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Multistrand Twisted Triboelectric Kevlar Yarns for
Harvesting High Impact Energy, Body Injury Location and
Levels Evaluation

Fangjing Xing, Xiaobo Gao, Jing Wen, Hao Li, Hui Liu, Zhong Lin Wang,*
and Baodong Chen*

Developing ultrahigh-strength fabric-based triboelectric nanogenerators for
harvesting high-impact energy and sensing biomechanical signals is still a
great challenge. Here, the constraints are addressed by design of a
multistrand twisted triboelectric Kevlar (MTTK) yarn using conductive and
non-conductive Kevlar fibers. Manufactured using a multistrand twisting
process, the MTTK yarn offers superior tensile strength (372 MPa), compared
to current triboelectric yarns. In addition, a self-powered impact sensing fabric
patch (SP-ISFP) comprising signal acquisition, processing, communication
circuit, and MTTK yarns is integrated. The SP-ISFP features withstanding
impact (4 GPa) and a sensitivity and response time under the high impact
condition (59.68 V GPa−1; 0.4 s). Furthermore, a multi-channel smart
bulletproof vest is developed by the array of 36 SP-ISFPs, enabling the
reconstruction of impact mapping and assessment of body injury location and
levels by real-time data acquisition. Their potential to reduce body injuries,
professional security, and construct a multi-point personal vital signs dynamic
monitoring platform holds great promise.
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1. Introduction

Personal safety and security are of great
importance to human society.[1] Protective
clothing, as an important part of personal
protective wearables, plays a vital role in
the electronic industry,[2] medical service,[3]

firefighting,[4] and private security.[5] Ideal
protective clothing should not only be able
to protect the human body from injury
but also have intelligent functions such as
monitoring physiological signals and de-
tecting potential hazards.[6] However, the
mechanical properties of current traditional
rescue electronics are weak and the de-
vices are prone to destroy under impact.
In this case, self-powered, impact-resistant
electronic equipment is urgently needed.

In recent times, there has been a grow-
ing interest in integrating electronics with
textiles.[7] Fabric-based triboelectric nano-
generators (TENGs) offer a convenient

means to convert mechanical energy from human movement
into electricity.[8] These fabric-based TENGs possess several
advantageous qualities, including lightweight,[9] flexibility,[10]

breathability,[11] washability,[12] and the ability to detect mi-
croscale motion,[13] and capture subtle physiological signals from
the human body,[14] as a result, they have emerged as a viable
power source for wearable electronic devices,[15] garnering global
attention. Currently, there is ongoing research focusing on smart
wearable devices that not only enable real-time monitoring of
users’ vital signs,[16] but also incorporate emergency alarm sys-
tems to provide timely assistance and rescue when needed.[17]

These advancements aim to enhance personal safety and well-
being, ensuring prompt response in critical situations. Despite
the advancements in smart wearable devices, there are still chal-
lenges related to the weak tensile and shear resistance of the
materials used and the insufficient mechanical properties of the
sensing systems. These limitations make the devices susceptible
to damage upon impact, compromising their ability to adequately
protect the human body in high-impact scenarios.

Compared with ordinary fabric, high-performance polymer
textiles, represented by Kevlar, are an indispensable compo-
nent of protective clothing due to their excellent mechanical
performance.[18] The bulletproof vest, which is made of high-
strength synthetic aramid fiber (Kevlar fiber),[19] because of its
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bulletproof effect,[20] light weight[21] and comfortable wear,[22] is
popular in many countries.[23] Over the past decade, consider-
able research efforts have been devoted to the development of
Kevlar-based triboelectric nanogenerators. Notable examples in-
clude Nanofibrous Kevlar Aerogel,[21] Janus Graphene/Kevlar,[22]

functional STG/Kevlar composites,[24] and Kevlar/Epoxy based
TENG.[25] These innovative approaches aim to harness the
unique properties of Kevlar to enhance the performance and
functionality of triboelectric nanogenerators. Indeed, the existing
methods for developing Kevlar-based smart bulletproof vests of-
ten involve complex and time-consuming preparation processes,
which can negatively impact the material’s tensile strength and
flexibility. Therefore, it remains challenging to create a Kevlar-
based smart bulletproof vest using simple and straightforward
techniques.

In this study, we used conductive and non-conductive Kevlar
fibers to produce multistrand twisted triboelectric Kevlar (MTTK)
yarn through a simple twisting process, which can ensure flexi-
bility and does not affect the tensile strength (372 MPa), in which
conductive Kevlar fibers serving as the conductors for electronic
transmission and non-conductive Kevlar fibers acting as the fric-
tion shell, this unique design ensures the durability and strength
of the MTTK yarn. Self-powered impact sensing fabric patch (SP-
ISFP) woven from MTTK yarn can withstand impact of up to
4 GPa, while the SP-ISFPs array is capable of converting vari-
ous impact forces (such as daggers, fists, and clubs) into electri-
cal signals without requiring an external power source. Building
upon this, we have developed a multi-channel smart bulletproof
vest that encodes the pulse signals into color mapping to indicate
the location and pressure level of the impact, which can be dis-
played on a terminal. In summary, this research measures and
visualizes impactors impacts, offering a reliable method for res-
cue assistance and facilitating in-depth analysis.

2. Results and Discussion

The morphological characteristics of impact injury vary with im-
pact velocity, surface morphology of impactor and impact site of
the human body, including epidermal exfoliation, subcutaneous
bleeding, soft tissue laceration, visceral rupture, and fracture.
A multi-channel smart bulletproof vest is designed, shown in
Figure 1a. The multi-channel smart bulletproof vest consists of
a clothing cover, a bulletproof layer, a buffer layer, and a sensor
layer. In particular, the bulletproof layer is typically made up of
multiple layers of high-strength and high-modulus fiber fabrics
(Kevlar), this layer serves to deflect or absorb the impact of in-
coming bullets or explosive fragments. The buffer layer (closed-
cell knitted composite cloth, acrylic sheet, and soft polyurethane
foam) is employed to dissipate the kinetic energy generated from
impact and minimize non-penetrating damage. The sensor layer
consists of the array of 36 SP-ISFPs (Figure 1b), can convert the
impact force of different impactors (such as daggers, fists, clubs)
into electrical signals without the need for a power supply, so as
to detect and evaluate the impact position and impact grade of
the body, thereby providing a dependable means for rescue as-
sistance and facilitating further analysis. The SP-ISFP is woven
from MTTK yarns by plain weave, Figure 1c and Figure S1 (Sup-
porting Information) show a schematic of the fabrication pro-
cess of MTTK yarn, where conductive Kevlar fibers as the elec-

tronic transmission core is tightly wound by the non-conductive
Kevlar fibers interweaving with each other. By utilizing the mul-
tiaxial high-speed cord braiding machine, the production of hun-
dreds of meters of MTTK yarn becomes feasible and reliable (re-
fer to Movie S1, Supporting Information). Optical images of the
MTTK yarn are depicted in Figure 1d-e, demonstrating its ex-
cellent flexibility akin to ordinary fibers. It can be bent, knot-
ted, and has a diameter of ≈1 mm (Figure S2, Supporting In-
formation). The scanning electron microscope (SEM) image of
conductive Kevlar fibers is shown in Figure 1f–h. It can be seen
from Figure 1h that silver nanowires adhere to each single yarn
of the conductive Kevlar fibers, and the slight aggregation and
dispersion on a single yarn will not affect the electrical conduc-
tivity of the whole Kevlar fiber. At the same time, the electrical
conductivity and resistivity of the conductive Kevlar fibers were
also tested, which were 6.95 × 10−3 s m−1 and 1.44 × 102 Ω m,
respectively. To characterize the mechanical properties of differ-
ent materials, including MTTK yarn, steel, carbon fiber, and cop-
per (same diameter:1 mm), their tensile stress-strain curves were
measured using a universal testing machine. The results are pre-
sented in Figure 1i. From the figure, it can be observed that com-
pared to the other materials, MTTK yarn exhibits the highest me-
chanical strength. Its corresponding tensile strength measures at
372 MPa, which is nearly three times that of commercial carbon
fibers.

The MTTK yarn will operate in single-electrode mode to meet
the practical needs of wearing demand. In order to explain the
working mechanism in this mode, nylon is used as a moving ob-
ject. The working mechanism of MTTK yarn is shown in Figure
2a. In the initial state (i), both the conductive Kevlar fibers and
the non-conductive Kevlar fibers possess an equal amount of
heterogeneous charge, thereby rendering the entire MTTK yarn
electrically neutral. However, as the nylon comes into contact
with the MTTK yarn, the non-conductive Kevlar fibers gain neg-
ative triboelectric charges due to their higher affinity for captur-
ing negative charges. Consequently, the nylon becomes positively
charged, resulting in an increasing potential difference between
the two surfaces. This potential difference triggers an instanta-
neous flow of electrons from the conductive Kevlar fibers elec-
trode to the ground through the external circuit (ii). This transient
flow of electrons persists until complete contact is established be-
tween the nylon and the MTTK yarn (iii). However, when the ny-
lon starts to separate from the MTTK yarn, the repulsion force
causes the electrons to be pushed back toward the conductive
Kevlar fibers electrode. This flow of electrons is redirected from
the ground and passes through the external load (iv). Through
the repetitive contact-separation movement between the moving
dielectric object and the MTTK yarn, an alternating current (AC)
is generated. In order to quantitatively evaluate the output per-
formance of MTTK yarn, nylon gloves were used as moving me-
dia objects, the contact area of nylon gloves relative to the MTTK
yarn is 0.9 cm2. Because Kevlar fiber has good hygroscopic prop-
erties, in order to maximize the effect of humidity on output per-
formance, all indoor tests provide 47% ambient humidity (nor-
mal ambient humidity range is 40−60%). The measurement re-
sults of short-circuit current (ISC), transferred charge (QSC), and
open-circuit voltage (VOC) are presented in Figure 2b. Addition-
ally, COMSOL simulations depict the potential distribution in
four different states, as shown in Figure 2c.
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Figure 1. Structural design of multi-channel smart bulletproof vest and MTTK yarn. a) Schematic diagram and internal structure of smart bulletproof
vest, including bulletproof layer, sensing layer, and buffer layer. b) The schematic drawing of SP-ISFP. c) The fabrication process and structural design of
MTTK yarn. d,e) Optical photograph of MTTK yarn. f) SEM image of silver nanowires. g,h) Surface morphology SEM image of conductive Kevlar fibers.
i) Stress-strain curves of MTTK yarn, Steel yarn, Carbon yarn, and Copper yarn with the same diameter.

Using MTTK yarn as weft yarns, SP-ISFP was prepared by the
simplest plain weave process on a loom, as shown in Figure 2d.
The actual photographs shown in Figure 2e–g demonstrate that
the SP-ISFP exhibits good variability and can be twisted, crimped,
and bent, highlighting its excellent flexibility and adaptability.
Air permeability is a critical parameter in the context of smart
textiles. In order to evaluate this property, we conducted a com-
parative analysis between the SP-ISFP and other commercially
available stab-resistant suits. As illustrated in Figure S3 (Sup-
porting Information), the SP-ISFP exhibits an air permeability

of 420 mm s−1 under a pressure of 1 kPa, while commercial
Kevlar fabrics and 2 mm PE lack breathability. Additionally, 1 mm
PE demonstrates satisfactory air permeability under higher pres-
sure but falls short when compared to the SP-ISFP under pres-
sures below 0.72 kPa. This outcome clearly demonstrates that the
SP-ISFP outperforms other commercially available stab suits in
terms of air permeability, thereby ensuring its suitability for op-
erational conditions.

Given the dependence of the surface charge density of the
SP-ISFP on the type of dielectric material in contact. In order
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Figure 2. Principle of MTTK yarn and properties of SP-ISFP. a) Working principle of MTTK yarn under one press and recovery working cycle. b) The ISC,
QSC, and VOC under pressing working mode. c) Charge distribution of MTTK yarn in different states by finite-element simulation. d) Optical photographs
of the SP-ISFP and e–g) its flexibility during twisted, rolled, and bent.

to investigate this phenomenon in the context of the bulletproof
vest structure, six different dielectric materials were individually
tested for their contact with the SP-ISFP under identical force
conditions. The dielectric materials subjected to our testing
included commercial Kevlar fabric, fluorinated ethylene propy-
lene (FEP) film, soft foam, Kapton film, polytetrafluoroethylene
(PTFE) film, and acrylic sheet (PMMA), the electrical output test
model for varying the dielectric material is shown in Figure S4
(Supporting Information). The triboelectric order, as determined
by our measurements, is as follows (most negative): PMMA-
Kapton-FEP-PTFE-soft foam-Kevlar fabric (most positive), the
corresponding test results are presented in Figure 3a. The trans-

fer charge density is calculated based on the measured transfer
charge, as shown in Figure 3b. The triboelectric performance of
each material can be standardly quantified using the triboelectric
surface charge density with respect to a certain material. For
example, the triboelectric performance of FEP can be quantified
as 𝛿FEP/Kevlar = 1.705 C m−2 with respect to Kevlar. In this work,
PMMA is considered the most triboelectric negative material;
Kevlar should be about in the middle position of the triboelectric
series. Therefore, we can consider the surface charge densities
while contacting PMMA with Kevlar as the reference triboelec-
tric charge densities. Then, the normalized triboelectric charge
density 𝛿N and dimensionless material FOM (FOMDM) for
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Figure 3. Electrical characterizations of SP-ISFP. a) VOC, QSC, and ISC inspection signals of six different contact dielectric materials. b) Transfer charge
density of different dielectric materials. c) FOMDM of six dielectric materials. d) VOC of SP-ISFP at different accelerations. e,f) Linearity, and sensitivity
of SP-ISFP under different pressures. g) The relationship between sensitivity and accuracy. h) The VOC of the SP-ISFP under 2400 impact cycles.

triboelectrification (with respect to the charge density of PMMA
contacting with Kevlar) can be defined as[26]:

FOMDM =
(
𝛿

2
)
=

𝛿
2
Material∕Kevlar

𝛿
2
PMMA∕Kevlar

(1)

Then the normalized triboelectric charge densities and
FOMDM of measured materials are listed in Figure 3c. For a cer-
tain material, if 𝛿N <

0, then the material is more positive than the
reference Kevlar; If 0 < 𝛿N < 1, then this material is more nega-
tive than the reference Kevlar and more positive than PMMA; If
𝛿N > 1, then this material is more negative than PMMA.

Based on the aforementioned calculation results, it has been
determined that the dielectric material in question is PMMA. The
morphological characteristics of impact damage vary greatly de-
pending on the impact velocity; therefore, we tested the ISC, QSC,

and VOC of the SP-ISFP at different accelerations, at the same
distance, the faster the acceleration, the greater the impact veloc-
ity on the SP-ISFP, and the electrical output results are shown
in Figure 3d and Figure S5 (Supporting Information). Sensing
is a critical element in impact-resistant smart sensors, and the
linearity, accuracy, and sensitivity of the pressure response ex-
hibited by the SP-ISFP under high-impact conditions are of ut-
most importance. To evaluate the output response properties of
the SP-ISFP, hammer impacts are utilized as the moving ob-
ject, and the SP-ISFP operates in single electrode mode. There-
after, the output of the SP-ISFP is tested at different pressures
to evaluate its output response properties, Figure 3e displays the
VOC response of SP-ISFP under different pressures. This Figure
shows that the VOC increased as the applied pressure increased
from 0 to 4.2 GPa. This higher VOC output is caused by the for-
mation of larger contact areas due to increased pressure. Fur-
thermore, the response curve of pressure exhibits two distinct
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regions. In the low-pressure region (0–2 GPa), the SP-ISFP ex-
hibits a well-behaved linear response with a pressure sensitivity
of 22.89 V GPa−1; However, in the high-pressure region (>2 GPa),
the pressure sensitivity is 83.44 V GPa−1. With the increase of
pressure, SP-ISFPs transition from point contact to surface con-
tact, and the contact area gradually increases, especially ≈2 GPa.
For flexible fabrics, with the increase of pressure, the contact area
will not increase linearly with the increase of pressure, especially
after 2 GPa, with the increase of pressure, the shape change has
reached the maximum, and further increasing the pressure will
only increase the effective contact area. The maximum VOC is
265 V at 4 GPa. Movie S2 (Supporting Information) showcases
the SP-ISFP’s ability to maintain normal function even when
subjected to an impact from a 4 GPa hammer. However, notice-
able damage in the form of a pit and long crack can be observed
on the lower planks. The response time of the sensing unit, which
is crucial for real-time monitoring, was measured and depicted in
Figure 3f. The push-release cycle demonstrates a response time
of less than 0.4 s under 4 GPa, ensuring prompt feedback. Figure
S6 (Supporting Information) illustrates the accuracy of the volt-
age output of the SP-ISFP at various pressures. It can be observed
that the error tends to increase as the pressure increases. How-
ever, even at the highest pressure of 4 GPa, the maximum error
does not exceed 10 V. In addition, the relationship between the re-
sponse time and the error is also calculated. It can be seen from
Figure 3g that even when the response time is 0.4 s, the error
of SP-ISFP is not more than 10 V, indicating that SP-ISFP has
excellent accuracy. One of the unique advantages of triboelectric
technology is that triboelectric materials can convert impact en-
ergy into electrical energy, thus reducing the probability of the
wearer being exposed to external injuries. so, the energy conver-
sion efficiency of SP-ISFP at different speeds is calculated when
the impact force is 100 N, and the energy conversion efficiency is
2.4% when the speed is 0.3 m s−1, as shown in Table S1 (Support-
ing Information). Furthermore, durability is a crucial parameter
for wearable smart fabric. In Figure 3h, it can be observed that
the VOC remains stable after continuous operation for 2400 cy-
cles, substantiating the superior stability of our SP-ISFP.

If the SP-ISFP connects with capacitors or batteries, the gener-
ated electricity can be stored. This accumulated and stored charge
can be utilized to sustainably power wearable electronics. To
study the ability of the SP-ISFP to store charge, its charging curve
under different pressures and capacitors is plotted, the charging
speed decreases as the capacitance increases, and the charging
speed increases with the increase of the applied force, the specific
charging curve is shown Figure S7 (Supporting Information). To
assess the effective output performance of the SP-ISFP, we con-
ducted tests under various resistances, as the external resistances
increased, the voltage in the SP-ISFP also increased. However,
the instantaneous power exhibited an interesting trend, initially
increasing and then decreasing. At an acceleration of 4 m s−1, the
instantaneous power reached its peak at 0.17 mW when the load
resistance was set to 140 MΩ. The relationship between voltage
and instantaneous power with respect to the external resistance
at different accelerations can be found in Figure S8 (Supporting
Information).

Integrated the array of 36 SP-ISFPs into the bulletproof vest,
the photo is shown in Figure 4a, in which the manufacturing
method, size, and spacing are all the same for every unit. All

units are connected to the synchronized data acquisition card
(PXIe-4300, National Instruments) with an integrated signal con-
ditioning system and coded with “Row” and “Column” for multi-
channel output voltage measurement. The applied pressure is
controlled by a stepper motor program and the pressure is mea-
sured by a commercial manometer (resolution ≈1 mN), as can
be seen from Figure 4b, when SP-ISFP is placed in a bulletproof
vest, there is still a linear relationship between output and pres-
sure. A more detailed relationship between VOC and pressure can
be found in Figure S9 (Supporting Information), the linear fitting
of the data yields a coefficient of determination (R2) value of 0.98
and a slope of 0.0211.

Furthermore, we also observe that the position of the array
of 36 SP-ISFPs has an impact on its output. Figure 4c-i illus-
trates the position of the array of 36 SP-ISFPs, while Figure 4c-ii
demonstrates the stress situation of the array of 36 SP-ISFPs sim-
ulated using the finite element method. We examine the effect of
different numbers of layers at the front end of the array of 36 SP-
ISFPs under the same force area. Our results show that with an
increased number of layers, the impact force becomes more dis-
persed, leading to a more accurate representation of the stressed
areas of the body during impact. The change in the number of
front-end layers also affects the output signal of a single SP-ISFP.
The specific output signal is depicted in Figure 4d and Figure S10
(Supporting Information), showing that the electrical output in-
creases as the number of front-end layers increases. For instance,
when there are only five layers at the front end, the measured out-
put voltage of the SP-ISFP is 3.6 V. However, when the number of
front-end layers reaches 30, the output voltage increases to 14.2 V,
this increase can be attributed to changes in the stress distribu-
tion within the SP-ISFP. This phenomenon is further supported
by the results of finite element analysis, simulation is conducted
with a smaller force area, and with an increase in the number of
front layers, the stress area between the array of 36 SP-ISFPs and
the friction layer also enlarges. This can be visually observed in
the stress analysis diagram presented in Figure S11 (Supporting
Information).

In addition, the morphological characteristics of impact dam-
age vary with the surface shape of the impactor and the impact
site of the human body, Figure 4e-i represents the impact of the
stick, hammer, knife, arrow and fist on the bulletproof vest, and
the array of 36 SP-ISFPs displays the impact position and output
size through the rainbow color image. Among them, the stick’s
electrical output is the largest, indicating that its impact is the
most serious, and the rainbow color image also shows the loca-
tion and scope of its impact. Figure S12 (Supporting Informa-
tion) assisted in simulating the corresponding force analysis un-
der the impact of different impactors. The rainbow color image
of the array of 36 SP-ISFPs can easily determine the impact po-
sition of the user and the surface shape of the impactor, so as
to provide timely rescue assistance to the user. To accurately as-
sess the type of impactor and impact site, we analyze and iden-
tify multidimensional and vast data by using machine learning.
Each impactor was repeated fifty times, and the output signals for
most weapons exhibited distinct waveforms and peaks, Figures
S13–S17 (Supporting Information) show the original waveforms
of the five impactors acting fifty times. Figure 4j provides a pre-
diction confusion matrix for the output signals of the five types
of impactors based on prototype learning, the total recognition
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Figure 4. The array of 36 SP-ISFPs performances and color mapping. a) Array position of 36 SP-ISFPs in the bulletproof layer and working principle of
the multi-channel measurement system for a smart bulletproof vest. b) The synchronized diagram of the VOC obtained by the smart bulletproof vest
and the corresponding pressure measured by the commercial sensor. c-i) Position model of 36 SP-ISFPs arrays in a bulletproof vest. c-ii) The stress
distribution under different front-end layer numbers is simulated by the finite element method. d) The influence of the number of front-end layers on
VOC was studied. e–i) Change the type of impact force applied, and the output voltage corresponds to the rainbow color diagram. j) Confusion matrix
of the prediction set (accuracy of 95.9%).
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accuracy of the current model is 95.9%, and the probability of
“Hammer” being recognized as “Fist” is 15.8%. The confusion
matrix of the training model is shown in Figure S18 (Supporting
Information).

As mentioned above, the array of 36 SP-ISFPs can well identify
the force and location of the impact, we propose a multi-channel
smart bulletproof vest, sensing and information interaction sys-
tem that eliminates the need for integrated microprocessors, bat-
teries, Bluetooth modules and other electronic components for
human in high impact conditions, as depicted in Figure 5a. The
scheme diagram of the multi-channel smart bulletproof vest is
shown in Figure 5b. The signal produced by the array of 36 SP-
ISFPs goes to the signal acquisition when the user is affected. The
signal processing circuit transforms the electrical signal into a
digital signal that is embedded in the microcontroller in channel
order as the analog signal passes through it. The communication
circuit transmits the converted digital signal to the display screen
in less than 1 s, used for multi-person vital signs monitoring.

When the user is attacked as shown in Figure 5c, different
parts of the multi-channel smart bulletproof vest receive differ-
ent degrees of stretching and compression, the array of 36 SP-
ISFPs resulting in different signal values, and the rainbow plot
in Figure 5f shows different impact locations and impact sizes.
At the same time, through finite element analysis, we can simu-
late the distribution of stress and displacement caused by applied
force, as shown in Figure 5d,e. According to Merkle et al.[27] and
bulletproof vest standards, for effective protection, the deforma-
tion of the back of the vest should not exceed 44 mm. If this limit
is exceeded, the body will suffer serious damage. It can be seen
from the displacement distribution that the maximum deforma-
tion produced by the back of the vest is 20 mm. From the above
analysis, we can comprehensively evaluate the user’s vital signs
from the aspects of electrical signal, stress, and displacement to
ensure the accuracy of the conclusion. A more detailed output
voltage signal can be found in Figure S19 (Supporting Informa-
tion).

For precise assessment of body impact, we analyze and iden-
tify multidimensional and vast data by using a convolutional neu-
ral network (CNN) (Figure 5g). This method is one of the most
mature and simple machine learning algorithms. The data gen-
erated by the array of 36 SP-ISFPs during the impact process is
aggregated by data acquisition card, we’re grading injuries on a
scale of 0–2 (G0 to G2). Before modeling operations, we need to
clean and extract features from the massive amount of data. Dif-
ferent impactors are subjected to repeat testing fifty times under
different impacts, resulting in varying peak magnitudes in the
output signals for each impact. Figure S20 (Supporting Informa-
tion) gives the peak area of G0 to G2. The peak value greater than
16.8 V is judged as G2, the peak value within 16.79–5.22 V is
judged as G1, and the peak value less than 5.22 V is judged as
G0. Figure 5h provides the prediction confusion matrix for the
three levels (G0 to G2) based on machine learning, the accuracy
achieved is 99.2%. The detailed confusion matrix of the training
model based on the impact level is shown in Figure S21 (Sup-
porting Information).

With objective and reliable evaluation standards, the array of
36 SP-ISFPs and the associated machine-learning algorithm al-
lows for real-time wireless visual monitoring of impacts from im-
pactors like fists, hammers, clubs, and knives. The electrical sig-

nals generated synchronously by the array of 36 SP-ISFPs and
the impactor impact are collected by the multi-channel data ac-
quisition card, processed, and displayed by the software based
on LabVIEW, as shown in Figure 5j. This LabVIEW interface en-
compasses an impact distribution map, an impactor identifica-
tion diagram, and an impact feedback alarm diagram, this inter-
face can reconstruct the pressure distribution. To demonstrate
its functionality, a baton was utilized to impact the same posi-
tions on the smart bulletproof vest five times, each time the im-
pact strength was changed, a corresponding update was gener-
ated in the impact distribution map, and the feedback of G0, G1,
and G2 on different forces (Movie S3, Supporting Information).
This is a simple and convenient way to judge the user’s physical
state, whether to continue fighting or provide rescue. In addition
to the aforementioned features, the multi-channel smart bullet-
proof vest is capable of determining the type of impactor used
in an attack based on the force size and force position. It can as-
sess the user’s physical condition and provide timely rescue if
needed. Movie S4 (Supporting Information) showcases a test con-
ducted to evaluate impactor type identification and alarm notifi-
cation using the multi-channel smart bulletproof vest. When the
wearer is attacked with a fist, a corresponding image of a fist will
be displayed in the impactor identification diagram. The emo-
jis representing “OK” (G0), “sad” (G1), and “crying” (G2) will be
generated based on the strength of the impact. Furthermore, the
alarm light will flash when the emojis indicating “sad” (G1), and
“crying” (G2) are displayed. By analyzing the impact results, the
user’s physical condition can be understood in a timely manner,
thus providing further guidance for the actions of the rescue team
and enabling the formulation of more effective rescue plans. This
prototype of the multi-channel smart bulletproof vest demon-
strates the potential to create a new type of protective equipment
for both combat and rescue personnel. Figure 5i shows the 3D
rainbow color maps of body impact representing injured grades
and locations. The results demonstrated that the multi-channel
smart bulletproof vest can quickly pinpoint the area of injury and
offer precise and intuitive advice. The advantage lies in the poten-
tial reduction of incidents that delay diagnosis and treatment.

3. Conclusion

In summary, we have developed an MTTK yarn composed of con-
ductive and non-conductive Kevlar fibers. This yarn exhibits a
high tensile strength of 372 MPa and possesses good electrical
conductivity of 6.95 × 10−3 s m−1. The MTTK yarn is used to
design an SP-ISFP, which demonstrates excellent impact resis-
tance, functioning properly even under 4 GPa impact. The SP-
ISFP achieves a maximum VOC of 252 V and generates an output
power of 0.17 mW. This power output is sufficient to charge ca-
pacitors and effectively power commercial electronics. The CNN
as a decision model was built with the assistance of machine
learning methods and the severity indices (0 to 2) of body im-
pact were assessed with an accuracy of 99.2% by algorithm op-
timization. A multi-channel smart bulletproof vest was created
to provide prediagnostic references in practical applications, for
example, in the case of user injury, medical personnel can judge
whether to provide assistance through the conclusion displayed
in the terminal. This demonstrates the potential of our work
in providing a promising safety net for individuals operating in
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Figure 5. Real-time monitoring of body impact by using a multi-channel smart bulletproof vest and grading assessment of impact. a) Application
diagram about multi-channel smart bulletproof vest. b) Operational scheme diagram of the the multi-channel smart bulletproof vest. c) Statement on
impact location of a multi-channel smart bulletproof vest. d) Stress distribution of multi-channel smart bulletproof vest by finite-element simulation.
e) Displacement changes of multi-channel smart bulletproof vest by finite-element simulation. f) the output voltage corresponds to the rainbow color
diagram. g) Conceptual diagram of CNN for impact grade classification. h) Confusion matrix of the prediction set (accuracy of 99.2%). i) 3D cloud map
distribution at G2 of body impact. j) Demonstration of the LabVIEW interface, screenshot showing the real-time statistical result of the self-powered
system.
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high-risk environments, particularly in the context of wearable
protective clothing.

4. Experimental Section
Fabrication of the Conductive Kevlar fibers: Conductive Kevlar fibers

were prepared by repeatedly soaking non-conductive Kevlar fibers (nom-
inal diameter 0.66 mm) in a silver nanowire solution (a mixture of silver
nanowires and ethanol with a diameter of 30 nm). The silver nanowire
solution could be obtained from Xianfeng Nano Co., LTD. The non-
conductive Kevlar fibers (Yixing city siweiqi carbon fiber products stored
on Taobao) were soaked at room temperature for 2 h in 5 mg mL−1 silver
nanowire solution and then dried repeat three times.

Fabrication of the Multistrand Twisted Triboelectric Kevlar (MTTK)
Yarn: Conductive Kevlar fibers (nominal diameter: 0.66 mm, resistance
<1.44 × 102 Ω m,) was chosen as the electrode. The MTTK yarn was pre-
pared on a high-speed rope-braiding machine (Figure S1, Supporting In-
formation). First, conductive Kevlar yarns were wound on the bobbins,
which were fixed on the spindles. The spindle was fastened to the directly
behind the motor machine bed, the conductive Kevlar fibers pass through
the motor and the machine bed and do not rotate with the rotation of the
motor. Second, non-conductive Kevlar fibers were wound on the bobbins,
which were fixed on the spindles. The spindle was fastened in the mo-
tor machine bed, the machine bed rotated with the motor, and the non-
conductive Kevlar fibers were wrapped around the conductive Kevlar fibers
in the middle as the machine rotated. The continuous supply of yarns was
achieved by the rotation of the bobbin on the spindle.

Fabrication of the Self-Powered Impact Sensing Fabric Patch (SP-ISFP):
A semi-automatic weaving machine was used for weaving SP-ISFP. First,
the non-conductive Kevlar fibers were arranged on the loom to prepare
as warp yarn; Second, the conductive Kevlar fibers were wrapped around
the shuttle as filling yarns; finally, the shuttle interweaved in the warp and
woven SP-ISFP.

Characterization and Measurements: The morphology of the conduc-
tive Kevlar fiber was analyzed by scanning electron microscopy (SU8020,
Hitachi Group, Japan). Mechanical properties of the MTTK yarn were mea-
sured with an electronic universal testing machine (model no. E3000,
from Instron Corporation). For the measurement of the electrical out-
put capability of the SP-ISFP, external forces were applied by a mechani-
cal motor (homemade equipment), which corresponded to the stretching
and compressing operations, respectively. The open-circuit voltage, short-
circuit current and transferred charge of the MTTK yarn and SP-ISFPs were
recorded with an electrometer (Keithley 6514).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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