be ignored. A 
laser velocimeter was applied to measure the initial velocity (vi) of a 
bullet. MS-Kevlar was fixed to a steel frame and the wires from MS- 
Kevlar were connected with a digital oscilloscope which was used to 
record separated voltage signals. The damage and residual velocity (vr) 
of bullets was recorded by a high-speed video camera. The temperature 
changes of MS-Kevlar during Joule heating were continuously recorded 
by a multi-channel thermocouple (DT-3891G, Shenzhen Everbest Ma
chinery Industry Co., Ltd, China). Infrared radiation (IR) thermal images 
were taken by an infrared camera (ImageIR 8300, InfraTec, Germany). 
The thermal conductivity of the MS-Kevlar was explored by HotDisk 
method (TPS 2500 S Hot Disk Thermal Constants Analyzer) and the 
tested MS-Kevlar was stacked in multiple layers as 10 mm in thickness. 

3. Results and discussion 

3.1. Preparation and electrical monitoring properties of MS-Kevlar 

In this work, the precursor bulk MAX-Ti3AlC2 phase powder as the 
raw material exhibited a multi-layer structure (Fig. S1a). However, 2D 
single-layer Ti3C2Tx nanosheets were successfully prepared after 
chemical treatment (Fig. S1b-d) and the average thickness of single 
Ti3C2Tx nanosheet was 1.5 nm (Fig. S2). Fig. 2a showed the typical 
Tyndall scattering effect of the MXene suspension, indicating its satis
factory uniformity and stability. After being freezing dried, the MXene 
was lightweight (Fig. 2b). And then, MS-Kevlar was prepared by 
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pressing freezing dried MXene on SSG/Kevlar (Fig. 2c). Besides, bundles 
of neat Kevlar were smooth and there were small gaps between them 
(Figs. 2d, S3a). After introducing SSG, the polymer could uniformly 
attach on Kevlar, forming SSG/Kevlar composite (Figs. 2e, S3b). The 
mass fraction of SSG on fiber was increased with the increasing of 
impregnation times until the fiber reached saturation at 7 times 
(Fig. S3c). In addition, neat Kevlar was loose and easy to deform 
(Fig. 2f). The introduction of SSG increased the friction between the 
fibers [36], allowing SSG/Kevlar to maintain shape even under heavy 
loads (Fig. 2g), while inherited the good flexibility (Fig. 2h). 

With the increasing demand for health care and personal safety, MS- 
Kevlar, as a kind of intelligent fabric, showed a broad application 
prospect in the wearable device. MXene formed an effective conductive 
pathway on Kevlar, which endowed the MS-Kevlar with multi-function. 
When the MXene on SSG/Kevlar was 2 mg, the impedance decreased to 
26.5 Ω, the increasing mass was beneficial to the formation of more 
stable conductive path (Fig. 3a). However, excessive added mass did not 
significantly improve its conductivity. Thus, 20 mg was chosen as the 

added mass of MXene on SSG/Kevlar. The stable current–voltage curves 
(Fig. 3b) indicated the stable resistance of MS-Kevlar with MXene of 20 
mg was 3.1 Ω. 

MS-Kevlar could respond to throat movements caused by coughing 
and speech (Fig. 3c). More interestingly, MS-Kevlar showed high 
sensitivity and three tiny responding peaks corresponding to the 
“contraction-lifting-relaxing” process of throat deglutition could be 
observed (Fig. 3d). Meanwhile, MS-Kevlar attached to the wrist also 
enabled to monitor the pulse condition of human body in real-time 
which was vital for assessing the heart disease. The characteristic peak 
positions of the wrist pulse, such as “P” (Percussion), “T” (Tidal), and 
“D” (Dicrotic) waveforms, could be clearly identified by the sensitive 
MS-Kevlar (Fig. 3e). “P” and “T” respectively corresponded to the early 
and late peaks of systolic blood pressure, and “D” appeared in the 
diastole region [37]. Undoubtedly, the frequency of the pulse dramati
cally increased after exercising (Fig. 3f). MS-Kevlar worn on fingers 
could monitor bending angles (Fig. 3g) and maintain good stability 
(Fig. 3h). Besides, an MS-Kevlar-based sensor array was designed to 

Fig. 1. Schematic of the fabrication process of (a) MXene and (b) MXene/SSG/Kevlar based intelligent fabric (MS-Kevlar).  
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assess its strain detection properties under external force excitation 
(Fig. S4), such as falling ball impact (10 g). Since MS-Kevlar was woven 
from Kevlar fibers, so the strain propagated in the direction of the fiber 
bundles. Thus, the resistance variation at the cross-region centered 
around the impact center was the largest (Fig. 3i). 

3.2. Joule heating performance of MS-Kevlar based heater 

In the past, Kevlar often used in anti-impact areas while ignoring 
other protection properties. Fortunately, MS-Kevlar with excellent 
electrical conductivity showed the possibility to protect human body in 
cold weather based on Joule heating (Fig. 4a). MS-Kevlar based heater 
was prepared by combining two pieces of copper foil and MS-Kevlar cut 
into 2 × 2 cm2. The balance between Joule heating (equal to input 
power) and heat loss was the decisive factor affecting the saturation 
temperature of the heating system [38]. Generally, the working process 
of a heater could be divided into three stages: heating-up, steady-state 
and cooling-down (Fig. 4b). The heat balance in each stage was 
expressed as: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

cm⋅
dT
dt

= VI − Qcv − Qr − Qcd (Heating − up)

0 = VI − Qcv − Qr − Qcd (Steady − state)

cm⋅
dT
dt

= − Qcv − Qr − Qcd (Cooling − down)

(1)  

where c, m, T, t, V, I, Qc ,Qr and Qcd were specific heat capacity, mass, 
temperature of the sample, time, input voltage, current, convective heat 
loss, radiative heat loss and conduction heat loss respectively. The 
convective heat loss was expressed by 

Qcv = hA1(T − T0) (2)  

where h, A1 and T0 were the convective coefficient, upper surface area of 
the sample and room temperature (25 ◦C), respectively. The radiative 
heat loss could be written as 

Qr = εσA1(T4 − T4
0 ) (3)  

where ε was the surface emissivity of MS-Kevlar varying from 0 to 1 and 
σ was the Stefan-Boltzmann constant (5.67 × 10− 8 W m− 2 K− 4), 
respectively. The conduction heat loss could be written as 

Qcd = A2κ
dT
dδ

(4)  

where κ, A2 and dT
dδ were the heat conductivity lower surface area and 

temperature gradient, respectively. 
In a simplified model for understanding the mechanism of heat ex

change (Fig. S5), A was the sum area of the upper and lower surface of 
MS-Kevlar. In the low-temperature region, the radiative heat loss was 
much lower than the input power by three orders of magnitude. 
Therefore, the radiative heat loss was negligible and the second equation 
of Eq. (1) could be written as: 

VI = hA1(T − T0) + A2κ
dT
dδ

(5)  

which indicated convection and conduction were the major heat loss 
that influenced the temperature of MS-Kevlar. 

According to Eq. (1), higher voltage corresponded to higher satu
rated temperature. When external voltage reached 10 V, the surface 
temperature of MS-Kevlar was maintained at 148.6 ◦C (Fig. 4c, 
measured by thermocouple). With the increasing of power density, the 
absolute value of heating-up rate and cooling-down rate also increased 
(Fig. 4d), which were linearly proportional to the input power, 

Fig. 2. Optical images of (a) MXene suspension, (b) freeze-drying MXene and (c) MS-Kevlar; SEM images of (d) neat Kevlar and (e) SSG/Kevlar; deformation of (f) 
neat Kevlar and (g) SSG/Kevlar under 200 g weight load; (h) flexibility of neat Kevlar and SSG/Kevlar. 

J. Zhou et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 428 (2022) 131878

5

respectively (Fig. S6a, b). The saturated temperatures of MS-Kevlar 
could be precisely adjusted according to the real-time variation of 
voltage (Fig. 4e) and the temperature gradually increased with the input 
voltages, which was also recorded by an infrared radiation thermal 
imaging camera (Insert figure in Fig. 4e). 

As a wearable protective device, heating stability of MS-Kevlar-based 
heater was also vital in practical applications. To evaluate the heating 
stability and recyclability of the MS-textile wearable heater, the tem
perature evolution with increasing time at a constant voltage of 5 V was 
investigated (Fig. 4f). The temperature of heater reached saturation at 
around 70 ◦C and maintained steady even after applied external voltage 
over 3800s, confirming the long-term heating reliability. Furthermore, 
after 30 times switching cycles, MS-Kevlar-based heater still maintained 
stable thermal performance (Fig. 4g). The heating stability of MS-Kevlar 
at different voltages has also been demonstrated in Fig. S7. To this end, 
the as-designed MS-Kevlar-based heater with good Joule heating per
formance showed important application in personal thermal protection. 

In daily life, exposed conductive layers of wearable electronics 
showed possible harm to human body and could be easily abraded. 
Thus, additional protective substrate between the conductive layer and 
skin was necessary. An MS-Kevlar based wearable wrist band that used 
Kevlar as the substrate was prepared (Fig. 5a). The MS-Kevlar based 
heater on the cuff could tightly fit on the skin, which resulted in pre
venting heat loss and keeping warm. To demonstrate the thermal 
properties of MS-Kevlar wrist band, temperature-sensitive inks that 
would change to colorless at 70 ◦C (Fig. S8) were used. As shown in 
Fig. 5b I, 4 colorful squares with 2 × 2 cm2 were drawn. In the squares, 
there were four letters as “USTC” written by temperature-sensitive inks. 
When the wrist band was energized, the temperature rose and the 

“USTC” pattern began to fade (Fig. 5b II). Until reaching 70 ◦C, the white 
letters completely appeared on the papers (Fig. 5b III). 

To meet the demand in various situation, Kevlar substrate could be 
replaced by other materials (Fig. 5c). The heating process of heater with 
different substrate also could be divided into three stages (Fig. 5d). The 
thermal conductivity of MS-Kevlar was also tested as 0.37 W m− 1 K− 1. 
Due to varied thermal conductivity, the heater with diverse substrates 
reached different saturated temperatures after 600s (Fig. 5e). Thus, 
abundant substrates could be applied in the as-designed heater accord
ing to the practical requirement. 

3.3. Anti-impact mechanical performance and simulation under ballistic 
impact 

Kevlar was widely used in protection due to its properties of light
weight and high mechanical properties. Thus, the anti-impact mechan
ical performance of MS-Kevlar under ballistic impact was tested by 
ballistic system presented in Fig. 6a. The bullet was fired from a gas gun 
launcher, and the vi (initial velocity of bullet) was changed by control
ling the air pressure of the gun. A laser velocimeter connected to an 
oscilloscope was mounted on the muzzle of the gas gun to measure the vi 
of the bullet. The sample was fixed 15 cm away from the muzzle by the 
bilateral edges clamped. A high-speed video camera was placed behind 
the composite to record the destruction process and the vr (the speed 
which bullet penetrated double-layer Kevlar composite) of the bullet. 

The relationship between vi and vr was presented in Fig. 6b. The line 
was fitted by the Recht-Ipson function: 

vr = α(vp
i − vp

bl)
1/p (6) 

Fig. 3. Applications of MS-Kevlar in detection of small physical signals. (a) The MS-Kevlar impedance as a function of MXene content; (b) current–voltage curves of 
MS-Kevlar with MXene of 2 mg and 20 mg; the resistance responses under (c) coughing (d) deglutition, (e) wrist pulse, and (g) finger bending; comparison of the (f) 
pulse vibration before and after exercise; (h) sensing stability under finger bending; (i) recognition of the strain distribution of MS-Kevlar array under a falling 
ball impact. 
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where vr and vi were the residual velocity and incident velocity of pro
jectile, α and p were the parameters controlling the shape of curve and vbl 
(ballistic limit velocity) was the ballistic limit velocity. The fitting curve 
showed that the vbl of the double-layers neat Kevlar was 80.2 m/s. When 
the vi was smaller than vbl, the bullet could not penetrate Kevlar and was 
bounced. When vi of the bullet just exceeded the vbl, the vr increased 
sharply. However, when the vi was high enough, relationship between 
the vi and the vr was nearly linear: vr∝vi. Moreover, the dissipation en
ergy was defined as: 

Edis =
1
2

m(v2
i − v2

r ) (7)  

where Edis and m were the dissipation energy and bullet mass. The initial 
energy increased, so did the dissipation energy (Fig. 6c). 

The destruction process of neat Kevlar (Fig. 6d) and MS-Kevlar 
(Fig. 6e) was completely recorded by high-speed video camera. When 
vi was 129.9 m/s, the bullet could easily penetrate double-layers neat 
Kevlar. For neat Kevlar, the friction between yarns was small, and the 
main destruction mode was yarns extraction. (Video S1) More detailed 
impact processes with different initial velocity was presented in Fig. S9. 
It was reported that friction between Kevlar yarns significantly 
increased by impregnating SSG [36]. As a result, the yarns of MS-Kevlar 
were pulled out difficultly when subjected to impact (Video S2). More 
yarns were involved in deformation, and the free edge deformed seri
ously, which caused greater energy dissipated. At the vi of 194.2 m/s, the 

double-layers MS-Kevlar was still intact, showing better anti-impact 
performance. 

Gelatin was widely used in ballistic experiments to simulate the 
human tissue [39,40]. To further explore the excellent anti-impact 
properties of MS-Kevlar, gelatin (10 × 8 × 7 cm3) was wrapped in 
Kevlar. Firstly, the bullet of 105.3 m/s could easily penetrate the gelatin 
without any protection (Fig. S10a and Video S3). When Kevlar was 
wrapped around the gelatin, it played a protective role, but the gelatin 
was still penetrated at 114.3 m/s (Fig. S10b and Video S4). However, 
when the gelatin was coated with MS-Kevlar, it was infusive that the 
yarn coupling area was enlarged and the bullet could not lead to pene
trating wound at 114.3 m/s (Fig. S10c and Video S5). On the other hand, 
when neat Kevlar was penetrated, the fibers would be pulled out at high 
speed, causing serious cuts to the gelatin (Fig. S11a), which increased 
the risk to the user. This problem was effectively avoided due to MS- 
Kevlar’s strong fiber friction (Fig. S11b). 

The Finite Element Method (FEM) results of stress distribution under 
the same boundary condition were presented in Fig. 7. The interval time 
for each figure was 10 μs. When the bullet contacted the isotropic 
Kevlar, the stress wave was traveling at the same speed in the X- and Z- 
axises. As transmitted to the boundary, the stress wave in the middle 
fiber bundles perpendicular to the Z-axis would not be accumulated, the 
stress of the fibers was small, and they did not bear load. The fibers 
perpendicular to the X-axis were restrained and carried the main load. 
During the penetration, the middle fiber bundles perpendicular to the Z- 

Fig. 4. (a) Schematic of MS-Kevlar based heater; (b) temperature profiles and (c) saturated temperatures at different applied voltages; (d) peak values of heating-up 
and cooling-down rates as a function of input electrical power density; (e) temperature profiles upon dynamically supplied voltages from 1 to 10 V, insets are the 
corresponding infrared radiation (IR) thermal images of the heater at different voltages; (f) temperature stability and (g) repeatability of the heater upon repeated 
supplied voltages of 5 V. 
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axis tended to be pulled out because they were not constrained. The 
friction between neat Kevlar bundles were low. In the FEM results, the 
middle fiber bundles were easily pulled out (Fig. S12). However, the 
friction between the fibers of MS-Kevlar was larger, and the central fiber 
bundles would not be easily pulled out. Instead, more fiber bundles 

would deform and dissipate more bullet kinetic energy. Consequently, 
MS-Kevlar exhibited better anti-ballistic property. 

Fig. 5. (a) Schematic of the array of MS-Kevlar based heater; (b) optical images of the pattern drawn by temperature-dependent inks during the heating process; (c) a 
variety of materials used to cover the MS-Kevlar; (d) temperature profiles and (e) saturated temperatures of MS-Kevlar based heater covered by different materials, 
insets are the IR thermal images of the MS-Kevlar during heating. 

Fig. 6. (a) Optical image of the high-velocity ballistic impact system; (b) the residual velocity results and (c) corresponding energy dissipation results of double layers 
neat Kevlar; impact process of (d) neat Kevlar at vi = 129.9 m/s and (e) MS-Kevlar at 194.2 m/s. 
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Fig. 7. Simulation results of stress distribution of double layers MS-Kevlar during impact under bilateral edge clamped condition.  

Fig. 8. (a) Mechanism of shear stiffening effect; (b) rheological curve of SSG; dropping height dependent (c) impact force and (d) buffer time of 20 layers MS-Kevlar; 
(e) impact force cyclic stability loaded from 20 cm; (f) saturated temperatures of impacted MS-Kevlar based heater from different heights. 
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3.4. Mechanical protection and thermal management properties of MS- 
Kevlar under dynamic impact conditions 

As a functional polymer material, SSG was widely used in intelligent 
human protection. A mechanism schematic illustration depicting the 
mechanical behavior of SSG was presented in Fig. 8a. Because of the lack 
of electrons in the p orbitals of boron atoms and the extra electrons in the 
oxygen orbitals, there were a large number of dynamic B-O bonds in 
SSG, (Fig. 8a II). At low strain rates, these cross-links relaxed easily and 
had enough time to break. On the macro level, SSG showed fluidity and 
plasticity. In this case, the storage modulus of SSG was low (Fig. 8a I). 
However, at high strain rates, chemical bonds could not adapt to fast 
dynamic strain rates in time. So the material behaved as elastic with a 
significantly increasing storage modulus (Fig. 8a III). Thus, when the 
shear frequency was 0.1 Hz, the initial storage modulus was 1.5 kPa. As 
soon as the shear frequency reached 100 Hz, the maximum storage 
modulus increased to 2.5 MPa, exhibiting typical shear stiffening 
property (Fig. 8b). Besides, when the shear frequency was lower than 
1.4 Hz, the storage modulus was low and the SSG was macroscopically 
viscous. With the increase of shear frequency, the storage modulus 
increased and exceeded the loss modulus. Thus, SSG changed from fluid- 

like to solid-like. 
Thanks to the introduction of SSG, MS-Kevlar showed well protection 

property under low-speed impact conditions. The thickness of the SSG 
played a critical role in protection performance, thus, the more MS- 
Kevlar layers assembled, the more force was dissipated (Fig. S13). 
Take 20 layers of MS-Kevlar as an example, MS-Kevlar could dissipate 
55.4% force under low-speed impact (Fig. 8c). In addition, buffer time 
was an important basis for judging the protection performance [41]. At 
the falling height of 20 cm, the buffer time increased from 1.6 ms to 4.0 
ms (Insert figures in Fig. 8c). Different falling heights would result in 
different buffer times (Fig. 8d). At low altitudes, the impact velocity was 
low, so the shear stiffening effect of SSG was not obvious, and the time 
variation was slight (Fig. 8d I). With the increasing of falling height, 
shear stiffening effect was gradually obvious (Fig. 8d II). When it 
reached 30 cm, the energy dissipated by SSG gradually reached the 
maximum, and the time difference decreased (Fig. 8d III). Besides, the 
anti-impact property of MS-Kevlar kept stable during several impacts 
(Fig. 8e). After the harsh impact from 30 cm, the resistance of MS-Kevlar 
increased. However, due to the protection from SSG, the saturation 
temperature decreased only 8.2% (Fig. 8f), showing good mechanical- 
thermal stability under various conditions. 

Fig. 9. (a) Schematic of the system for recording the variation of MS-Kevlar resistance during the high-speed impact; the curves of the resistance signal of MS-Kevlar 
under (b, c) 39.7 m/s, (d) 62.1 m/s and (e) 90.5 m/s; the (f) IR thermal images and (g) temperature profiles of the impacted MS-Kevlar. 
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In addition, a voltage divided circuit was used in this paper to study 
the resistance variation of MS-Kevlar during high speed impact (Fig. 9a). 
MS-Kevlar overlaid with a layer of SSG/Kevlar was connected in series 
with a constant value resistance, and a programmable power supplier 
was used to load the voltage. An oscilloscope with sampling rate of 0.1 
MHz was connected in parallel to the resistance to measure electrical 
properties during the impact. The initial resistance of MS-Kevlar was 
small, and the series resistance shared more voltage. When MS-Kevlar 
was impacted, the resistance became larger and the shared voltage of 
the series resistor decreased. The resistance variation of MS-Kevlar 
during this process could be calculated by 

RM =
(U − U0) × R0

U0
(8)  

where RM, U, U0 and R0 were the resistance of MS-Kevlar, total voltage, 
voltage recorded by the oscilloscope and the resistance of constant value 
resistance. 

When the vi of bullet was 39.7 m/s, the maximum change of resis
tance (ΔR) was 105.5 Ω (Fig. 9c). Due to high sampling rate, two peaks 
were recorded in this process (Fig. 9b). The first peak corresponded to 
the bullet impacting MS-Kevlar. On account of lower than vbl, bullet was 
rebounded, which caused the second peak value. With the increasing of 
vi, ΔR dramatically changed. When vi was 62.1 m/s (Fig. 9d) and 90.5 
m/s (Fig. 9e), the maximum ΔR was 680.7 Ω and 1418.7 Ω, respectively. 
Fortunately, because the conductive layer was sandwiched between two 
layers of SSG/Kevlar, so it could be partially recovered after impact. As 
shown in Fig. 9f, when external power supply was 7 V, MS-Kevlar could 
steadily and continuously heat. However, the damage degree of the 
conductive layer would be more serious with the increase of vi. At the 
initial velocity of 39.7 m/s, the heating area was still intact. When vi was 
higher than 73.5 m/s, part of the conductive layer was damaged. 
However, MS-Kevlar also maintain part of its thermal properties at 
higher impact speeds (Fig. 9g). 

3.5. Multi-function curtain based on MS-Kevlar for wireless impact 
alarm, protection and indoor thermal management 

As an innovative material, MS-Kevlar was proven to have excellent 
mechanical properties and stable electrical properties. Based on this, an 
intelligent curtain which could take advantage of these merits was 
developed. The anti-impact property ensured its safeguarding ability, 
and the electrical conductivity enabled it to realize thermal manage
ment and intelligent impact perception. MS-Kevlar could be tailored into 
different shapes and adapted to windows suitably (Fig. 10a). Occa
sionally impact or attack from outside may be dangerous for human 
beings. Precisely judging the danger direction was vital for escaping. 
Thus, in this work, we developed an impact alarm system by connecting 
all the MS-Kevlar-based curtains behind windows with Bluetooth mod
ule (Fig. 10b). All the resistance variations of curtains under external 
impact excitation could be transmitted wirelessly to the phone via 
Bluetooth. So people indoors could accurately know the impact position 
and stay away from the dangerous area in time (Video S3). In addition, 
MS-Kevlar based multifunctional curtain also showed excellent protec
tion ability (Fig. 10c). When ordinary window glass was impacted by 
bullets, the high stress led to the rapid expansion of cracks and finally 
broken the glass (Video S4). At the same time, some sharp glass 
splashed, which was easy to cause incised wound (Fig. S14a). However, 
multifunctional curtains behind the windows not only rebounded the 
bullet (Video S5) but also stopped the splash of broken glass (Fig. S14b). 
Thus, MS-Kevlar could further prevent the splashing of glass fragments 
during impact, protecting humans from sharp fragment. 

Besides, the multifunctional curtain could play a role in indoor 
thermal management. When the curtain was electrified, the temperature 
of the air inside the house rose noticeably (Fig. 10d). FEM could clearly 
show the indoor thermal management process of MS-Kevlar-based cur
tain in a confined space. The domain geometry and boundary conditions 
were shown in Fig. S15. Low and high temperatures were applied to the 
left and right surfaces respectively. The remaining boundaries (top, 

Fig. 10. Schematic of the (a) MS-Kevlar based multifunctional curtains used in home and (b) remote alarm system based on Bluetooth module; (c) impact process of 
single layer glass and glass with multifunctional curtain behind it; (d) the heating process of the air inside the house when the multifunctional curtain was applied 
voltage; simulation results of the velocity section which was (e) parallel or (f) perpendicular to the heating plane and (g) isothermal plane during convection process. 
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bottom, front and back) were thermal insulated. The heat flow velocity 
section paralleling and perpendicular to the heating plane were pre
sented in Fig. 10e and Fig. 10f, respectively. The faster velocity fields 
were located at the side boundary. In the process of thermal convection, 
hot air with low density would rose while the dense cold air located in 
the bottom layer, resulting in laminar flow phenomenon as shown in 
Fig. 10g. Interestingly, MS-Kevlar showed great potential for dyeing 
(Fig. S16a and b) and did not fade after multiple washes (Fig. S16c and 
d). In general, MS-Kevlar was versatile. It not only provided thermal 
management of indoor temperature by Joule effect, but also transmitted 
impacted signals to smart wireless phones to assist users at emergency 
situations. Thus, MS-Kevlar-based curtains could provide excellent 
protection for indoor people from impact and cold. 

4. Conclusions 

This work reported a novel MS-Kevlar composite prepared by 
combining Kevlar, SSG, and MXene with sensing, force protective, and 
thermal management properties. As a wearable device that comfortably 
fit on the body, MS-Kevlar could sense various physiological stimuli. 
Besides, MS-Kevlar-based heater showed good thermal management 
property that it could heat stably, and reach 80.9 ◦C at 6 V external 
power supply. More importantly, SSG enhanced the bullet-shooting 
protection of MS-Kevlar by increasing vbl at least 142.1%. FEM 
method demonstrated that the deformation of yarns and energy dissi
pation was related to the friction among the yarns. Based on the excel
lent performance of MS-Kevlar, this paper also developed a new type of 
bulletproof curtain, which could prevent the damage of bullets and 
broken glass to indoor personnel. Interestingly, Bluetooth module 
wirelessly transmitted the resistance signals to mobile phone, helping 
humans to assess and avoid danger efficiently. Therefore, MS-Kevlar 
with enhanced mechanical properties showed good application pros
pects in thermal management devices, wearable sensors and safe
guarding fields. 
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